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Abstract
Background: Insulin-glucose treatment effectively reverses severe bupivacaine (BPV)-induced myocardial
depression or cardiovascular collapse in in vivo. However, the mechanisms for the recovery are poorly
de�ned. Methods: Using the guinea pig myocardium, cumulative concentration-responses on contractile
forces for insulin or insulin combined with 33 mM glucose (insulin/glucose) were measured. After
achieving asystole by 500 µM BPV, different concentrations of insulin or insulin/glucose were applied to
determine the recovery of stimulated contractile responses and contractions in either recirculating or non-
recirculating (washout) condition. Because we did not observe any recovery from asystole with insulin
treatment in the recirculating condition, further experiments were performed whether intermittent
contractile responses (conduction block) could be reversed by insulin. In the washout condition, after
achieving asystole, the muscles were washed with the Tyrode solution containing insulin or
insulin/glucose for 60 minutes. After achieving asystole, BPV concentrations in the Tyrode solution in the
presence or absence of insulin for 60 minutes were measured. Results: There were similar concentration-
dependent decreases in contractility in both the insulin and insulin/glucose groups. Neither insulin nor
insulin/glucose restored the stimulated contractile responses from conduction disturbance or asystole
induced by BPV in the continued presence of BPV. In the BPV-washout condition, while superfusion with a
control (plain Tyrode) solution for 60 minutes after achieving asystole by BPV restored contractility to
approximately 60% of the baseline, time-dependent complete recovery was observed in the insulin- and
insulin/glucose-treated groups. At each time period from asystole to 60 minutes, the BPV concentrations
in the insulin-treated group were slightly lower than those in the control group. Conclusions: Neither
insulin nor insulin/glucose treatment does not rescue Na+ channel function to reverse BPV-induced
cardiac conduction block or asystole regardless of improved cardiac performance, possibly due to
improved myocardial energetics in isolated in vitro animal myocardium model. These �ndings suggest
that treatment with insulin or insulin/glucose is desirable for metabolic energy supply to the myocardium
in cases of BPV-induced cardiac collapse. However, considering the importance of decreased BPV
concentrations in cardiac tissues, insulin or insulin/glucose may not achieve satisfactory outcomes.

Background
Bupivacaine (BPV) impairs oxidative metabolism of fatty acids in cardiomyocytes by inhibition of
carnitine-acylcarnitine translocase [1], one of the enzymes necessary for the transport of fatty acids into
mitochondria, which presumably contributes to BPV-induced cardiac toxicity. When BPV infusion impairs
utilization of these substrates, an alternative fuel (e.g. carbohydrate) can be used to promote cardiac ATP
synthesis [2]. An infusion of insulin will increase glucose uptake, and, through the glycolytic pathway,
provide increased concentrations of pyruvate [3], resulting in replenishment of ATP and improvement in
myocardial performance. In in vivo studies using dogs, insulin-glucose-potassium treatment effectively
reversed severe BPV-induced myocardial depression [4] or cardiovascular collapse [5], whereas no control
dogs were resuscitated. In an in vitro study using a Langendorff preparation in rats, Stehr et al. [6] also
found that insulin application reversed L-BPV-induced myocardial contractile depression, but did not
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improve impaired myocardial conduction induced by L-BPV. Insulin-glucose-potassium treatment in
conjunction with chest compression effectively reversed mean arterial blood pressure in BPV-induced
cardiovascular collapse in dogs, however, a longer period of time was also required to reverse impaired
myocardial conduction [5]. These results suggest that insulin treatment may not be effective for reversal
of BPV-induced conduction disturbances, or even asystole. To restore impaired myocardial conduction,
the BPV content in cardiac tissues should be su�ciently lowered to restore Na+ channel function. BPV is
easily taken up by the lipid micelles of a lipid emulsion due to its high lipophilicity (logP = 3.64) [7],
however, it may not be partitioned by insulin because the action of insulin is purely metabolic. Thus,
insulin itself may not reduce BPV content in cardiac tissues, resulting in no recovery of conduction
disturbances or asystole.

Therefore, we hypothesized that insulin has no effect on the reversal of BPV-induced conduction
impairments or asystole regardless of improvement in BPV-induced myocardial energy de�ciency and
cardiac performance in isolated in vitro animal myocardium model.

