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Abstract

Background The primary aim of this study was to

evaluate the effect of acute administration of L-carnitine

100 mg�kg-1 iv on susceptibility to bupivacaine-induced

cardiotoxicity in rats.

Methods In the first of two experiments, L-carnitine 100

mg�kg-1 iv (n = 10) or saline iv (n = 10) was administered

to anesthetized and mechanically ventilated Sprague-

Dawley rats following which an infusion of bupivacaine

2.0 mg�kg-1�min-1 iv was given until asystole occurred.

The primary outcome was the probability of survival.

Secondary outcomes included times to asystole, first

dysrhythmia, and to 50% reductions in heart rate (HR)

and mean arterial pressure (MAP). To determine whether

the same dose of L-carnitine is effective in treating

established bupivacaine cardiotoxicity, we also conducted

a second experiment in which bupivacaine 20 mg�kg-1 iv

was infused over 20 sec. Animals (n = 10 per group)

received one of four iv treatments: 30% lipid emulsion 4.0

mL�kg-1, L-carnitine 100 mg�kg-1, 30% lipid emulsion

plus L-carnitine, or saline. The primary outcome was the

return of spontaneous circulation (ROSC) during

resuscitation.

Results In the first study, L-carnitine 100 mg�kg-1

increased the probability of survival during bupivacaine

infusion (hazard ratio, 12.0; 95% confidence interval, 3.5

to 41.5; P \ 0.001). In L-carnitine-treated animals, the

times to asystole, first dysrhythmia, and to 50% reductions

in HR and MAP increased by 33% (P\0.001), 65% (P\
0.001), 71% (P \ 0.001), and 63% (P \ 0.001),

respectively. In the second study, no animal in the

control or L-carnitine alone groups achieved ROSC when

compared with the lipid emulsion groups (P\ 0.01).

Conclusion These findings suggest that acute

administration of L-carnitine 100 mg�kg-1 decreases

susceptibility to bupivacaine cardiotoxicity, but is

ineffective during resuscitation from bupivacaine-induced

cardiac arrest.

Résumé

Contexte L’objectif principal de cette étude était

d’évaluer l’effet d’une administration aiguë de 100

mg�kg-1 iv de L-carnitine sur la susceptibilité à une

cardiotoxicité induite par la bupivacaı̈ne chez le rat.

Méthode Dans les deux premières expériences, on a

administré 100 mg�kg-1 de L-carnitine (n = 10) ou de

solution saline (n = 10) à des rats Sprague-Dawley

anesthésiés et ventilés mécaniquement, puis on leur a

administré une perfusion de 2,0 mg�kg-1�min-1 iv de

bupivacaı̈ne jusqu’à la survenue d’une asystolie. Le critère

d’évaluation principal était la probabilité de survie. Les

critères d’évaluation secondaires comportaient les temps

jusqu’à l’asystolie, la première dysrythmie, et jusqu’à des

réductions de 50 % de la fréquence cardiaque (FC) et de la

tension artérielle moyenne (TAM). Afin de déterminer si la

même dose de L-carnitine est efficace pour traiter une

cardiotoxicité à la bupivacaı̈ne déjà établie, nous avons

également réalisé une deuxième expérience, dans laquelle

nous avons perfusé 20 mg�kg-1 iv de bupivacaı̈ne sur 20

sec. Les animaux (n = 10 par groupe) ont reçu l’un des

quatre traitements iv suivants: 4,0 mL�kg-1 d’émulsion

lipidique à 30 %, 100 mg�kg-1 de L-carnitine, émulsion
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lipidique à 30 % plus L-carnitine, ou solution saline. Le

critère d’évaluation principal était le retour à une

circulation spontanée (RCS) pendant la réanimation.

Résultats Dans la première étude, une dose de 100

mg�kg-1 de L-carnitine a augmenté la probabilité de

survie pendant une perfusion de bupivacaı̈ne (rapport de

risque, 12,0; intervalle de confiance 95 %, 3,5 à 41,5; P\
0,001). Chez les animaux traités à la L-carnitine, les temps

jusqu’à l’asystolie, la première dysrythmie et à des

réductions de 50 % de la FC et de la TAM ont augmenté

de 33 % (P\0,001), 65 % (P\0,001), 71 % (P\0,001)

et 63 % (P \ 0,001), respectivement. Dans la deuxième

étude, aucun animal du groupe témoin ou du groupe

L-carnitine seule n’est parvenu à un RCS comparativement

aux groupes ayant reçu une émulsion lipidique (P\0,01).

