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Abstract
a-Lipoic acid (LA) has been shown to offer protection against ischemia–reperfusion injury (IRI) in multiple organ systems.
N-[(R)-1,2-dithiolane-3-pentanoyl]-L-glutamyl-L-alanine (CMX-2043), a novel analogue of LA, was studied as part of a preclinical
development program intended to identify safe and efficacious drug candidates for prevention or reduction in myocardial IRI. This
study was designed to evaluate the efficacy of CMX-2043 in an animal model of myocardial IRI and to establish effective dosing
conditions. CMX-2043 or placebo was administered at different doses, routes, and times in male Sprague-Dawley rats subjected to
30-minute left coronary artery ligation. Fluorescent microsphere injection defined the area at risk (AR). Animals were euthanized
24 hours after reperfusion, and the hearts were excised, sectioned, and stained with triphenyltetrazolium. Cytoprotective effec-
tiveness was determined by comparing the unstained myocardial infarction zone (MI) to the ischemic AR. The reduction in the MI–
AR ratio was used as the primary measure of drug efficacy relative to placebo injections. Treatment with CMX-2043 reduced
myocardial IRI as measured by the MI–AR ratio and the incidence of arrhythmia. The compound was effective when administered by
injection, both before and during the ischemic injury and at reperfusion. The most efficacious dose was that administered 15 minutes
prior to the ischemic event and resulted in a 36% (P < .001) reduction in MI–AR ratio compared to vehicle control.
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Introduction

Myocardial ischemia–reperfusion injury (IRI) occurs when the

blood flow to the heart is interrupted and subsequently reestab-

lished. It is now well accepted that both the ischemic event and

the reperfusion, that is, the restoration of the flow of oxygen

and nutrients, contribute to cell damage and the overall injury.1

Ischemia–reperfusion injury is a complicating factor in inter-

ventional procedures such as percutaneous coronary interven-

tion (PCI) and coronary artery bypass grafting (CABG). In the

United States alone, there are estimated to be 950,000 PCI and

nearly 400,000 cardiac revascularization procedures each

year.2 Although many pharmacological and mechanical inter-

ventions have been evaluated to mitigate IRI, none has reached

clinical acceptance. There remains a need for a safe, effica-

cious, and clinically practical approach to this problem.3

The experiments described in this report are part of a drug

discovery program focused on the synthesis and evaluation of

proprietary molecules based on R-a-lipoic acid (LA). a-Lipoic

acid is an endogenous molecule present in both eukaryotic and

prokaryotic cells including human tissue.4 In addition to its

antioxidant properties, LA has been shown to upregulate the

cytoprotective kinase protein kinase B (Akt) through phospha-

tidylinositide 3-kinase (PI3K).5-7 Protection has been demon-

strated in wide variety of animal and organ model systems.8-17

The single stereo isomer R-a-LA has an attractive safety

profile and is available in Germany in oral and parenteral for-

mulations for treatment of diabetic neuropathy.18,19

N-[(R)-1,2-dithiolane-3-pentanoyl]-L-glutamyl-L-alanine

(CMX-2043) is R-a-LA condensed with the amino terminus of

the dipeptide glutamyl-alanine. We report here preclinical

studies to establish optimal dose, dose timing, route of admin-

istration, and duration of protective action on infarct size in a

modified version of a widely used rat model of myocardial

IRI.20-25 Additionally, we address the effects of CMX-2043

on the incidence of ventricular arrhythmias, cardiac arrest, and

death associated with ischemic injury in this model.

Methods

Rat Model of IRI Injury

These studies employed a standard rat model of myocardial

injury as reported previously.20-21,26 Because pharmacologic
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efficacy in IRI is very much dependent on the specifics of the

technique, details of this approach are repeated here. These

studies were approved by the Ischemix Institutional Animal

Care and Use Committee and conformed to the Guide for the
Care and Use of Laboratory Animals.

Male Sprague Dawley rats (Charles River) weighing

between 300 and 325 g were anesthetized with 3% to 4% iso-

flurane through an endotracheal tube. During surgery animals

were ventilated with 1.5% to 2.0% isoflurane. Body tempera-

ture was monitored and maintained.

