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contributes to different effects on hepatic histology and
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Abstract

Perhexiline, a chiral drug, is a potent antiischemic agent whose clinical utility is lim-

ited by hepatic and neural toxicities. It inhibits mitochondrial carnitine palmitoyl-

transferase-1, however, excessive inhibition predisposes toward tissue steatosis.

This pilot study investigated the distribution of the two enantiomers and their toxi-

cological potential. Dark Agouti rats (n = 4 per group) were administered vehicle or

200 mg/kg daily of racemic, (+)� or (�)-perhexiline maleate orally for 8 weeks.

Plasma biochemical liver function tests and Von Frey assessments of peripheral neu-

ral function were performed. Hepatic and neuronal histology, including lipid and

glycogen content, was assessed using electron microscopy. Concentrations of the

perhexiline enantiomers and metabolites were quantified in plasma, liver and heart.

Plasma perhexiline concentrations following administration of racemate, (+)� or (-)-

enantiomer were within the mid-upper clinical therapeutic range. There was exten-

sive uptake of both enantiomers into liver and heart, with 2.5- to 4.5-fold greater

net uptake of (+)- compared to (�)-perhexiline (P < .05) when administered as pure

enantiomers, but not when administered as racemate. There was no biochemical or

gross histological evidence of hepatotoxicity. However, livers of animals adminis-

tered (+)-perhexiline had higher lipid (P < .01) and lower glycogen (P < .05) content,

compared to those administered (�)-perhexiline. Animals administered racemic per-

hexiline had reduced peripheral neural function (P < .05) compared to controls or

animals administered (�)-perhexiline. For the same plasma concentrations, differ-

ences in tissue distribution may contribute to disparities in the effects of (+)- and

(�)-perhexiline on hepatic histology and neural function.
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Abbreviation: ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; GGT, gamma glutamyl transpeptidase; LDH, lactate dehydrogenase.
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1 | INTRODUCTION

In Australia, perhexiline is approved for treating patients with

refractory angina pectoris or patients with angina in whom other

therapies are contraindicated.1 However, it also has other clinically

beneficial effects, including enhancing myocardial energetics, in

heart failure2 and hypertrophic cardiomyopathy,3 and improving

New York Heart Association functional class in inoperable aortic

stenosis.4 Perhexiline inhibits carnitine palmitoyltransferase 1 (CPT-

1),5 the enzyme that initiates mitochondrial translocation of free

fatty acids, the rate-limiting step for their b-oxidation. Inhibition of

CPT-1 (and b-oxidation), facilitates the utilization of carbohydrates,6

thus maintaining myocardial production of ATP with lower oxygen

consumption.7

Although deficient myocardial energetics are increasingly recog-

nized as an underlying feature of cardiovascular disease,7 the potential

for perhexiline to cause hepatotoxicity and peripheral neuropathy has

limited its clinical use for extended exposures.8,9 Both adverse effects

have been associated with altered lipid storage, including steatosis

and lysosomal phospholipidosis, which may reflect excessive CPT-1

inhibition, as previously described with other drugs.10 Although cur-

rent clinical practice incorporating therapeutic monitoring of perhexi-

line in plasma has practically abolished the risk of hepatic and neural

toxicity,11,12 it remains a major impediment to wider clinical use.

Perhexiline, a chiral compound, is on the market as a racemic mix-

ture, with no data on the pharmacology of the individual enantiomers,

and only pharmacokinetic investigations of the enantiomers, particu-

larly their extensive metabolism by cytochrome P450 2D6

(CYP2D6).13-15 The female Dark Agouti (DA) rat, traditionally an ani-

mal model for the human CYP2D6 poor metabolizer phenotype, has

previously been utilized to investigate the hepatic and neural toxicity

of racemic perhexiline.16,17 This pilot study was designed to investi-

gate and compare the distribution of the two enantiomers and the

racemate, and their toxicological potential during long-term exposures,

as we have previously demonstrated that DA rats display metabolism

of the racemate similar to human CYP2D6 extensive/intermediate

metabolizers at clinically relevant plasma perhexiline concentrations.17

With this model, we now demonstrate significant stereoselectivity

with respect to perhexiline’s tissue distribution, as well as its effects

on hepatic histology and peripheral neural function.

