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Abstract

Introduction—Atrial-selective inhibition of cardiac sodium channel current (INa) and INa-

dependent parameters has been shown to contribute to the safe and effective management of atrial 

fibrillation. The present study was designed to examine the basis for the atrial-selective actions of 

Wenxin Keli.

Methods—Whole cell INa was recorded at rroom temperature in canine atrial and ventricular 

myocytes. Trains of 40 pulses were elicited over a range of pulse durations and interpulse intervals 

to determine tonic and use-dependent block. A Markovian model for INa that incorporates 

interaction of Wenxin Keli with different states of the channel was developed to examine the basis 

for atrial selectivity of the drug.

Results—Our data indicate that Wenxin Keli does not bind significantly to either closed or open 

states of the sodium channel, but binds very rapidly to the inactivated state of the channel and 

dissociates rapidly from the closed state. Action potentials recorded from atrial and ventricular 

preparations in the presence of 5g/L Wenxin Keli were introduced into the computer model in 

current clamp mode to simulate the effects on maximum upstroke velocity (Vmax). The model 

predicted much greater inhibition of Vmax in atrial vs. ventricular cells at rapid stimulation rates.

Conclusion—Our findings suggest that atrial selectivity of Wenxin Keli to block INa is due to 

more negative steady-state inactivation, less negative resting membrane potential, and shorter 

diastolic intervals in atrial vs. ventricular cells at rapid activation rates. These actions of Wenxin 

Keli account for its relatively safe and effective suppression of atrial fibrillation.
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Introduction

Experimental and clinical studies have demonstrated the value of sodium channel blockers 

in the management of atrial fibrillation (AF) [1–4]. A major limitation of some sodium 

channel blockers is their potential proarrhythmic actions in the ventricles. Atrial-selective 

sodium channel block has recently been advocated as a safe and effective mechanism for 

termination and suppression of inducibility of AF [1, 5]. The anti-anginal agent, ranolazine, 

has been shown to be effective in suppressing atrial fibrillation with little effect on peak 

sodium channel current (INa) in the ventricle [1]. The atrial-selective effect of ranolazine is 

largely attributable to differences in the electrophysiological characteristics of sodium 

channels between atria and ventricle, namely a more negative steady-state inactivation 

relationship in atria[1].

Wenxin Keli (WK) is a Chinese herb extract that includes 5 main components: the 

nardostachys chinensis batal extract, codonopsis, notoginseng, amber, and rhizoma 

polygonati. Developed in various forms over the past 2000 years, it is used by millions today 

for the treatment of a variety of cardiac diseases. WK is reported to be of benefit in the 

treatment of cardiac arrhythmias [5–7], including atrial fibrillation, [8–10] and heart failure 

[11, 12]. We previously reported that WK exerts atrial-selective inhibition of peak INa and 

thus effectively suppresses AF in experimental models of AF [13]. In the present study, we 

evaluate the nature and kinetics of interaction of WK with the cardiac sodium channel to 

gain insight into the basis for its atrial selectivity.

Methods

Isolation of adult canine cardiomyocytes

Myocytes were prepared from canine ventricles or atria as previously reported and described 

in the Online Supplement.

Voltage clamp recordings in cardiomyocytes

Cells were placed in a temperature-controlled chamber (PDMI-2, Harvard Apparatus, 

Holliston, MA) mounted on the stage of an inverted microscope (Nikon TE300) and 

recorded using the methods and protocols specified in the Online Supplement.

Cell culture and voltage clamp recordings in HEK293 Cells

HEK 293 cells stably expressing WT-SCN5A were transiently transfected with WT-SCN1B 

using Fugene 6. Sodium channel characteristics were studied using whole-cell patch clamp 

techniques 48 hours after transfection, as described in the Online Supplement [13].
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Experimental protocol and theoretical data analysis

Use-dependent inhibition of INa by WK was measured during trains of 40 pulses to −30 mV 

following a rest of 15 sec at a holding potential of either −80 mV or −120 mV. To evaluate 

the effects of rate, the pulse duration was kept constant, and diastolic interval was either 150 

ms, 50 ms, or 20 ms. Conversely, the influence of pulse duration was evaluated at constant 

diastolic interval and pulse durations of 5 ms, 20 ms, or 200 ms. Peak currents in the 

presence of WK were normalized to INa measured in the absence of drug. The goal of this 

experimental protocol was to calculate kinetic binding and unbinding rates of WK with 

closed, open, and inactivated states of the sodium channel using a guarded-receptor model.