Conclusion Ces résultats suggèrent que l’administration

aiguë de 100 mg�kg-1 de L-carnitine réduit la

susceptibilité à une cardiotoxicité à la bupivacaı̈ne, mais

que ce traitement est inefficace pendant la réanimation

suite à un arrêt cardiaque induit par la bupivacaı̈ne.

Local anesthetic systemic toxicity (LAST) is a rare

complication of regional anesthesia, occurring with an

incidence of up to nine per 10,000 regional anesthetics in

the adult patient population.1-3 Although lipid emulsion has

gained widespread acceptance in the management of

LAST,4 cardiovascular collapse remains the most difficult

manifestation of LAST to treat.5,6 Inhibition of myocardial

cation channels is considered a predominant mechanism by

which local anesthetics cause cardiotoxicity in overdose.7

Nevertheless, other potential mechanisms include

impairment of cellular energy metabolism via inhibition

of oxidative phosphorylation.8-12

Bupivacaine is a potent inhibitor of lipid-based

respiration in myocardial mitochondria via the carnitine

system.12 Carnitine is a naturally occurring amino acid

derivative that is essential in the transfer of long-chain fatty

acids into the mitochondrial matrix for beta-oxidation.13,14

We have shown in a rodent model of LAST that a

deficiency of L-carnitine increases susceptibility to

bupivacaine-induced cardiotoxicity, an effect that was

completely reversed by acute repletion with L-carnitine

100 mg�kg-1.15 Our previous findings indicated a

significant reduction in time to asystole during

intravenous infusion of bupivacaine in carnitine-deficient

animals when compared with control and carnitine-replete

animals. There was also a trend toward increased duration

of survival in the L-carnitine-replete group compared with

controls. Given these findings, we sought to determine if L-

carnitine has a role in preventing bupivacaine-induced

cardiotoxicity. We hypothesized that acute administration

of L-carnitine 100 mg�kg-1 increases the probability of

survival in rats during intravenous infusion of bupivacaine.

Methods

The Animal Care Committee of the Hospital for Sick

Children, Toronto, Canada gave their approval (November,

2011) for all experiments, and we adhered to the Canadian

Council on Animal Care guidelines for the care and use of

animals. The animals used in our study were adult (aged

nine to ten weeks) pathogen-free, drug and test-naı̈ve male

Sprague-Dawley rats (Charles River Breeding

Laboratories, St. Constance, QC, Canada) weighing 300-

400 g. The animals were housed in rectangular

polycarbonate cages (two animals per cage) in a

temperature-controlled 12-hr light/dark cycle. They were

provided with unlimited access to water and were fed a

standard non-purified diet (Prolab� RMH 1000 LabDiet�,

PMI Nutrition International, Brentwood, MO, USA). After

arrival at the animal lab facility, the animals were

acclimatized for seven days before any experiments took

place, and an animal laboratory technician assessed the

animals daily. Experiments were carried out from 0800-

1400 hr in the animal laboratory at the Hospital for Sick

Children.

Experimental protocols

To determine the effect of acute intravenous L-carnitine

administration on the threshold for bupivacaine-induced

cardiotoxicity, we anesthetized and surgically prepared 20

rats as previously described.15 Anesthesia was induced

with 2% isoflurane in oxygen, and the trachea was

intubated via tracheostomy. A rodent ventilator (Harvard

Apparatus, Saint-Laurent, QC, Canada) delivered a tidal

volume of 10 mL�kg-1 and a respiratory rate of 65

breaths�min-1. Ventilation of the lungs was adjusted to

maintain normocarbia (PaCO2 35-45 mmHg) according to

arterial blood gas analysis (ABL700 Series blood gas

analyzer, Radiometer, Copenhagen, Denmark). The tail

vein and carotid artery were cannulated using a 24G

AngiocathTM catheter (Becton Dickinson, Franklin Lakes,

NJ, USA), and arterial blood (0.5 mL) was sampled for

blood gas analysis and L-carnitine concentration.