2 | MATERIALS AND METHODS

2.1 | Chemicals

(+)- and (�)-Perhexiline maleate were prepared as previously

described,18 and Sigma Pharmaceuticals (Rowville, Victoria, Aus-

tralia) donated the racemate, (�)-perhexiline maleate. Prenylamine

lactate and (R)-(�)-1-(1-naphthyl) ethyl isocyanate were purchased

from Sigma Aldrich (Castle Hill, NSW, Australia). Sodium hydroxide,

n-hexane, ethyl acetate, acetone, and methanol were obtained

from ThermoFisher (Scoresby, Australia); All other solvents and

reagents were of HPLC or analytical grade, respectively. DA rats

were obtained from the animal facilities of the University of Ade-

laide.

2.2 | Animal study

2.2.1 | In vivo procedures

This study was approved by the University of Adelaide (M-079-2007)

and the SA Pathology (120/07) animal ethics committees. All experi-

ments were conducted in accordance with the Australian Code of

Practice for the Care and Use of Animals for Scientific Purposes.

Based on pilot experiments conducted with racemic perhexiline,17

vehicle or (�)-, (+)- or (�)-perhexiline maleate (200 mg/kg daily) were

administered to four groups of female DA rats (four per group) for

8 weeks. To mimic a “sustained-release” and avoid gastrointestinal irri-

tation observed following oral gavage, the test drugs were prepared

as a peanut paste mixture, coated onto the food pellets, and left for

the rats to consume overnight, with complete consumption verified

each morning.17 The animals’ average daily food pellet consumption

had been calculated over a 5-day period prior to commencement of

the dosing study. At the end of week 4, blood was collected from the

tail vein, and plasma was separated and stored at �20°C. On the day

of the final week 8 dose, Von Frey filament testing was used to

assess peripheral neural function.19 The next morning, blood was col-

lected under anesthesia, via a cardiac puncture, and plasma was sepa-

rated and stored at �20°C. After being euthanized, the liver, heart

and neuronal tissues were harvested. Tissues were divided, with part

snap frozen immediately in liquid nitrogen, some placed into a solution

of fixative for subsequent electron microscopy and the remainder

paraffin embedded for hematoxylin and eosin (H&E) staining.

Due to the small quantity of (+)-perhexiline maleate available, one

of the four animals was treated for only 4 weeks. The plasma concen-

tration data for this animal were still used for pharmacokinetic analy-

ses, assuming pharmacokinetic steady state had been attained.

However, we could not assume that pharmacodynamic effects had

reached steady state and it was omitted from week 8 analyses of his-

tology, neuronal function or plasma biochemistry (see below).

2.2.2 | Hepatic and neuronal morphology

Gross hepatic morphology was assessed, using formalin-fixed,

paraffin-embedded 6 lm H&E stained sections. Hepatic and neu-

ronal tissues (approximately 0.5 mm3) were also processed for

analysis by transmission electron microscopy as previously

described.17 For liver electron micrographs, lipid vesicles, and

glycogen were identified20 and total content measured as a per-

centage of the field of view using Image J software (http://imagej.

nih.gov/ij/). The average content was calculated from examining

two to three de-identifed sections of each tissue. To confirm his-

tological assessment of glycogen content, biochemical analysis was

also performed using stored frozen hepatic tissue, as described by

Unger et al.21 Neuronal sections were assessed for the presence

of Mallory bodies.16
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2.2.3 | Plasma biochemistry

A Beckman Coulter instrument (Gladesville, NSW, Australia) in the

Clinical Chemistry Unit of SA Pathology (Adelaide, Australia) was

used to measure the plasma concentrations of glucose, lactate,

triglycerides, total bilirubin, albumin, lactate dehydrogenase (LDH),

alanine transaminase (ALT), aspartate transaminase (AST), gamma

glutamyl transpeptidase (GGT) and alkaline phosphatase (ALP). For

tests of liver function, the 4- and 8-week values for control animals

were combined to establish a normal range (n = 8), and hepatotoxic-

ity was defined as values >1.5-times above the upper limit of normal,

or values below the lower limit of normal for albumin.

2.3 | Quantitation of perhexiline and its OH-
metabolites

Heart and liver homogenates were prepared, using 0.15 mol/L phos-

phate buffer at pH 7.4 (2 mL per g of tissue, on ice) and stored

(�80°C) pending analysis. The concentrations of (+)- and (�)-perhexi-

line in plasma and homogenates of heart or liver were measured by

high performance liquid chromatography,18 as were the concentra-

tions of cis-, trans1- and trans2-OH-perhexiline in plasma and liver

homogenate.22 The lower limit of quantification for parent enan-

tiomers and the metabolites was 0.01 mg/L.