[14] Tonic block was determined as the block that develops with the first pulse of a train 

following a 15 sec rest.

Steady-state inactivation was measured with a standard dual-pulse protocol. Cells were held 

at −120 mV before evoking a 1-sec conditioning pulse immediately followed by a 20-ms 

pulse to −30 mV to measure sodium current. Conditioning pulses ranged from −110 to −50 

mV and were increased in 10-mV steps. Current was normalized to the peak current 

recorded after a conditioning step to −120 mV. The normalized current was plotted as a 

function of conditioning step voltage and fit to a standard Boltzmann function: 1/(1+exp[(Vh 

− V)/Sh]).

The shifts (ΔVh) of the steady-state inactivation curves by different concentrations (D) of 

WK were analyzed using Bean’s equation[15] to obtain dissociation constants for WK 

interaction with the inactivated (Ki) and closed (Kc) states of the sodium channel:

where Sh is the slope of the steady-state inactivation curve.

Statistical analysis of experimental data

Statistical analysis was performed using a paired Student’s t test and one-way repeated-

measures or multiple comparisons ANOVA followed by Bonferroni’s test, as appropriate. 

All data are expressed as mean ± SD. Statistical significance was assumed at P<0.05.

Mathematical modeling

We used a simplified Markovian model for INa that incorporates the interaction of WK with 

different states of the channel as previously described.[16] The main theoretical 

considerations for the development of the model and model equations are shown in the 

Online Supplement. The number of closed states was reduced to two: the fully closed state 

and the preopen non-conducting state (see Online Supplement Figure 1). In addition, we 

assumed that the inactivation process is coupled with activation and requires at least one of 

four activation gates to open to proceed (Online Supplement Figure 2). The absence of the 

closed-inactivated state in the Markovian scheme (Online Supplement Figure 1) reflects this 

fact. In agreement with the experimental data, we shifted the voltage dependence for 
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intrinsic steady-state inactivation in atrial cells to reproduce the observed approximately 10-

mV difference in steady-state inactivation curves between ventricular and atrial cells. Due to 

the corresponding but smaller (−5 mV) difference in the steady-state activation curves, the 

inactivation time constant in atrial cells was smaller, in agreement with the experimental 

data.[17]

Results

Use-dependent effects of WK during trains of pulses

We first examined whether WK interacts strongly with the inactivated state of the sodium 

channel. Opening of single sodium channels typically occurs in the initial 20 ms of a 

depolarizing pulse, after which channels enter an inactivated state.[18] If WK has significant 

interaction with the inactivated state, prolonging the test step during a train of pulses of 

constant diastolic interval should result in a greater steady-state inhibition of INa. Figure 1 

shows the results of an experiment in which INa was recorded from atrial and ventricular 

myocytes using 5 ms and 200 ms pulses to −30 mV separated by 150ms holding at −80 mV. 

Note that the main effect of WK on peak INa appears to be tonic block, which was 

significantly larger in atrial cells than in ventricular cells (Table 1). Similar results were 

obtained using diastolic intervals of 50 and 20 ms (not shown). The use-dependent effect 

was much smaller and reached steady-state values after the first pulse. There was no 

statistically significant difference between the block recorded during the second pulse and 

the one recorded during the 40th pulse of the train. These results suggest that WK interacts 

with the inactivated state of the channel and that the rate of binding is very fast. 

Interestingly, with a holding potential of −120 mV, WK caused relative increases in peak 

INa (Supplement Figures 4 and 5).