Electrocardiography, arterial blood pressure, and rectal

temperature were monitored continuously (Biopac Data

Acquisition System, Harvard Apparatus, Saint-Laurent,

QC, Canada), and normothermia (36.5-37.5�C) was

maintained using underbody warming.
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Experiment 1

In the first experiment, the animals were allocated to one of

two groups and received L-carnitine 100 mg�kg-1 (n = 10) or

an equal volume of normal saline (n = 10) by intravenous

bolus injection. L-carnitine was reconstituted with sterile

water to a concentration of 250 mg�mL-1. The volumes

administered ranged from 0.12-0.16 mL. Bupivacaine 0.5%

(Astra Zeneca, Mississauga, ON, Canada) was then infused

intravenously at a rate of 2 mg�kg-1�min-1 using an AlarisTM

Syringe Module calibrated infusion pump (Cardinal Health,

Vaughan, ON, Canada) until asystole, which was defined as

the absence of electrocardiograph activity for ten seconds

after the last systole. At this point, arterial blood was sampled

to determine plasma bupivacaine and serum L-carnitine

concentration. The primary outcome measure was the

probability of survival, with asystole being the event of

interest. Secondary outcomes included the time to asystole, a

20% increase in PR and QRS intervals, the first dysrhythmia,

and a 50% reduction in heart rate (HR) and mean arterial

pressure (MAP). We also measured plasma carnitine and

bupivacaine concentrations and blood chemistry at the end of

resuscitation. The first dysrhythmia was defined as the first

abnormal electrocardiograph complex that was

accompanied by an abnormal systole on the arterial blood

pressure trace.

Experiment 2

Based on the results of the experiments described above, we

conducted a second experiment to determine whether

L-carnitine 100 mg�kg-1 improves survival during resusci-

tation from bupivacaine-induced cardiac arrest. Given that

lipid emulsion is the only known antidote for bupivacaine-

induced cardiotoxicity,6 we studied the efficacy of L-carnitine

100 mg�kg-1 alone and in combination with lipid emulsion.

In this experiment, 40 animals were anesthetized and

surgically prepared as described above. Using a computer-

generated table of random numbers, the animals were

randomized to one of four iv treatment groups (n = 10 per

group): 1) 30% lipid emulsion 4 mL�kg-1 (Fresenius-Kabi,

Uppsala, Sweden), 2) L-carnitine 100 mg�kg-1 (Sigma-

Aldrich, St. Louis, MO, USA) diluted in normal saline, 3)

30% lipid emulsion 4 mL�kg-1 plus L-carnitine 100 mg�kg-1,

and 4) normal saline (control group). Bupivacaine 0.5% was

infused as a 20 mg�kg-1 iv injection over 20 sec - i.e., a dose

of bupivacaine that reliably produces asystole in rats from

which spontaneous hemodynamic recovery does not occur.16

At time zero (i.e., the end of the infusion), isoflurane

was discontinued and chest compressions were commenced

to achieve a rate pressure product (RPP; RPP = HR x

systolic blood pressure) of at least 25% of baseline. A

single investigator performed chest compressions at a rate

of at least 150 compressions•min-1 (i.e., 50% of baseline

HR). Continuous arterial waveform monitoring determined

the depth of compression to achieve a systolic blood

pressure of at least 50% of baseline. The RPP in humans

has been shown to correlate linearly with myocardial work

and oxygen consumption.17-19 The RPP has been used to

monitor adequacy of resuscitation and recovery of

circulation in experimental models studying bupivacaine

toxicity and as an indicator of cardiac work or oxygen

consumption.16,20-22

Mechanical ventilation continued with 100% oxygen. One

minute after time zero, the animals received an equal volume

of one of the four treatments. Each therapy was administered

by intravenous bolus and repeated at two minutes and four

minutes after time zero. The primary outcome was the

probability of survival, with the event of interest being return

of spontaneous circulation (ROSC), defined as recovery of

RPP to within 50% of baseline for at least one minute.16,20-22

Chest compressions were interrupted for ten seconds every

minute to assess native electrocardiogram and RPP. The chest

compressions were then continued for a maximum of ten

minutes from the onset of resuscitation. Recorded data

included times to achieve ROSC and RPP, plasma L-carnitine

and bupivacaine concentrations, and blood chemistry at the

end of resuscitation. Blood sampling for bupivacaine and

carnitine concentrations and blood gas analysis occurred at

the end of the experiments. Isoflurane 1% was re-introduced

when ROSC was achieved. Animals that achieved ROSC

were later euthanized using 0.5% bupivacaine 20 mg�kg-1 iv.