2.4 | Statistical analyses

Concentrations of (+)� and (�)-perhexiline in plasma and tissue

were normalized to a daily dose of 100 mg/kg, to allow for the

two-fold difference in enantiomeric dose between administration of

racemate and individual enantiomers. Between-group comparisons

were performed using Residual Maximum Likelihood (REML), incor-

porating rats as random and treatments as fixed to account for

pairing of the (+)- and (�)- perhexiline concentrations arising from

administering (�)- perhexiline, and the unpaired nature of between-

group comparisons (GenStat 13th edition, VSN International Ltd,

UK). GraphPad Prism (V4.02 for Windows, GraphPad, San Diego

CA) was used to perform other statistical analyses. Between-group

comparisons of hepatic lipid vesicle and glycogen contents, and

neuronal function were carried out by Kruskal Wallis analysis, with

Dunn’s multiple comparisons post-test. P < .05 was considered sta-

tistically significant. Nonparametric Spearman correlation was used

to investigate possible relationships between hepatic concentra-

tions of (+)- and (�)-perhexiline and changes in glycogen or lipid

contents.

3 | RESULTS

3.1 | Perhexiline concentrations

Concentrations of the enantiomers and their metabolites in plasma

and tissue are presented in Table 1. The ratio of (+)- to (�)-enantio-

mers in plasma was approximately 2:1 regardless of whether animals

were administered the individual enantiomers or racemate. Figure 1

shows the plasma and tissue concentrations of (+)- and (�)-perhexi-

line normalized to an enantiomeric dose of 100 mg/kg per day. No

difference was observed in the dose-adjusted concentrations of (+)-

perhexiline in plasma between enantiomeric and racemic administra-

tions. Similarly, (�)-perhexiline also displayed dose-independent

plasma pharmacokinetics.

For both enantiomers, the concentrations in tissue (heart or

liver) were at least 20-times greater than the corresponding con-

centrations in plasma (Figure 1B) and, similar to plasma, tissue

(+)-perhexiline concentrations were generally higher than those of

(�)-perhexiline (Figure 1A). However, when pure enantiomers

were administered, the concentrations of (+)-perhexiline in the

two tissues were 6 to 10 times higher than (�)-perhexiline

(P < .05), and the tissue (heart or liver):plasma concentration

ratios for (+)-perhexiline were also significantly higher than (�)-

perhexiline (P < .05) (Figure 1B). In contrast, following administra-

tion of racemate, (+)- and (�)-perhexiline displayed similar ratios

of the concentrations of tissue:plasma with respect to both heart

and the liver. For (�)-perhexiline, tissue accumulation was similar

regardless of the dosage form administered (i.e., pure enantiomer

or racemic mixture). However, there was a significantly lower

(P < .05) accumulation of (+)�perhexiline in the heart and liver

after administering the racemate compared to the pure enan-

tiomer (Figure 1B).

TABLE 1 Mean (SD) steady-state concentrations of (+)- and (�)-
perhexiline, and the OH-metabolites, in DA rats administered
200 mg/kg per day of (�)-, (+)- or (�)-perhexiline maleate for
8 weeks in rat chow pellets provided each day at 1700 hour

Dosage form

(�) (+) (�)

Plasma (mg/L)

(+)-Perhexiline 0.38 (0.29) 0.67 (0.13) n.d.

(�)-Perhexiline 0.19 (0.12) n.d. 0.30 (0.09)

cis-OH-perhexiline 0.42 (0.14) 0.21 (0.06) 0.60 (0.06)

trans1-OH-perhexiline 0.03 (0.01) 0.05 (0.03) <LLOQ

trans2-OH-perhexiline 0.03 (0.02) n.d. <LLOQ

Liver (lg/g)

(+)-Perhexiline 19.4 (14.0) 104.9 (36.8) n.d.