Next we tested the sensitivity of block to the diastolic interval during a train of pulses of 

fixed duration. If drug interaction with the closed state is weak, WK will primarily unbind 

during the “diastolic interval” between test pulses. Abbreviation of the time available for 

unbinding is expected to result in accumulation of block and greater steady-state inhibition 

as diastolic interval is reduced. The results of these experiments are presented on Figure 2, 

which shows a decrease of peak INa during a train of 200 ms pulses delivered from −80 mV 

to −30 mV in the presence of 10 g/L WK and normalized to peak INa recorded during an 

identical train in the absence of drug (control). We observed very rapid unbinding of WK 

from the sodium channel at −80 mV, so that the steady-state block was only minimally 

dependent on the diastolic interval. The unbinding process reached steadystate during the 

first interpulse interval. As a result, there was no statistically significant difference between 

the degree of block attained during the second pulse and the one attained during the 40th 

pulse. Similar results were obtained using other test pulse durations (5 ms and 20 ms, not 

shown). These results indicate that unbinding of WK from the inactivated sodium channels 

is very fast.

Finally, we explored the possibility that the tonic block of INa is due to WK interaction with 

the closed state of the sodium channel. For this purpose, we employed the same pulse 

protocols, but using a very negative diastolic (holding) potential of −120 mV. Under these 

conditions, WK did not produce any noticeable block of INa (see Supplementary Data) 
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indicating that WK does not bind to the closed state of the sodium channel and that block is 

predominantly due to WK interaction with the inactivated state of the channel. If indeed this 

is the case, WK should shift the steady-state inactivation relationship toward more negative 

potentials,[15] and this shift should be more pronounced in atrial cells when compared with 

ventricular cells.

Effect of WK on steady-state inactivation in atrial vs. ventricular cells

These predictions were tested by measuring steady-state availability in control and in the 

presence of WK (5 g/L and 10 g/L). The results are presented in Figure 3. WK dose-

dependently shifted steady-state availability to more negative potentials both in atrial 

(Figure 3A) and ventricular cells (Figure 3B), with larger effects observed in atrial cells, in 

agreement with the predictions of the pulse train experiments (Table 1). However, the shift 

was not as large as expected if WK blocked the pre-open state of the sodium channel, 

similar to the action of ranolazine[16]. Nevertheless, these shifts were statistically 

significant and allowed us to calculate dissociation constants of WK with the inactivated and 

closed states of the sodium channel using Bean’s equation.[15] The best fit Bean’s function 

together with the experimental data points (atrial and ventricular data pooled together) are 

shown in Figure 3C. This analysis yielded the following dissociation constants: Ki = 10.1 

g/L and Kc = 1470 g/L. These values support the idea that WK blocks the sodium channel 

via its interaction with the inactivated state, and at clinically relevant concentrations does 

not bind to the closed state of the sodium channel.

Effect of WK on steady-state activation in atrial vs. HEK293 cells

In another series of experiments, we examined the effect of WK on steady-state activation of 

sodium channel current. Application of WK (10 g/L) resulted in no significant shift in the 

voltage-dependence of channel availability in atrial cells (Control and WK – half activation 

voltage:: −49.18 ± 1.00 mV vs. −50.68 ± 0.81 mV, n=6, P = 0.27, Figure 4A). Similar 

results were observed in HEK293 cells stably expressing SCN5A (Control, 5 g/L WK and 10 

g/L WK- half-activation voltage: −48.00 ± 1.97 mV, −46.67 ± 2.25 mV, and −45.16 ± 2.63 

mV, n=4, p=0.27, Figure 4B).

Mathematical model predictions

A mathematical model of WK interaction with the sodium channel was developed based on 

the assumption that WK interacts predominantly with the inactivated state of the sodium 

channel, similar to lidocaine, but the kinetic rates are much faster than those of lidocaine, 

indicating unstable binding. The details of the model are shown in the Online Supplement - 

Methods. Using this model, we reproduced the experimental voltage clamp protocols using 

5, 20, and 200 ms pulses to −30 mV separated by diastolic intervals of 150, 50, and 20 ms at 