Methods
To elucidate the mechanisms related to contractile recovery after BPV-induced cardiac asystole, isolated
guinea pig papillary muscles were treated with insulin either in the continued presence of BPV or during
its washout, and their contributions to the improvement of contractile performance were examined.

Preparation of cardiac muscles

According to a procedure approved by the Yonsei University College of Medicine Animal Research
Committee, hearts were removed from 400-450 g male guinea pigs (Dunkin Hartley) after inhalation of
sevo�urane (3-4 vol%) in an enclosed cage. Guinea pigs were obtained from the Institutional Animal Care
Facility (Yonsei University Health System, Seoul, Korea). The right ventricular papillary muscles were
excised, mounted horizontally in a tissue bath, and superfused at 37°C with modi�ed normal Tyrode
solution (Tyrode solution) (118 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1.2 mM MgSO4, 25 mM NaHCO3

-, 11
mM glucose, and 0.10 mM EDTA) [8]. The solution was recirculated through the bath from a reservoir
containing 100 ml of Tyrode solution through which 95% O2 and 5% CO2 were bubbled, maintaining a pH
of 7.4 ± 0.05. The tendinous end of the papillary muscle was attached to a Grass FT03 force transducer
(Grass Instruments, Quincy, MA, USA) while the other end of the muscle was pinned to the bottom of the
tissue bath. For stabilization, muscles were �eld-stimulated using a Grass S44 stimulator (Grass
Instruments, Quincy, MA, USA) at 0.5 Hz for 60 minutes. After stabilization, contractile forces were
obtained at 1.2 Hz for 15 minutes as a baseline. The 1.2 Hz stimulation was continuously applied during
the entire experimental period after stabilization. The excised papillary muscles were randomly allocated
into 3 groups: control (n = 10) insulin-treated (n = 39), and insulin-treated in the presence of high
concentration of glucose (33 mM) (n = 31) groups. Forces were continuously recorded and analyzed
using a Powerlab® Data Analysis System (Chart v.7.0, ADInstruments, Sydney, Australia). Contractile
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function parameters [peak force (PF) and maximum rate of force development (dF/dt-max)] were also
recorded. dF/dt-max values were used as a measure of contractility.

Experimental protocols

Effects of insulin on contractility

Following baseline measurements, muscles were exposed to each drug concentration (10-3, 10-2, 10-1, 2 x
10-1, and 5 x 10-1 units/ml) of insulin (Humulin insulin R, Eli Lilly and Company, Indianapolis, IN, USA) for
10 minutes. To further de�ne the effect of insulin in the presence of a higher-than-baseline concentration
of glucose, concentration-responses for insulin were also obtained following the 15-minute exposure to
33 mM glucose. The insulin concentrations were determined based on the concentrations used by Armin
and Bolte [9] in their study using guinea pig papillary muscles. Considering that the circulating lines were
a PVC tubing system, 30% more insulin was added to each concentration to compensate for absorption
of insulin to the tubing [10] in all insulin-related experiments.

Recirculation experiments – continuing BPV

To determine the insulin concentrations to use in asystole experiments, changes in contractile force in
response to increasing concentrations of insulin following application of 50 µM BPV were measured.
After obtaining baseline measurements, 50 µM BPV was applied for 15 minutes followed by sequential
exposure to each concentration of insulin (10-3, 10-2, 10-1, 2 x 10-1, and 5 x 10-1 units/ml). Each
concentration of insulin was maintained for 10 minutes. To further de�ne the additive effect of glucose,
muscles were exposed to 33 mM glucose after obtaining contractile depression with 50 µM BPV.
Cumulative concentration-responses for insulin were obtained following a 15-minute exposure to 33 mM
glucose.

To assess recovery from BPV-induced cardiac asystole, 500 µM BPV was applied after obtaining baseline
measurements. If asystole did not develop for 20 minutes, 100 µM BPV was increased. If asystole did not
develop despite a 600-µM BPV application for 20 minutes, we stopped the experiment. Five minutes after
obtaining asystole, muscles were exposed to 10-1, 2 x 10-1, and 5 x 10-1 units/ml of insulin. Each insulin
concentration was maintained for 20 minutes. To further de�ne the additive effect of glucose, muscles
were exposed to 33 mM glucose in Tyrode solution after obtaining asystole, followed by application of
10-1, 2 x 10-1, and 5 x 10-1 units/ml of insulin.