(�)-Perhexiline 8.9 (6.0) n.d. 17.1 (2.8)

cis-OH-perhexiline 11.8 (3.2) 13.9 (6.6) 15.5 (6.6)

trans1-OH-perhexiline 1.1 (0.4) 4.0 (1.7) 0.6 (0.2)

trans2-OH-perhexiline 1.1 (0.5) 0.8 (0.7) 1.9 (1.2)

Heart (lg/g)

(+)-Perhexiline 15.6 (6.8) 65.1 (39.1)

(�)-Perhexiline 6.3 (2.4) 6.5 (3.3)

See Figure 1 for statistical analysis of dose-corrected (+)- and (�)-per-

hexiline concentrations. Samples were taken in the morning after the last

dose (n.d. = not detectable; <LLOQ, below lower limit of quantification,

0.01 mg/L or lg/g).
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3.2 | OH-metabolite concentrations

The formation of cis� and trans-mono-hydroxy metabolites is shown

in Table 1. Cis-OH-perhexiline was the most abundant metabolite

formed after individual administration of either (+)- or (�)-perhexi-

line. For (�)-perhexiline, the ratio of total metabolites: parent was

significantly higher than observed for (+)-perhexiline, in both plasma

(mean SD values of 2.34 � 0.96 vs. 0.39 � 0.13, P < .05) and liver

(1.11 � 0.60 vs. 0.18 � 0.06, P < .05). Following administration of

racemate, it was not analytically possible to distinguish between the

metabolites of (+)� and (�)-perhexiline. However, total cis-OH-

(�)-perhexiline was also the most abundant metabolite in plasma and

tissue from liver.

3.3 | Plasma biochemistry

Normal ranges were established for each biochemical parameter by

combining the control group data for weeks 4 and 8. Only two drug-

treated animals had liver function test results >1.5-times the upper

limit of normal. At week 8, one animal treated with (�)-perhexiline

developed elevated AST (278 U/L, 1.6-times the upper limit) and

LDH (1091 U/L, 2.7-times the upper limit). At week 4, one animal

treated with (+)-perhexiline developed elevated AST (375 U/L, 2.2-

times the upper limit) and LDH (703 U/L, 1.8-times the upper limit).

Unfortunately, dosing of this animal ceased after week 4 due to a

lack of pure (+)-enantiomer. No other biochemistry abnormalities

were observed.

3.4 | Hepatic histology

Microscopic examination of formalin-fixed, paraffin-embedded H&E

sections of livers revealed no significant morphological changes in trea-

ted or control groups. There was no evidence of hepatocellular degener-

ation in the form of hydropic degeneration or fatty change (lipidosis,

steatosis) and no evidence of necrosis or apoptosis of hepatocytes.

At the ultrastructural level, there were very mild changes in hep-

atic lipid vacuole and glycogen content, as shown in Figures 2 and 3.

When measured as a percentage of the overall field under view,

median hepatic lipid vacuole content was significantly higher in (+)-

compared to (�)-perhexiline treated rats (Figure 3A, P < .01). When

the control, racemic- and (+)-perhexiline groups were combined,

there was a significant correlation between hepatic (+)-perhexiline

concentrations and lipid contents (rs
2 = .46, P = .02). Median (range)

hepatic glycogen content was significantly higher in (�)- compared

to (+)-perhexiline treated rats (Figure 3B, P < .05). When the control,

racemic- and (�)-perhexiline groups were combined, there was a sig-

nificant correlation between hepatic (�)-perhexiline concentrations

and glycogen contents (rs
2 = .44, P = .02). Although there was suffi-

cient frozen tissue to biochemically assess hepatic glycogen concen-

trations in only eleven animals, there was a significant association

between histological and biochemical assessments, using linear

regression analysis (r2 = .89, P < .0001). Similar to the histological

results, median hepatic glycogen concentrations in animals adminis-

tered (�)-perhexiline were significantly higher than those in animals

administered (+)-perhexiline (0.83 (0.56-1.33) vs. 0.22 (0.17-0.39)

lmol/g tissue, respectively P < .05).