−80 mV. The results of these simulations are shown in Figures 5 and 6, depicting variable 

pulse durations and variable diastolic intervals, respectively. Results of these simulations 

were analyzed the same as the experimental data. INa peaks simulated in the presence of 10 

g/L WK were normalized to corresponding peaks of INa simulated in control conditions. The 

model predictions shown in Figures 5 and 6 are in good agreement with experimental data 

shown on Figures 1 and 2, respectively. Numerical comparisons of model predictions and 
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experimental data are presented in Table 1. The model correctly predicts greater tonic and 

steady-state block of the atrial sodium channels as compared with the ventricular sodium 

channels, despite nearly identical rates of WK interaction with a binding site on the alpha 

subunit. The difference in the amount of block can be explained by the more negative 

position of steady-state inactivation curve in atrial cells, possibly due to the different ratios 

of alpha and beta subunits in atrial and ventricular cells.[19] The more negative position of 

the steady-state inactivation curve in atrial cells results in a larger fraction of inactivated 

channels that are available for blockade by WK at the normal resting potentials of atrial and 

ventricular cells.

Next, we simulated the voltage-clamp protocol implemented experimentally to obtain the 

steady-state inactivation relationship and to study the shift of this curve in the presence of 5 

g/L and 10 g/L WK. Figure 7 shows relatively good agreement between the mathematical 

computer predictions (lines) and experimental data (points), providing support for the 

hypothesis that the rapid binding and unbinding of WK to/from the inactivated state of the 

sodium channel with minimal interaction with open and closed states of the channel 

contributes to the atrial-selective actions.

Computer simulations of the effects of WK

To simulate the effects of WK on the rate of rise of the action potential (AP) upstroke, we 

utilized AP clamp methods making use of APs recorded experimentally from atrial and 

ventricular preparations in the presence of 5 g/L WK. The sodium channel model and kinetic 

rates were adjusted to account for the faster kinetics at 37ºC, i.e. at the temperature used for 

AP recordings. Figure 8 shows applied AP trains (upper panels) together with simulated 

upstrokes (middle panels) and the fraction of channels blocked by WK (bottom panels). 

Shown is the train of APs recorded at a basic cycle length (BCL) of 500 ms at the beginning 

of the trace followed by acceleration of the pacing protocol to BCL of 300 ms in the middle 

of the trace, with subsequent return to basic cycle length of 500 ms. The model predicts 

much greater inhibition of Vmax in atrial vs. ventricular cells at BCL of 300 ms. These 

computer simulations are consistent with previously published data obtained experimentally 

using the same protocol (compare with Figure 3 in Burashnikov et al[13]).

Possible contribution of other ions

To assess the possible contribution of ions present in the WK extract, we performed 

commercial analysis (Avomeen Analytical Services, LLC, Ann Arbor, MI). The 

concentrations of the following ions were tested: K+, Ca2+, Na+, Fe2+, Cd2+, Co2+, Zn2+, F−, 

Mn2+, Ba2+, Cs+, Sr2+. The presence of relatively high concentration of fluoride (6 mg/L) in 

WK extracts raised concern, especially in light of publications indicating that fluorine (0.1 

mg/L to 5 mg/L) can depolarize membrane potential and depresses electrical activity of the 

guinea pig papillary muscle[20] and cultured cardiomyocytes.[21] Indeed, WK (10 g/L) 

depolarized the membrane potential by 5–6 mV during AP recordings, which was likely the 

result of the increased K+ concentration.

Accordingly, we investigated the possible effects of fluoride (3 mg/L and 20 mg/L) on the 

AP duration (APD) of coronary-perfused atrial and ventricular preparations and compared 
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them with those observed in the presence of 5 g/L WK. Figure 9 (right panels) shows that 

fluoride had no effect on APD or effective refractory period (ERP) in either atrial or 

ventricular preparations in concentrations as high as 20 mg/L. In contrast, WK produced 

significant prolongation of atrial ERP while abbreviating atrial and ventricular APD. These 

results indicate that experimentally observed effects of WK cannot be attributed to the 

presence of fluoride ions in solutions.

DISCUSSION

The present study delineates the unique characteristics of Wenxin Keli that underlie its 

actions to suppress AF as demonstrated in experimental models[13] and in the clinic [8–10]. 