Because we did not observe any recovery from asystole in muscles treated with insulin with or without 33
mM glucose, we performed further experiments to con�rm whether intermittent contractile responses
(conduction block) could be reversed by insulin. When conduction block did not develop after a 15-minute
application of 200 µM BPV, the concentration was increased to 250 µM. If there was no conduction block,
the BPV concentration was further increased to 300 µM; if conduction block did not develop after 15
minutes, the experiment was stopped. After obtaining regular intermittent contractile responses, 10-1, 2 x
10-1, and 5 x 10-1 units/ml of insulin were applied. To examine the additive effect of glucose, at 5 minute
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after obtaining regular intermittent contractile responses, muscles were exposed to 33 mM glucose in
Tyrode solution for 5 minutes, and the insulin concentrations were then increased sequentially. Each
insulin concentration was maintained for 20 minutes.

Measurements of BPV concentrations in solutions

BPV concentrations in solution were measured under the recirculating condition at 3 minutes after
applying 500 µM BPV, 5 minutes after asystole, and after 15, 30, 45, and 60 minutes, in the control
solution or the control solution containing 2 x 10-1 unit/ml of insulin. In the control solution- or insulin-
treated group, one milliliter of solution was collected at each time point. The samples were stored at -80°C
until analysis. BPV in Tyrode solution was extracted by methylene chloride. After shaking, the organic
solution was separated by centrifugation at 13,000 rpm for 3 minutes. It was dried using N2 gas and
reconstituted in 5 mM ammonium acetate:acetonitrile (40:60, v/v). A 0.5-µl aliquot of the solution was
analyzed using an LS/MS/MS system. Lidocaine was used as the internal standard.

Non-recirculation experiments – BPV washout

Using the same experimental protocol as in recirculation experiments, 500-600 µM BPV was applied. Five
minutes after obtaining asystole, muscles were washed out with Tyrode solution containing 2 x 10-1

unit/ml of insulin for 60 minutes. To de�ne the additive effect of glucose, muscles were washed with
Tyrode solution containing 33 mM glucose and 2 x 10-1 unit/ml of insulin for 60 minutes. Plain Tyrode
solution was used as a control.

Insulin was purchased from Eli Lilly Company (Indianapolis, IN, USA). All other chemicals were purchased
from Sigma-Aldrich Chemicals Company (St. Louis, MO, USA).

Statistical analysis

Because of variations in baseline values from one muscle to another, alterations in contractile function
were expressed as a percentage of baseline. Differences in the time to the appearance of asystole
(Tasystole), the time to the appearance of the �rst contractile response (T1stR), and the time to the �rst
appearance of regular contraction (TRR) among treatment groups in the washout condition were analyzed
using one-way analysis of variance (ANOVA) followed by Bonferroni post hoc tests. Repeated measures
ANOVA was used to test for differences between baseline and time-dependent changes in contractile
forces in the recirculation condition. To compare the two groups at each concentration for 60 minutes,
unpaired t-test was used. Linear mixed models (LMMs) were used to compare the BPV concentrations
between control preparations and those treated with insulin for 60 minutes. LMMs were also used to
compare the changes in contractile forces during recovery among control, insulin-, and insulin and 33 mM
glucose-treated groups in the washout condition. In all analyses using LMMs, post hoc analysis was
performed in which two-tailed P values were adjusted by the Bonferroni correction to control the
signi�cance level. All data are presented as the mean ± SD. A P value < 0.05 was considered signi�cant.
The Shapiro-Wilk test was used as a test of normality test. Non-parametric tests were used when data did
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not meet the assumption of normality. No statistical power calculation was conducted prior to the study.
The sample size was based on our previous experiences with this design

Results
Effects of insulin on contractility

No contractile depression was observed at 10-3, 10-2, or 10-1 unit/ml of insulin, whereas 2 x 10-1 and 5 x
10-1 units/ml of insulin depressed contractility by approximately 20% and 30%, respectively. Similar
contractile depression was observed, using the Tyrode solution containing 33 mM glucose (Fig. 1).