3.5 | Neural function and histology

Peripheral neural function assessed as paw withdrawal threshold in

the Von Frey test is shown in Figure 3C. All of the animals treated

F IGURE 1 (A) Mean (SD) dose-corrected perhexiline (PX)
concentrations in liver (white), myocardium (hatched) and plasma
(black), and (B) tissue:plasma perhexiline concentration ratios for liver
(white) and myocardium (hatched) in DA rats administered (+)-, (-)-
or (�)-perhexiline for 8 weeks (*P < .05 using Residual Maximum
Likelihood, n = 4/group)
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with racemic or (+)-perhexiline had thresholds above the range of

the control animals, but the difference was significant (P < .05) only

for racemic perhexiline. In contrast, rats treated with (�)-perhexiline

had significantly lower paw withdrawal thresholds compared to

those administered racemic perhexiline, and only one of the four had

a threshold above the range of the controls. In rats treated with (+)-

perhexiline, electron micrographs of dorsal root ganglia showed the

presence of Mallory bodies in approximately 1% of neurones. How-

ever, Mallory bodies were not identified in any of the other treat-

ment groups.

4 | DISCUSSION

It is increasingly apparent that perhexiline’s inhibition of CPT-1 may

not sufficiently account for its improvement of myocardial func-

tion.21 Other mechanisms may be important also, such as sensitizing

the response to nitric oxide and its anti-inflammatory proper-

ties.21,23,24 Perhexiline’s mechanisms of action have remained poorly

defined, partly due to the lack of investigation of the individual

enantiomers’ pharmacodynamic/toxicological properties. This pilot

study in vivo is the first one investigating distribution of the enan-

tiomers in tissue and their effects on neuronal and hepatic function,

at clinically relevant concentrations.

This study confirmed that the female DA rat displays perhexiline

pharmacokinetics similar to those in humans, with the chosen dosage

regimen attaining plasma perhexiline concentrations that approxi-

mate the mid to high range of therapeutic concentrations (0.15-

0.60 mg/L). Similar to humans,13,14,25 we report enantioselective

plasma pharmacokinetics of perhexiline in female DA rats, consistent

with a greater apparent oral clearance of the (�)-enantiomer. Fur-

thermore, similar to human CYP2D6 extensive / intermediate

metabolisers,22 the dominant metabolite in plasma following adminis-

tration of the racemate was cis-OH-perhexiline. The majority of cis-,

trans-1- and trans-2-OH-metabolites in plasma were derived from

(�)-, (+)- and (�)-perhexiline, respectively, generally consistent with

in vitro metabolism in human liver microsomes.25

Both enantiomers of perhexiline distributed extensively into the

liver and heart, which may have been facilitated by uptake trans-

porters and/or tissue binding, as suggested by the high tissue:plasma

concentration ratios. Similar tissue accumulation has previously been

reported for (�)-perhexiline in animals16 and humans.26 Indeed, in this

study, both total and individual enantiomer concentrations in plasma

and heart following administration of the racemate to rats were simi-

lar to those observed clinically.26,27 Although there was no evidence

of substantial enantioselectivity in the in vivo uptake of perhexiline

into human myocardium following clinical administration of race-

mate,27 this current study has revealed significant enantioselectivity in

the hepatic and myocardial distribution of (+)- and (�)-perhexiline, but

it was evident only following administration of the pure enantiomers.

Since the apparent oral clearance of each enantiomer in DA rats

was unaffected by the dosage form administered (enantiomer or

(A) (B)

(C) (D)

F IGURE 2 Transmission electron
micrographs of livers from DA rats treated
for 8 weeks with (A) vehicle, (B) (�)-
perhexiline, (C) (+)-perhexiline and (D) (�)-
perhexiline. White arrows indicate
glycogen “granules” and black arrows
indicate lipid vesicles
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racemate), and the plasma protein binding of perhexiline is not enan-