Among the key findings is the demonstration that WK is an inactivated state blocker of the 

cardiac Na+ channel. The kinetic rates of WK interaction with atrial and ventricular Na+ 

channels are not different, suggesting that atrial and ventricular WK binding sites are similar 

and do not contribute to the atrial selectivity of WK when evaluated at −120 mV. 

Surprisingly, at −120 mV WK actually increased the INa. At a holding potential of −80 mV, 

the reduction in INa is greater compared to that observed at a holding potential of −120 mV. 

Intrinsic differences between the APs of atrial and ventricular cells likely play a prominent 

role. A more negative position of the steady-state inactivation curve in atria,[17, 22, 23] less 

negative resting membrane potential, and slower phase 3 repolarization giving rise to briefer 

diastolic intervals in atrial cells than in ventricular cells at fast rates, contribute to the atrial 

selectivity of many agents displaying atrial-selective inhibition of sodium channel-

dependent parameters,[1, 24] and the present study provides support for the hypothesis that 

this is also the case with respect to WK. These factors, together with rapid dissociation of 

WK from the sodium channel, are likely responsible for the atrial-selective action of WK to 

depress INa and decrease Vmax, as previously reported.[13]

INa blockers that dissociate rapidly from the sodium channel, including ranolazine, 

amiodarone and AZD1305, produce atrial-selective depression of sodium channel-dependent 

parameters and effectively suppress AF in canine coronary-perfused atrial preparations at 

concentrations that cause little or no effect in the ventricles.[1, 25–28] The atrial selectivity 

and anti-AF efficacy of these agents has been demonstrated in porcine and canine hearts in 

vivo and in vitro.[25–27] Vernakalant also shows atrial-selective INa block in that it slows 

conduction velocity in atria, but not in the ventricles, and prolongs atrial ERP largely due to 

induction of post-repolarization refractoriness (PRR).[29, 30] Dronedarone, a non-iodinated 

derivative of amiodarone, causes atrial but not ventricular PRR in canine and porcine hearts.

[31, 32] The dronedarone-induced PRR is much less pronounced than that of amiodarone. 

Dronedarone’s inhibition of peak INa is a sensitive function of voltage in guinea pig 

ventricular myocytes,[32] which may contribute to dronedarone’s atrial-selective induction 

of PRR, owing to the fact that the resting membrane potential (RMP) of atrial cells is less 

negative than that of ventricular cells.

A number of factors have been shown to underlie the atrial-selective effects of most INa 

blockers, including rapid dissociation from the sodium channel, a more negative steady-state 

inactivation relationship, a more positive RMP, and a more gradual phase 3 of the AP in 

atrial vs. ventricular cells.[1, 33, 34] The more negative half-inactivation voltage and more 
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positive RMP importantly reduce the fraction of resting channels in atria vs. ventricles at 

RMP. Because recovery from sodium channel block generally occurs predominantly during 

the resting state of the channel, accumulation of sodium channel block is expected to be 

greater in atria than in the ventricles. The availability of sodium channels may be further 

reduced by the slight depolarization effected by the elevated levels of K+ in the WK solution 

(Figure 8).

Recent studies have shown significant variability in the degree to which sodium channel 

blockers are atrial-selective.[33–35] Available data suggest that binding affinity of the INa 

blocker for a given state of the channel (i.e., open, inactivated, or resting) does not 

determine the drug’s atrial-selectivity.[33] The rate of dissociation of the drug from the 

sodium channel, however, appears to be a key factor. INa blockers possessing rapid vs. slow 

unbinding kinetics tend to be highly atrial-selective (e.g., ranolazine, vernakalant, 

amiodarone).[16, 17, 24, 33] Agents like flecainide and propafenone, which dissociate 

relatively slowly from the sodium channel, allow for accumulation of block in both atria and 

ventricles at rapid rates, leading to absence of atrial-selectivity and in some cases 

ventricular-predominant effects.[24, 36]

Atrial-selective INa blockers have been shown to be effective in the clinical management of 

AF. A number of clinical studies have demonstrated the ability of ranolazine to prevent the 

induction of AF and to terminate paroxysms of AF using a “pill-in-the-pocket” approach[37, 

38]. AZD7009 and AZD1305 have been reported to effectively suppress AF as well.[39, 40] 