The electrocardiogram was monitored to confirm asystole.

Pentobarbital 240 mg�kg-1 iv was available if bupivacaine

was unsuccessful in achieving asystole.

Measurement of bupivacaine and L-carnitine

concentrations

Bupivacaine concentration was measured using the 4000

QTRAP� tandem mass spectrometer (Applied Biosystems,

Foster City, CA, USA) in accordance with a technique

previously described.15,23 Separation of bupivacaine to the

mass spectrometer was accomplished by high-performance

liquid chromatography and electrospray ionization. The

mass spectrometer consists of a triple quadrapole system

and an ion trap system. Collision-induced dissociation

produces a product ion from a precursor ion. The system

monitors for a specific ion pair based on mass-to-charge

ratio, in this case, 289.3:140.2 for bupivacaine. The

detector monitors, amplifies, and transmits the ion current

signal to the data system where it is recorded in the form of

a mass spectrum. Bupivacaine quantification is based on

analyzing a six-point calibration curve (0-150 mg�L-1).

The mass-to-charge ratio for prilocaine (221.2:86.1) is

included as an internal standard with each calibration,
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quality control, or animal sample. The coefficient of

variation was ± 4% at the detection limit of 0.05

mg�L-1, with between-batch variability of 4%.

The L-carnitine concentration was determined by

spectrophotometric enzymatic assay using a Roche Cobas

Mira analyzer (Roche Diagnostics, Nutley, NJ, USA). The

coefficient of variation was 4-12%. The method is based on

a process by which the enzyme carnitine acetyltransferase

catalyzes a reaction that acts on L-carnitine. The resulting

free coenzyme A is combined with 5,50-dithiobis-2-

nitrobenzoic acid to form a phenolate ion that is

spectrometrically measured at 405 nm.24

Statistical analysis

Data are presented as mean (standard deviation [SD]) or

median [interquartile range (IQR)]. For the first experiment,

sample size estimation was based on previous work

demonstrating a mean (SD) time to asystole of 1,082 (210)

sec in controls.15 To show a 25% difference in time to

asystole, we estimated that ten animals per group were

required for a two-tailed alpha equal to 0.05 and 80% power.

For the second experiment, preliminary work demonstrated

that no control animals (treated with saline) had ROSC. To

show a 60% difference in response to therapy, we estimated

that 10 animals per group were required for alpha 0.05 (two-

tailed) and 80% power.

Survival between treatment arms was compared using

Kaplan-Meier analysis and the log-rank test with

Bonferroni adjustment where appropriate. The hazard

ratio and its 95% confidence interval (CI) were computed

using the Mantel-Haenszel method. Unpaired Student’s t

test, Mann-Whitney rank-sum test, one-way analysis of

variance, Kruskal-Wallis, and/or the Chi square test were

used for statistical comparisons as appropriate. Post-hoc

Sidak or Bonferroni’s multiple comparison tests were used

for pair-wise comparisons. All statistical tests were two-

tailed, and P\0.05 was considered statistically significant

unless dictated by Bonferroni correction. Statistical

analyses were performed using Stata� version 10.0

(Statacorp, College Station, TX, USA) or GraphPad

Prism version 5.0 (GraphPad Software, San Diego, CA,

USA).

Results

Experiment 1

Body weight, arterial blood gas analysis, and plasma

electrolyte and L-carnitine concentrations did not differ

significantly between groups (Table 1). In addition,

baseline hemodynamic parameters were no different

between control and experimental animals (Table 1).

Log-rank analysis of the Kaplan Meier curves revealed

increased survival in the L-carnitine group compared with

the control group (hazard ratio, 12.0; 95% CI, 3.5 to 41.5;

P \ 0.001) (Fig. 1). Median [IQR] time to asystole was

increased by 33% in the L-carnitine-treated group vs

control (1,977 [1,813-2,420] sec vs 1,486 [1,290-1,720]

Table 1 Experiment 1: Pretreatment baseline data

Variable Control group (n = 10) L-carnitine group (n = 10)

Body weight (g) 326 (18) 324 (17)

pH 7.43 (0.04) 7.47 (0.04)

PaCO2 (mmHg) 37.9 (3.8) 35.0 (2.7)

PaO2 (mmHg) 381 (65) 414 (31)