tioselective,14 the steady-state tissue:plasma concentration ratios

should reflect the net tissue uptake of each enantiomer (i.e., the bal-

ance between uptake into and elimination from tissue). Therefore,

our observations suggest enantioselectivity in the net-uptake (or tis-

sue binding) of the pure enantiomers, favouring (+)-perhexiline (2.5-

to 4.5-fold greater). The loss of this enantioselectivity following

administration of the racemate, suggests that (�)-perhexiline and/or

its metabolites may inhibit the net uptake (or tissue binding) of (+)-

perhexiline. However, this will need to be confirmed experimentally

in a larger study. Enantiomer-enantiomer interactions for uptake

transporters have previously been reported for the antihistamine

fexofenadine, leading to significant differences in the uptake of (+)-

and (�)-fexofenadine by Caco-2 cells depending on whether they

are studied individually or as a racemic mixture.28

In this study there was no evidence of hepatotoxicity, with

plasma biochemistry for liver specific enzymes (ALT, GGT) showing

no significant differences between treated or control groups, and no

significant morphological changes in H&E sections. However, differ-

ences in the hepatic distribution of (+)- and (�)-perhexiline following

administration as pure enantiomers was associated with very mild

changes in ultrastructural hepatic histology. Inhibition of hepatic

CPT-1 is associated with lipid accumulation10 and there are reports

of hepatic steatosis with clinical use of racemic perhexiline.29 Race-

mic perhexiline inhibits rat myocardial and hepatic CPT-1 (IC50 of 77

and 148 lmol/L, respectively5), with no apparent difference in

potency between the enantiomers (Chong et al., manuscript in

preparation). If one assumes that the tissue density is 1 g/mL,

administration of the individual enantiomers achieved mean hepatic

(+)-perhexiline concentrations (375 lmol/L) 2.5-fold higher than its

IC50 for inhibiting hepatic CPT-1, and six-fold higher than the corre-

sponding hepatic concentrations of (�)-perhexiline (62 lmol/L).

Thus, the ultrastructural differences in hepatic lipid contents

between (+)- and (�)-perhexiline may reflect greater inhibition of

hepatic CPT-1 in animals treated with (+)-perhexiline, and may be

the first signs of very mild microvesicular steatosis.

In contrast, animals treated with (�)-perhexiline showed a signifi-

cantly greater hepatic content of glycogen compared to (+)-perhexi-

line. Again, these observations are consistent with inhibition of CPT-

1 by (+)-perhexiline, leading to increased carbohydrate utilization and

diminished glycogen stores. However, primary human hepatocyte

cultures exposed to supra-therapeutic concentrations of racemic per-

hexiline accumulate glycogen,30 and clinical reports have linked the

use of racemic perhexiline to hepatic glycogen accumulation, with

features similar to type-1 glycogen storage disease.31 Perhexiline

may have insulin-sensitizing effects,32,33 which would result in

enhanced hepatic glycogen storage, and may be beneficial, also lead-

ing to enhanced myocardial glucose utilization and function.34 Per-

hexiline increases cardiac efficiency in isolated rat hearts without

altering fatty acid oxidation, consistent with CPT-1 independent

actions,21 which could include a direct effect on carbohydrate (or

glycogen) utilization.

Racemic perhexiline has been reported to decrease peripheral

neuronal function in DA rats and induce, within dorsal root ganglia,

an accumulation of Mallory bodies.16 In our study, Mallory and

lamellar bodies were only observed in animals treated with (+)-per-

hexiline: although these were present in less than 1% of cells. The

association of (+)-perhexiline with neurotoxicity was further sup-

ported by our Von Frey testing of peripheral neural function, as all

animals administered (+)- or (�)-perhexiline had thresholds for paw

withdrawal that were above the range for the controls. It is possible

F IGURE 3 (A) hepatic lipid vacuole content, (B) hepatic glycogen
content and C) Von Frey paw withdrawal thresholds in DA rats
treated for 8 weeks with vehicle (Cont), (+)-, (�)- or (�)-perhexiline
(PX) (*P < .05, **P < .01, following Kruskal Wallis analysis; line
indicates median)
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that inhibition of neuronal CPT-1 contributes to the development of

peripheral neuropathy with long-term use of perhexiline. However, a

similar effect of the (�)-enantiomer cannot be ruled out, given the

significantly lower systemic exposure in rats administered (�)-per-

hexiline.

In conclusion, these pilot data suggest that, although the two

enantiomers of perhexiline are physicochemically identical, they dis-

play significantly different patterns of tissue distribution, which were

not explained by enantioselectivity in their plasma clearance. Our

study suggests that the extensive tissue exposure to (+)-perhexiline

and consequent inhibition of CPT-1, may be associated with greater

hepatic lipid vacuole content and peripheral neural dysfunction, as

observed in cases of clinical toxicity from perhexiline. Importantly,

for the same plasma concentrations, differences in tissue distribution

may contribute to disparities in the effects of (+)- and (�)-perhexiline

on hepatic histology and neural function, when administered individ-

ually. However, further studies of the individual enantiomers and

their effects on hepatic and myocardial energy metabolism and func-

tion are necessary to confirm these early data, particularly to deter-

mine concentration- and time-dependence of our pilot observations,

and whether a single enantiomer may have an improved therapeutic

index compared to the current racemic dosage form.
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