Amiodarone is recognized as the most effective agent for the long-term maintenance of 

sinus rhythm in patients with AF, although amiodarone has been associated with cardiac as 

well as non-cardiac toxicity. The combination of ranolazine and dronedarone has been 

shown to be effective in preventing the induction of AF in experimental models[41] and in 

significantly reducing the burden of AF in patients with good safety and tolerability. [42]

Atrial-selective INa blockers generally also inhibit other ion channels (particularly delayed 

rectifier potassium channel, IKr). The ability to block IKr and thus prolong APD has been 

shown to synergize the effect of these agents to depress INa.[43] Indeed, any mechanism that 

causes an increase in atrial APD and slow phase 3 repolarization is expected to synergize the 

effect of INa blockers to depress INa -dependent parameters, thus prolonging ERP and 

suppressing AF. In the case of WK, the effect of the traditional Chinese medicine (TCM) to 

prolong the atrial APD in the presence of acetylcholine (ACh), presumably via 

anticholinergic action, serves this purpose.[13] The prolongation of APD serves to reduce 

the diastolic interval in atria but not in ventricles at rapid activation rates, thus leading to 

accumulation of block in atria but not in ventricles.

Study Limitations

The atrial selectivity of Wenxin Keli was determined acutely in “healthy” hearts ex vivo. 

The presence of autonomic influences and other factors present in vivo may modulate the 

effect of Wenxin Keli, resulting in outcomes different from those observed in the present 

study. [42]
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It is important to recognize that cardiac arrhythmias encountered in the clinic are typically 

associated with electrical and structural abnormalities, which may significantly modulate 

pharmacological responses, anti-arrhythmic efficacy, and safety. Additional studies are 

therefore desirable to characterize the effects of Wenxin Keli in pathophysiologic models of 

AF, particularly in the setting of heart failure. Although it would be of interest to identify 

and characterize the action of the individual components of Wenxin Keli and their 

metabolites, the data presented here, in conjunction with previous studies from our group 

and others, show how this TCM produces atrial-selective sodium channel block resulting in 

effective suppression of AF. This mechanism is shared by amiodarone, one of the most 

effective anti-AF agents. However, unlike amiodarone, Wenxin Keli does not appear to have 

the potential to promote ventricular arrhythmias or to produce significant extra-cardiac 

toxicity. The unique characteristics of Wenxin Keli identified in the present study should 

prove helpful in the design of new molecules for safe and effective management of AF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Rate-dependent inhibition of peak sodium channel current (INa) in atrial (A and B, n=4) and 

ventricular (C and D; n=5) cells in response to trains of pulses, −80 mV to −30 mV, 5 (A 
and C) or 200 ms (B and D) duration delivered with a diastolic interval of 150 ms, in the 

presence of 10 g/L Wenxin Keli. Peak INa recorded in the presence of Wenxin Keli was 

normalized to peak INa recorded during the same trains under control conditions.
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Figure 2. 
Decrease of the peak sodium channel current (INa) during the train of 200 ms pulses 

delivered from −80 mV to −30 mV in the presence of 10 g/L Wenxin Keli and normalized to 

peak INa recorded during the same train in control conditions. Data obtained in atrial cells 

(top panels; n=4) and in ventricular cells (bottom panels; n=5) using interpulse intervals of 

150 ms (A and D), 50 ms (B and E), and 20 ms (C and F).

Hu et al. Page 13

Int J Cardiol. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Effect of Wenxin Keli (WX) on sodium channel availability. Shift of h∞(V) in the presence 

of 5 g/L (circles) and 10 g/L WK (triangles) recorded in atrial cells (Panel A) and in 

ventricular cells (Panel B). Panel C shows the experimentally recorded values of the shift of 

h∞(V) in atrial cells (circles) and ventricular cells (squares) together with the best fitted 