HCO3
- (mMol�L-1) 25.6 (1.3) 24.7 (1.2)

BE 2.2 (0.8) 2.1 (1.2)

Na? (mMol�L-1) 136 (2) 135 (1)

Cl- (mMol�L-1) 103 (2) 104 (1)

K? (mMol�L-1) 4.5 (0.6) 4.8 (0.3)

Ca?? (mMol�L-1) 1.3 (0.03) 1.3 (0.03)

Glucose (mMol�L-1) 18.2 (2.9) 17.2 (1.1)

Lactate (mMol�L-1) 2.5 (0.4) 2.5 (0.3)

Hemoglobin (g�dL-1) 139 (7) 132 (4)

Carnitine (mMol�L-1) 53.8 (8.4) 49.7 (3.0)

HR (beats�min-1) 364 (33) 350 (28)

MAP (mmHg) 88 (15) 93 (17)

Data are mean (SD). BE = base excess; HR = heart rate; MAP = mean arterial pressure
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sec, respectively; P \ 0.001) (Fig. 2). Times to 20%

prolongation of PR and QRS intervals were not

significantly different between groups (Fig. 2).

Nevertheless, in the L-carnitine vs control group (Mann-

Whitney rank-sum test), there was a 65% increase in the

time to first dysrhythmia (1,414 [1,259-1,820] sec vs 855

[658-991] sec, respectively; P\0.001), a 71% increase in

time to 50% reduction in HR (1,622 [1,292-1,838] sec vs

947 [745-1,048] sec, respectively; P\ 0.001), and a 63%

increase in time to 50% reduction in MAP (1,822 [1,528-

2,184] sec vs 1,115 [823-1,269] sec, respectively; P \
0.001) (Fig. 2).

In keeping with longer times to asystole, the total amount

of bupivacaine infused and the resulting bupivacaine

concentrations were significantly greater in the L-carnitine

pretreated group (Table 2). Serum L-carnitine levels were

also predictably increased in the L-carnitine group

(Table 2). Arterial blood gas analysis revealed significant

differences in pH, PaCO2, PaO2, lactate, K?, base excess,

HCO3
-, and glucose, which were clinically favourable in

the L-carnitine-treated group (Table 2).

Experiment 2

In experiment 2, baseline values for body weight, arterial

blood gas analysis, and electrolyte and carnitine

concentrations did not differ significantly between groups

(Table 3). In addition, baseline hemodynamic parameters

were no different between control and experimental

animals (Table 3). Asystole occurred in all animals at the

end of the bolus bupivacaine injection. None of the animals

in the control and L-carnitine only groups were

successfully resuscitated within the time frame of the

experiment. In comparison, all animals in the lipid group

and 60% of the lipid plus L-carnitine group achieved

ROSC (i.e., RPP [ 50% of baseline). In these animals,

ROSC occurred after four minutes of resuscitation, by

which time two treatment doses had been administered.

Kaplan-Meier curves showing the percentage of animals

achieving ROSC during the experiments are presented in

Fig. 3. Analysis of the curves using the log-rank test with

Bonferroni adjustment indicated a significant difference in

the probability of survival between the lipid receiving

groups compared with the non-lipid groups (P \ 0.001).

The difference in survival between the lipid only group and

the lipid plus L-carnitine group was also significant (hazard

ratio, 5.3; 95% CI, 1.7 to 16.8; P\ 0.01).

Fig. 4 shows the variation of mean RRP in each group

over time and illustrates lack of recovery in the control and

L-carnitine groups at all time points. The lipid group is

again shown to have a greater rate of recovery than the

lipid plus L-carnitine group. Bupivacaine concentrations

were not significantly different between groups.
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Fig. 2 Experiment 1: Times to

defined electrocardiographic

and hemodynamic end points

during bupivacaine infusion in

control (dark bars; n = 10) and

L-carnitine pre-treated rats

(light bars; n = 10). Data are

median, interquartile range,

range. *P\ 0.001 compared

with control group. Increase PR

20% = 20% increase in PR

interval. Increase QRS 20% =

20% increase in QRS interval.