The heart was exposed by anterior thoracotomy, and the left

coronary artery was ligated approximately 4 mm from the

aorta. To define the ischemic area at risk (AR), fluorescent

microspheres were injected into the left ventricle 15 minutes

after the ligation. The ligature was removed after 30 minutes of

ischemia. After chest closure, the temperature was controlled

until recovery of consciousness.

Anesthesia was reinduced with intraperitoneal ketamine

after 24 hours and the chest reopened. To sacrifice the heart

in diastole, 15% potassium chloride solution was injected into

the left ventricle. The heart was removed and washed to

remove residual blood. Sagittal slices of 2 mm were stained

by immersion in 1% 2,3,5-triphenyl-2H-tetrazolium chloride

(TTC) in isotonic saline.27 Fluorescence microscopy was used

to define the AR by absence of microsphere, and the infarct was

defined by absence of TTC staining (Figure 1).

Formulation of CMX-2043

For injection, CMX-2043 was formulated as an isotonic solu-

tion at pH 6.8 to 7.4 and filtered to remove any particles larger

than 0.2 mm.26 Stock solutions were confirmed for concentra-

tion and purity by reverse-phase high pressure liquid chroma-

tography (HPLC). Normal saline was used for dilution of

stocks to achieve a constant 1 mL/kg injection volume for each

dose concentration. Doses were aliquoted into single vials per

injection, and aliquots were grouped and letter coded to blind

the studies, excepting experiments with varied injection timing.

Vehicle control solutions consisted of filtered and aliquoted

0.9% saline.

Route of Administration

Intracardiac injection. Intracardiac doses were administered into

the left ventricular cavity following pericardotomy as a bolus

using a 1 mL tuberculin syringe and 30-gauge needle.

Intravenous injection. Intravenous doses were administered as a

bolus into the left femoral vein following a cut down using a

1 mL tuberculin syringe and 30-gauge needle. The incision was

closed using surgical wound clips.

Oral. Food and water were withheld from the rats (N ¼ 8 per

study arm) for 24 hours prior to the passive administration of

CMX-2043 at doses of 50, 100, and 200 mg/kg. CMX-2043

was offered in 5 mL of normal saline solution containing 2%
vanilla extract as flavoring. Test animals drank this dose within

30 minutes. Myocardial IRI was induced 30 to 60 minutes after

oral dosing. Ad libitum food and water were provided after the

animals were returned to the colony.

Pharmacokinetics of CMX-2043

Toxicokinetic analysis in Sprague Dawley rats was performed

by Bioanalytical Systems, (West Lafayette, Indiana). CMX-

2043 was administered at 30 mg/kg (6/sex) by single intrave-

nous dose. The pharmacokinetic (PK) analysis was performed

using WinNonlin version 5.1 (Pharsight Corp; Cary, North

Carolina). Area under the plasma concentration curve extrapo-

lated to infinity, terminal phase half-life (t½), and total body

clearance were determined.

Observance of Arrhythmia and Mortality

A high incidence of nonresolving arrhythmia was achieved in

the model by moving the ligation site closer to the base of the

aorta (approximately 2-4 mm from the base). Intravenous

vehicle control or CMX-2043 treatment was administered

15 minutes prior to the ischemic episode. During the 30 min-

utes of ischemia, the incidence of ventricular arrhythmia and

the duration of arrhythmic episodes were observed.

Statistical Analysis

Data are presented as mean and standard error. One-way anal-

ysis of variance and post hoc analysis using Bonferroni were

used for infarct size. The chi-square test was used for testing

intergroup differences in incidence of ischemia-induced

arrhythmias and mortality rate (actual vs expected).

Results

Model (MI–AR Ratio of Vehicle Control)

The animal model of IRI proved consistent and practical for the

evaluation of the protective effects of CMX-2043. Preliminary

vehicle control experiments using saline injections routinely

Figure 1. Examples of treated and untreated rat myocardium.
A bright field view of 2-mm thick cardiac tissue slices stained with a
1% 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) solution as
obtained from vehicle and N-[(R)-1,2-dithiolane-3-pentanoyl]-L-
glutamyl-L-alanine (CMX-2043)-treated rats. Hearts exposed to
30 minutes of ischemia followed by reperfusion were excised after
24 hours and stained to delineate the live (stained) and infarcted
(white) tissue. Horizontal white lines are 1 cm apart.
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showed a mean AR of 156 mm2 (+ 36 mm2) and myocardial

infarct (MI–AR) ratios between 0.3 and 0.4 (data not shown).