“Bean’s” function[15] (solid line), yielding dissociation constants for WK interaction with 

the closed state of the channel (~1500 g/L) and with the inactivated state of the channel (~10 

g/L).
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Figure 4. 
Effect of Wenxin Keli (WX) on sodium channel activation. There is no change of V1/2 in the 

presence of 5 g/L (circles) and 10 g/L WK (triangles) recorded in canine atrial cells (Panel 
A) and in HEK293 cells expressed with sodium current (Panel B).
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Figure 5. 
Computer simulated decrease of the peak sodium channel current (INa) during the train of 

pulses (5 and 200 ms duration) delivered from −80 mV to −30 mV in the presence of 10 g/L 

Wenxin Keli using diastolic interval of 150 ms. Peaks of INa simulated in the presence of 

Wenxin Keli were normalized to peaks of INa simulated during the same trains in control 

conditions. Data were simulated using an atrial sodium channel model (top panels; n=4) and 

using a ventricular sodium channel model (bottom panels; n=5) using pulse durations of 5 

ms (A and C) and 200 ms (B and D). Compare with Figure 1.
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Figure 6. 
Computer simulation of decrease in peak sodium channel current (INa) during trains of 200 

ms pulses delivered from 80 mV to 30 mV in the presence of 10 g/L Wenxin Keli and 

normalized to peak INa simulated during the same train in control conditions. Data were 

simulated using an atrial sodium channel model (top panels; n=4) and a ventricular sodium 

channel model (bottom panels; n=5) using interpulse intervals of 150 ms (A and D), 50 ms 

(B and E), and 20 ms (C and F). Compare with Figure 2.
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Figure 7. 
Comparison of experimentally recorded (data points) and model-generated (lines) steady-

state inactivation in atrial (top panels) and ventricular cells (bottom panels) in control (A and 

D) and in the presence of 5 g/L (B and E) and 10 g/L (C and F) Wenxin Keli.
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Figure 8. 
Simulation of INa block by Wenxin Keli using action potential (AP) clamp at 37°C. Trains 

of APs experimentally recorded from ventricular (right) and atrial (left) cells were applied as 

a command potential to simulate additional block of INa by 5 g/L Wenxin Keli after basic 

cycle length was changed from 500 to 300 ms in ventricular and atrial cells. From top to 

bottom: Atrial or ventricular APs, simulated open state probability (~Vmax) and fraction of 

blocked channels.
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Figure 9. 
Panel A shows the partial ionic composition of Wenxin Keli solution (10 g/L) indicating the 

presence of relatively high concentration of fluorine ions. Panels B and C compare the 

effects of Wenxin Keli (5 g/L) and fluorine (3 and 20 mg/L) on atrial and ventricular action 

potential duration (APD) and on effective refractory period (ERP), and post-repolarization 

refractoriness (PRR) at a cycle length of 500 ms. Dashed lines depict the duration of PRR. 

PRR was approximated by the difference between ERP and APD measured at 70% (APD70) 

in atria, and between ERP and APD measured at 90% repolarization (ADP90) in ventricles. 

Note that ERP corresponds to APD measured at 70–75% repolarization (ADP70–75) in atria 

and to APD90 in ventricles. * - p<0.05 vs. control. ** - <0.001 vs. control. † - p <0.001 vs. 

APD70. Panel B is modified, with permission, from Burashnikov et al.4
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Table 1

Effects of Wenxin Keli on the sodium channel. Experimentally-derived parameters vs. mathematical model 

predictions.

Experimental data Model predictions

Atrial Ventricular Atrial Ventricular

Tonic block (5 g/L, −80mV) 0.88 ± 0.06 1.01 ± 0.02 0.81 0.95

Tonic block (10g/L, −80mV) 0.74 ± 0.03 0.93 ± 0.04 0.68 0.91

Use-dependent block (150 ms) 0.62 ± 0.08 0.74 ± 0.13 0.64 0.84

Use-dependent block (20 ms) 0.42 ± 0.08 0.48 ± 0.15 0.45 0.52

Vh shift (mV), 5 g/L −2.52 ± 0.14 −2.16 ± 0.34 −2.45 −2.36

Vh shift (mV), 10 g/L −4.43 ± 0.35 −3.58 ± 0.45 −4.18 −3.98

Tonic = remaining current relative to control due to tonic block (1st pulse in train)

Use-dependent = remaining current relative to control due to use-dependent block (40th pulse in train)
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