Recirculation experiments – continuing BPV

Effects of insulin on BPV-induced contractile depression

Fifty µM BPV depressed contractility by approximately 55%. After achieving contractile depression by 50
µM BPV, application of insulin from 10-3 to 5 x 10-1 units/ml did not alter the contractility (Fig. 2). In the
presence of 33 mM glucose in Tyrode solution, each concentration of insulin, excluding 2 x 10-1 and 5 x
10-1 units/ml, modestly but signi�cantly increased contractility by approximately 10% compared to that
of 50 µM BPV. Insulin at 5 x 10-1 unit/ml did not attenuate the BPV-induced decrease in contractility (Fig.
2).

Effects of insulin on BPV-induced asystole

In all muscles superfused with either normal or 33 mM glucose in Tyrode solution, asystole developed
approximately 7 - 10 minutes  after exposure to 500 µM BPV (Table 1). Administration of insulin, 10-1, 2 x
10-1, and 5 x 10-1 units/ml, in the absence (Fig. 3A) or presence of 33 mM glucose did not recover any
stimulated contractile responses during the 60 minute-experimental period.

Effects of insulin on intermittent contractile responses (conduction block)

Intermittent contractile responses appeared at approximately 11 minutes after exposure to intermediate
concentrations of BPV (200-300 µM). Intermediate concentration of BPV signi�cantly decreased the
stimulated contractile responses by 47% (approximately 2:1 conduction block), which was sustained
following successive application of 10-1, 2 x 10-1, and 5 x 10-1 units/ml of insulin (Fig. 3B). An
intermediate concentration of BPV depressed contractility by approximately 60%; this did not improve but
was sustained following exposure to each concentration of insulin (Fig. 3B). Similar results were
obtained in the presence of 33 mM glucose (Fig. 3C). BPV concentrations of 250 and 300 µM were used
for one muscle each in the control solution and for three and one muscles, respectively, in the presence of
33 mM glucose.

Effect of insulin on BPV concentrations in solutions
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BPV concentrations gradually decreased in both the control and insulin-treated groups over 60 minutes.
There was a signi�cant interaction effect between the treatment group and time (P = 0.002). At each time
period from asystole to 60 minutes, the BPV concentrations in the insulin-treated group were slightly
lower than those in the control group (Fig. 4).

Non-recirculation experiments – BPV washout

In all groups, asystole developed at 7-10 minutes following exposure to 500-600 µM BPV (Table 1). A �nal
concentration of 600 µM BPV was used in one and two muscles in the control solution and insulin-treated
control solution groups, respectively. After achieving asystole, washout with the control solution induced
the �rst contractile response followed by conduction block, and, after a short time, regular contractions
induced by 1.2 Hz stimulation were restored. The T1stR and TRR did not differ among the 3 groups (Table
1). Washout with a Tyrode solution for 60 minutes after asystole restored contractility to approximately
60% of the baseline, while complete recovery was observed after 45 minutes in the insulin- or insulin
combined with 33 mM glucose-treated group. Although the changes in contractile forces during recovery
were similar between the insulin and insulin combined with 33 mM glucose treatment group and time,
there was a signi�cant interaction effect between the control and treatment groups according to time
(control vs. insulin, P = 0.013; control vs. insulin combined with 33 mM glucose, P = 0.001) (Fig. 5).

Discussion
This study showed that insulin did not reverse BPV-induced conduction block or asystole in isolated
cardiac tissues in the recirculation conditions. Although asystole was not reversed, insulin treatment is
likely to replenish the energy source that was depleted by high concentrations of BPV.

In the present study, the recirculation condition was used to investigate the effect of insulin on the
recovery of stimulated contractile responses, which are dependent on elimination of BPV from tissues. By
contrast, the washout condition was used to determine if insulin could enhance or accelerate the time-
dependent contractile recovery via its metabolic contributions.