Heart rate (HR) 50% = 50%

decrease in heart rate. Mean

arterial pressure (MAP) 50% =

50% decrease in mean arterial

pressure

Fig. 1 Experiment 1: Kaplan-Meier curves showing percentage of

animals surviving during bupivacaine infusion. Probability of survival

at each time interval was significantly longer in the L-carnitine treated

group compared with controls (P\ 0.001)
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Predictably, serum carnitine levels were significantly

increased in the two groups that received L-carnitine vs

the two groups that did not (P\0.0001). Arterial blood gas

analysis revealed significant differences in HCO3
- and

base excess, which were least favourable in the L-carnitine

only group (Table 4). There were no modifications to the

protocol in any of the experimental groups.

Discussion

In the current study, acute intravenous administration of L-

carnitine 100 mg�kg-1 decreased susceptibility to

bupivacaine-induced dysrhythmia, hypotension, and

asystole in normal rats. These findings are consistent with

those of our previous studies, which showed that L-

Table 2 Experiment 1: Pretreatment metabolic and blood gas data at asystole

Variable Control group (n = 10) L-carnitine group (n = 10)

pH 7.19 (0.15) 7.39 (0.05)**

PaCO2 (mmHg) 36.1 (13.2) 22.2 (5.0)**

PaO2 (mmHg) 137 (84) 313 (36)**

HCO3
- (mMol�L-1) 15.2 (3.7) 12.3 (2.1)*

BE -13.5 (4.1) -10.4 (2.1)*

Na? (mMol�L-1) 136 (3) 137 (1)

Cl- (mMol�L-1) 111 (2) 113 (2)

K? (mMol�L-1) 6.2 (0.7) 5.6 (0.4)*

Ca?? (mMol�L-1) 1.3 (0.1) 1.21 (0.1)

Glucose (mMol�L-1) 20.5 (3.8) 11.0 (1.9)**

Lactate (mMol�L-1) 10.3 (2.3) 8.3 (0.6)*

Hemoglobin (g�dL-1) 108 (4) 109 (2)

Carnitine (lMol�L-1) 53.8 (6.9) 1,113.5 (422.3)**

Bupivacaine (mg�L-1) 63.4 (6.8) 76.6 (13.9)*

Bupivacaine dose (mg�kg-1) 49.8 (8.8) 71.2 (12.9)**

Data are mean (SD)

* P\ 0.05; ** P\ 0.01; BE = base excess

Table 3 Experiment 2: Resuscitation baseline data

Variable Control group (n = 10) Lipid group (n = 10) L-carnitine group (n = 10) Lipid ? L-carnitine group (n = 10)

Body weight (g) 319 (51) 319 (26) 347 (63) 327 (35)

pH 7.41 (0.03) 7.45 (0.04) 7.45 (0.05) 7.46 (0.04)

PaCO2 (mmHg) 41.7 (3.4) 38.3 (4.2) 37.5 (5.8) 36.7 (4.2)

PaO2 (mmHg) 335.3 (27.9) 411.2 (61.6) 358.6 (61) 391.3 (43.3)

HCO3
- (mMol�L-1) 26.0 (1.6) 26.1 (1.1) 25.7 (2.1) 25.5 (1)

BE 2.4 (0.9) 2.6 (1.3) 2.3 (1.4) 2.3 (0.8)

Na? (mMol�L-1) 136 (1) 136 (2) 134 (3) 135 (2)

Cl- (mMol�L-1) 102.1 (1.2) 102.5 (1.9) 102.3 (3.3) 102.3 (2.5)

K? (mMol�L-1) 4.6 (0.6) 4.2 (0.3) 4.3 (0.6) 4.3 (0.6)

Ca?? (mMol�L-1) 1.3 (0.1) 1.3 (0.1) 1.3 (0.1) 1.3 (0.1)

Glucose (mMol�L-1) 16.2 (0.2) 17.5 (2.0) 17.6 (2.8) 16.7 (1.7)

Lactate (mMol�L-1) 1.8 (0.2) 2.6 (0.6) 2.9 (1.4) 2.5 (0.5)

Hemoglobin (g�dL-1) 125 (4) 131 (4) 128 (5) 131 (6)

Carnitine (mMol�L-1) 47.2 (6.1) 51.0 (8.1) 49.8 (6.0) 48.3 (4.7)

HR (beats�min-1) 354 (19) 330 (24) 339 (20) 353 (38)

MAP (mmHg) 96 (16) 91 (12) 94 (15) 92 (18)