In the recirculating condition, neither asystole nor conduction block was reversed by insulin. These
�ndings suggest that insulin does not lower BPV content in cardiac tissues su�ciently to restore Na+

channel function to conduct action potentials. Simply improving metabolic energetics would be
ineffective in restoring myocardial contractility when the continuing presence of BPV in the tissue
prevents the conduction of action potentials. Considering that myocardial BPV content has a strong
positive correlation with aqueous plasma concentration [11], our �ndings regarding BPV concentrations
in aqueous phase indirectly suggest that insulin does not reduce BPV content su�ciently to dissociate
BPV from Na+ channels in cardiac tissues. It has been reported that insulin had no effect on TTX-
inhibited Na+ channel in rat myoballs [12]. While the exact mechanism behind the gradual decease of
BPV concentration in the control solution remains unclear, this phenomenon may partly be due to
ongoing tissue uptake of BPV.
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In most studies using mammalian heart and isolated cardiac muscle preparations, insulin exerted either
positive [6, 9, 13] or no inotropic effect [14].  Whereas our results showed explicit negative inotropy. In this
regard, Armin and Bolte [9], in their study using the right ventricular papillary muscles of the guinea pig,
demonstrated a dose-response relationship for a positive inotropic effect of insulin. Abe et al. [13] also
observed a positive inotropic effect of insulin with the same guinea pig right ventricular papillary muscle
preparation. Conversely, our investigations yielded the opposite results despite having used the same
species, insulin concentrations, and experimental conditions as the aforementioned studies. Based on the
congruency of the animal species and preparation methods, these discrepancies suggest that there was a
difference in insulin preparation.  

Insulin increases glucose utilization by alterations in membrane kinetics so that glucose transport is
accelerated by insulin [15]. With the addition of insulin, glucose uptake increases much more rapidly than
increased perfusate concentrations of glucose in the absence of insulin [12]. However, regardless of
increased glucose uptake, the positive inotropic effect of insulin has been reported to be independent on
the external glucose concentration in the bathing medium [16, 17]. In the present study, our results
demonstrated that insulin had a dose-related negative inotropic effect that also was not affected by
external glucose concentration.

However, this may not be applicable for contractile depression induced by BPV application. While insulin
concentration-dependently depressed contractility in our result, insulin application following contractile
depression by 50 µM BPV did not depress contractility further, suggesting certain mechanisms that
attenuate further depression by insulin. Of note, in the presence of 33 mM glucose, insulin application
increased contractility modestly, but signi�cantly, suggesting that, at least in part, enhanced glucose
uptake by insulin is associated with this positive inotropic effect.

With elimination of BPV from the perfusate and its presumed diffusion from the tissue under the washout
condition, the contractile responses to 1.2 Hz stimulation were completely and quickly restored in all
muscles as shown in Table 1. This return of contractile responses is consistent with a much faster
decrease in myocardial BPV content and restored Na+ channel function by washout. In this condition, we
observed complete recovery of contractile forces in the insulin- or insulin combined with 33 mM glucose-
treated groups while contractility in the control group recovered to approximately 60% of baseline levels,
which indicates long-term injury in tissues by BPV. Of note, differences among the control, insulin, and
insulin combined with 33 mM glucose groups for the restoration of contractility appeared to be
dependent on whether insulin was used or not. Therefore, the contractile recovery to baseline after
treatment with insulin or insulin combined with 33 mM glucose suggests improved myocardial
energetics, possibly due to increased cytoplasmic glucose concentrations. These �ndings imply that
although asystole persists under recirculation conditions, metabolic energy is replenished continuously
due to enhanced glucose uptake by insulin.

Recently, Kim et al. [5] reported successful resuscitation of BPV-induced circulatory collapse in dogs by
insulin. In this study, in association with external chest compression, all insulin/glucose-treated dogs
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were successfully resuscitated, however, none of the control dogs were resuscitated. Based on irreversible
restoration of stimulated contractile responses by insulin under recirculation conditions in our results,
Kim et al.’s in vivo �ndings highly suggest the importance of ongoing circulation accomplished with chest
compressions to restore cardiac rhythm. Ongoing circulation by chest compression results in gradual
redistribution of BPV by increasing blood �ow to other organs [5] and possible enhancement of hepatic
extraction of BPV [18] would lower BPV concentrations in the myocardium, which contributes to
dissociation of BPV from the Na+ channel to permit initiation of action potentials. However, a longer
period of time was required to reverse impaired myocardial conduction [5]. Considering the redistribution
of BPV by chest compression in whole animals or the clinical setting, our results in the recirculation and
washout condition from an isolated rodent heart preparation have a limitation to extrapolate to whole
animals or humans. However, our results may provide mechanistic insights into the delayed recovery of
myocardial conduction and enhanced supply of myocardial energetics which contribute to hemodynamic
recovery in whole animals.

Currently, as a mechanism of lipid rescue from BPV-induced cardiac toxicity, two important mechanisms
such as lipid sink [19] and metabolic lipid �ux effect [1] have been proposed. In the previous studies in in
vitro using isolated guinea pig papillary muscles [20] and in an intact rat model of BPV-induced
cardiovascular collapse [21], the contractile or hemodynamic recovery has been attributable to lipid sink
effect, rather than the metabolic lipid �ux effect. Additionally, the liver-targeting property [22] and
accelerated clearance of BPV by lipid emulsions [23, 24] may add more bene�t to decrease the BPV
concentrations in cardiac tissues. Although insulin is likely to replenish the depleted ATP, it has no local
anesthetic-binding effect, a major disadvantage to be rescued from BPV-induced cardiac toxicity. Based
on these aspects, insulin/glucose does not appear to have more bene�ts than lipid emulsions for the
recovery from BPV-induced cardiac arrest.

Conclusions
Neither insulin nor insulin/glucose treatment does not rescue Na+ channel function to reverse BPV-
induced cardiac conduction block or asystole regardless of improved cardiac performance, possibly due
to improved myocardial energetics in isolated in vitro animal myocardium model. These �ndings suggest
that treatment with insulin or insulin/glucose is desirable for metabolic energy supply to the myocardium
in cases of BPV-induced cardiac collapse. However, considering the importance of decreased BPV
concentrations in cardiac tissues, insulin or insulin/glucose cannot achieve satisfactory outcomes.

Abbreviations
BPV: Bupivacaine; ATP: Adenosine triphosphate; Tasystole: The time to the appearance of asystole; T1stR:
The time to the appearance of the �rst contractile response; TRR: The time to the �rst appearance of
regular contraction; ANOVA: Analysis of variances; LMM: Linear mixed model; TTX: tetrodotoxin.
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Tables

Table 1  Times to appearance of Tasystole, T1stR, and TRR in each group following

application of 500-600 µM bupivacaine under non-recirculation conditions

  N Tasystole
(min)

T1stR
(min)

TRR
(min)

Control 7 10.73 ± 6.86 5.62 ± 2.61 12.14 ± 6.0

Insulin 9 7.49 ± 4.61 5.96 ± 2.94 11.28 ± 4.85

Insulin/glucose 11 9.28 ± 5.46 4.70 ± 2.86 10.02 ± 2.99

 Results are presented as mean ± SD. There were no significant differences among the four

groups with regard to Tasystole, T1stR, or TRR. N = number of papillary muscles. Min =
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minutes. Tasystole = time to appearance of asystole. T1stR = time to appearance of the first

contractile response. TRR = time to appearance of the regular contractile response.

Insulin/glucose indicates insulin application in the presence of 33 mM glucose.

Figures

Figure 1

Effects of different concentrations of insulin on contractile forces (dF/dt-max) in the presence of normal
(11 mM) ( ) and 33 mM glucose (insulin/glucose) ( ) under recirculation conditions. The black square
(■) in the left upper corner indicates the percent of the control dF/dt-max following exposure to 33 mM
glucose before application of insulin. * (insulin) or † (insulin/glucose) indicates P < 0.05 vs. baseline
obtained with plain Tyrode solution at 1.2 Hz stimulation rate. P values are as follows. ( ) 2 x 10-1
unit/ml vs. baseline, P = 0.001; 5 x 10-1 unit/ml vs. baseline, P < 0.001. ( ) 10-1, 2 x 10-1, and 5 x 10-1
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units/ml vs. baseline, P < 0.05, respectively. The baseline dF/dt-max values were 4.71 ± 2.08 and 7.78 ±
3.12 mN/sec in the insulin or insulin/glucose group, respectively.