Data are mean ± SD; BE = base excess; HR = heart rate; MAP = mean arterial pressure
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carnitine deficiency increased susceptibility to bupivacaine

cardiotoxicity, an effect completely reversed by acute L-

carnitine repletion.15

L-carnitine is essential for the transfer of long-chain

fatty acids from the cytoplasm into the mitochondrial

matrix where beta-oxidation occurs and supplies the

cardiac mitochondrion with over 70% of its energy

requirements under normal physiological conditions.13,14

Bupivacaine-induced cardiotoxicity is explained in part by

interference with lipid oxidation in myocardial

mitochondria.8-12 The present findings also support

studies demonstrating a role of bupivacaine in inhibiting

lipid-based respiration in myocardial mitochondria via

inhibition of carnitine-dependent processes.12

The reduction in susceptibility to bupivacaine

cardiotoxicity led us to hypothesize that administration of

L-carnitine 100 mg�kg-1 iv may also be potentially useful

in the treatment of established bupivacaine toxicity.

Nevertheless, the findings of our second series of

experiments did not support this hypothesis,

demonstrating not only that L-carnitine 100 mg�kg-1 did

not improve survival but also that, when co-administered

with lipid emulsion, L-carnitine may reduce the

effectiveness of lipid emulsion alone.

The use of lipid emulsion to treat local anesthetic

toxicity originated from an unexpected result in a study in

rats.25 Subsequent work in rodent and canine models

supported this serendipitous finding.26,27 Since its adoption

into clinical practice, several case reports have described

the effectiveness of lipid emulsion in treating refractory

cardiac arrest secondary to local anesthetic toxicity.28-32

The exact mechanism of action is uncertain, but it is

postulated to be due in part to a direct inotropic or

cardiotonic effect on the heart, membrane stabilization,

and/or creation of a lipid phase in blood (the ‘‘lipid sink’’

theory) that is able to reduce the effective plasma

concentration of bupivacaine by dynamic scavenging and

sequestration of the lipophilic molecules from tissue

receptors.6,33-36

Under normal aerobic conditions, the myocardium

preferentially depends on lipids for the majority of its

energy requirements.37 Nevertheless, the mammalian heart

utilizes a variety of energy substrates under different

physiological and pathological conditions.38 For example,

oxidation of glucose and lactate increases significantly

during moderate intensity exercise.39 Likewise, in the

ischemic heart, mitochondrial acetyl Co-A production is

more reliant on glycolysis and lactate or pyruvate

oxidation, although fatty acid oxidation recovers quickly

during reperfusion.40 Studies examining substrate

utilization in non-ischemic cardiac arrest with warm

cardioplegia demonstrated that energy was derived almost

exclusively from fatty acid oxidation, with negligible

contribution from lactate and glucose metabolism,

suggesting that fatty acids remain the key energy source

for the non-ischemic heart.41

Bupivacaine has been shown to inhibit the availability of

lipid substrate in cardiac mitochondria.12 Accordingly, the

administration of lipid emulsion may overcome

bupivacaine-induced blockade of fatty acid transport by

mass action. Lipid emulsion is predominantly comprised of

long-chain fatty acids42 that require transport into

mitochondria via the carnitine system. We postulated that

the presence of additional L-carnitine would aid in this

process of energy substrate transfer and therefore improve

myocardial recovery. Possible mechanisms for the lack of

efficacy of L-carnitine when used in resuscitation include

the inability of the already failing myocardium to process

additional metabolic substrate or to benefit from increased

Fig. 3 Experiment 2: Kaplan-Meier curves showing percentage of

animals achieving return of spontaneous circulation (ROSC) over

time in each group. The groups receiving lipids were significantly

more likely to achieve ROSC (P\0.001). Neither the control nor the

L-carnitine only groups achieved ROSC (superimposed)

Fig. 4 Experiment 2: Mean rate pressure product (RPP) over time for

each experimental group
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availability of long-chain fatty acids. Additional substrate

in such a scenario may contribute to myocardial failure by

diverting bioenergetic processes toward fatty acid

oxidation and away from anerobic pathways such as

anerobic glycolysis, which may be important for survival in

the setting of established local anesthetic cardiac arrest.40

Nevertheless, we investigated only a single fixed dose of

100 mg�kg-1 L-carnitine based on the results of the

previous experiments, and dose-response data are lacking.