Figure 2

Effects of various concentrations of insulin on contractile forces following application of 50 µM
bupivacaine (BPV) in the presence of normal (11 mM) and ( ) 33 mM glucose (insulin/glucose) ( ) under
recirculation conditions. The black square (■) in the left upper corner indicates the percent of the control
dF/dt-max following exposure to 33 mM glucose under recirculation conditions. * (insulin/glucose)
indicates P < 0.05 vs. baseline obtained with plain Tyrode solution at 1.2 Hz stimulation rate. P values are
as follows. ( ) 50 µM BPV, 10-3, 10-2, 10-1, 2 x 10-1, and 5 x 10-1 units/ml of insulin vs. control, P < 0.001.
10-3, 10-2, 10-1, 2 x 10-1, and 5 x 10-1 units/ml of insulin vs. 50 µM BPV, P > 0.05. ( ) 50 µM BPV, 10-3, 10-
2, 10-1, 2 x 10-1, and 5 x 10-1 units/ml of insulin vs. control, P < 0.001. 10-3 unit/ml vs. 50 µM BPV, P =
0.012; 10-2 unit/ml vs. 50 µM BPV, P = 0.006; 10-1 unit/ml vs. 50 µM BPV, P = 0.010; 2 x 10-1 unit/ml vs.
50 µM BPV, P = 0.115; 5 x 10-1 unit/ml vs. 50 µM BPV, P = 0.748; 2 x 10-1 unit/ml vs. 5 x 10-1, P = 0.115; 5
x 10-1 vs. 10-3 unit/ml, P = 0.007. The baseline dF/dt-max values were 4.97 ± 3.01 and 2.16 ± 0.69
mN/sec in the insulin or insulin/glucose group, respectively.
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Figure 3

A. Effects of various concentrations of insulin on bupivacaine (BPV)-induced asystole under recirculation
condition. B and C. Effects of various concentrations of insulin on stimulated contractile responses and
contractile forces (dF/dt-max) following application of 200-300 µM BPV in the presence of a normal
glucose concentration (11 mM) (B) and 33 mM glucose (C) under recirculation conditions. Min = minutes.
(B) * or †: P < 0.001 vs. control. Between 200 µM BPV and each concentration of insulin, P > 0.05. (C) * or
†: P < 0.001 vs. control. Between 200-300 µM BPV and each concentration of insulin, P > 0.05. * and † in
B and C indicate contractile forces and stimulated contractile responses, respectively. The baseline dF/dt-
max values were 3.53 ± 0.89 and 5.09 ± 2.13 mN/sec in the insulin or insulin combined with 33 mM
glucose group, respectively.
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Figure 4

Changes in bupivacaine (BPV) concentrations following asystole induced by 500 µM BPV for 60 minutes
at each time period in modi�ed normal Tyrode solution (NT) and 2 x10-1 unit/ml insulin-treated NT
solution under recirculation conditions. * indicates P value < 0.05 at each time point between the 2
groups.
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Figure 5

Recovery of contractile forces (dF/dt-max) for 60 minutes after a wash with control (modi�ed normal
Tyrode) solution, control solution containing 2 x 10-1 unit/ml of insulin (insulin), and control solution
containing 33 mM glucose and 2 x 10-1 unit/ml of insulin (insulin/glucose) following asystole induced
by 500 µM bupivacaine under non-recirculation conditions. Min = minutes. * indicates P value < 0.05 at
each time point compared to control group. P values at each time period among the 3 groups are as
follows. 45 minutes: control vs. insulin, P = 0.0276; control vs. insulin/glucose, P = 0.0031; insulin vs.
insulin/glucose, P = 0.3931. 60 minute: control vs. insulin, P = 0.0214; control vs. insulin/glucose, P =
0.001; insulin vs. insulin/glucose, P = 0.2387. The baseline dF/dt-max values were 4.41 ± 3.25, 4.16 ±
2.46, and 3.70 ± 2.07 mN/sec in the groups treated with control solution, insulin, and insulin/glucose,
respectively.
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