L-carnitine-dependent production of acetyl Co-A in the

mitochondrial matrix can enhance glucose oxidation.14

While experimental evidence suggests that L-carnitine is

protective in models of ischemia, it is thought that this

effect of L-carnitine cannot be explained by stimulation of

fatty acid oxidation exclusively but is dependent on

glucose oxidation.43 Nevertheless, myocardial substrate

metabolism during ischemia is dependent on the severity of

ischemia,14 and in our experimental setting of LAST,

significant reduction of substrate flux into the mitochondria

may result in lack of benefit from L-carnitine. Indeed, we

found that the L-carnitine-treated groups were most

acidotic and had a higher lactate level than the other

groups, including the control group which similarly failed

to achieve ROSC.

Our study has important limitations. In particular, we

investigated a single dose of L-carnitine previously shown

to decrease susceptibility to bupivacaine cardiotoxicity in

the carnitine-deficient animal.15 This dose was used in

other experimental studies 44-46 and is consistent with the

recommended dosage used clinically in the treatment of

acute carnitine deficiency resulting from valproate

toxicity.47,48 Dose-response experiments would strengthen

an apparent causal relationship between L-carnitine

administration and decreased susceptibility to

bupivacaine-induced cardiotoxicity. In addition, we

administered the lipid emulsion by bolus during

resuscitation, not as an infusion as is recommended for

clinical practice.4 That said, in the time frame of our

experiment, the bolus doses given exceeded the dose that

would be administered via infusion. This was considered

consistent with treatment that would be administered in the

early stages of a clinical scenario of resuscitation from

local anesthetic cardiotoxicity.

Preemptive administration of L-carnitine to the general

population in the preoperative setting in order to avoid the

rare complication of LAST is unlikely to be adopted

clinically. Nonetheless, we have provided evidence to

support a role for L-carnitine in decreasing susceptibility to

bupivacaine-induced cardiotoxicity, and these data add to

the existing body of work elucidating mechanisms of

LAST. Of clinical relevance, these findings support our

previous work showing that L-carnitine plasma

concentration influences susceptibility to LAST.15

Clinicians should be aware that experimental15 as well as

clinical49 evidence suggests that L-carnitine deficiency

predisposes to local anesthetic toxicity and that acute L-

carnitine repletion reverses this effect.15

In conclusion, our data suggest that L-carnitine

administration decreases susceptibility to bupivacaine

cardiotoxicity, which is in keeping with previous studies

demonstrating a role for the carnitine system in local

anesthetic cardiotoxicity.

Table 4 Experiment 2: Post resuscitation data at asystole

Variable Control group (n = 10) Lipid group (n = 10) L-carnitine group (n = 10) Lipid ? L-carnitine group (n = 10)

pH 7.06 (0.1) 7.16 (0.08) 6.99 (0.18) 7.12 (0.12)

PaCO2 (mmHg) 56.9 (15.6) 35.7 (6.8) 51.6 (19.0) 48.3 (16.8)

PaO2 (mmHg) 93 (33) 153 (34) 119 (42) 135 (52)

HCO3
- (mMol�L-1) 17.6 (1.9) 12.5 (2.5) 13 (3.1) 14 (3.4)*

BE -11.7 (1.7) -14.8 (3.3) -17.7 (4.0) -14.4 (3.9)*

Na? (mMol�L-1) 138 (2) 131 (2) 135 (3) 133 (3)

Cl- (mMol�L-1) 109 (2) 108 (2) 112 (3) 109 (4)

K? (mMol�L-1) 5.9 (0.7) 6.7 (1.2) 6.3 (0.5) 6.1 (1.1)

Ca?? (mMol�L-1) 1.3 (0.1) 1.3 (0.1) 1.3 (0.1) 1.3 (0.1)

Glucose (mMol�L-1) 20.8 (2.0) 22.8 (4.1) 21.1 (4.0) 21.7 (3.2)

Lactate (mMol�L-1) 9.2 (1.5) 8.5 (2.3) 10.0 (2.8) 7.9 (1.9)

Hemoglobin (g�dL-1) 106 (4) 107 (7) 104 (10) 104 (10)

Carnitine (mMol�L-1) 9 (10) 50 (7) 7697 (1369) 7338 (1120)**

Bupivacaine (mg�L-1) 9.4 (1.5) 7.7 (2.8) 9.9 (1.5) 7.9 (1.5)

Data are mean (SD). BE = base excess

* P\ 0.005; **P\ 0.0001
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