Initial Dose Timing

Timing of CMX-2043 administration was initially investigated

with intraventricular dosing. Drug was administered 15 minutes

prior to the arterial ligation, 15 minutes into the 30-minute

occlusion, or 1 minute after the removal of the ligation and

establishment of reperfusion. CMX-2043 was provided to

groups of at least 12 animals per study arm. CMX-2043 at

1 mg/kg reduced myocardial injury whether administered

before, during, or after the ischemic insult when compared to

a corresponding 0.9% saline solution control provided 15 min-

utes prior to the arterial ligation. CMX-2043 administration prior

to the ischemic event was most effective, reducing the MI–AR

by 36% compared to saline control (P < .001; Figure 2).

Intracardiac and Intravenous Dosing

CMX-2043 was initially evaluated by intracardiac administra-

tion. As the program advanced, intravenous administration was

used. When dosed at 15 minutes prior to the occlusion injury,

the efficacy observed with a 10 mg/kg intravenous dose was

not significantly different from that observed with a 1 mg/kg

dose delivered intracardiac. The observed average MI–AR

ratios for the vehicle control, intracardiac, and intravenous

dosing were 0.34, 0.24 (P < .01 vs control), and 0.21

(P < .001 vs control), respectively.

Intravenous Dose Response

Dose–response studies of CMX-2043 administered intrave-

nously 15 minutes prior to the arterial ligation were conducted;

each included a control 0.9% saline injection at 1 mL/kg and

at least 9 animals per group. Efficacious doses for CMX-2043

were found in the range of 5 to 20 mg/kg and with a U-shaped

dose–response curve. None of the doses evaluated had a detri-

mental effect. The 10 mg/kg dose provided the greatest reduc-

tion in the MI–AR ratio compared to the vehicle (37%, P < .001

vs control; Figure 3).

Oral Dosing

Oral dosing of CMX-2043 was evaluated in groups of at least

10 animals. CMX-2043 was passively administered to rats

dehydrated for 24 hours at doses of 50, 100, and 200 mg/kg.

Ischemic injury was induced 30 to 60 minutes after oral dosing.

CMX-2043 was increasingly effective with dose up to

200 mg/kg. At 200 mg/kg, CMX-2043 reduced MI–AR ratio

by 38% (P < .01 vs control; Figure 4).

Duration of Effect

A 10 mg/kg intravenous injection of CMX-2043 was provided

at 15 minutes, 3, 6, or 24 hours prior to the occlusion and

compared to a 0.9% saline control. The optimal time of

Figure 2. Therapeutic Timing. N-[(R)-1,2-dithiolane-3-pentanoyl]-L-
glutamyl-L-alanine (CMX-2043) was most effective in reducing ische-
mia–reperfusion injury when administered 15 minutes prior to the
ischemic event, reducing the ratio of myocardial infarct to area at risk
(MI–AR) by 36% compared to vehicle. The drug was also effective
when provided during the occlusion and at 1 minute after establishing
reperfusion, reducing MI-AR by 18% and 26% compared to control,
respectively. Values are presented as means + standard error of the
mean (SEM) from N ¼ 12-15/group. *P < .01, yP < .001, compared to
vehicle; 1-way analysis of variance and post hoc analysis using
Bonferroni.

Figure 3. N-[(R)-1,2-dithiolane-3-pentanoyl]-L-glutamyl-L-alanine
(CMX-2043) dose response. CMX-2043 was administered via the
femoral vein 15 minutes prior to coronary artery ligation. CMX-
2043 show a U-shaped dose–response curve with an efficacious dose
range between 5 and 20 mg/kg. At 10 mg/kg the myocardial infarct to
area at risk (MI–AR) ratio was reduced by 37% compared to vehicle.
Values are presented as means + standard error of the mean (SEM)
from N¼ 10-12/group. *P < .01, yP < .001, compared to vehicle; 1-way
analysis of variance and post hoc analysis using Bonferroni.
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administration was within 3 hours prior to the occlusion. A

diminished but still significant protective effect was observed

at 24 hours (Figure 5).

Pharmacokinetics

The PK analysis was performed at an intravenous dose of

30 mg/kg. Drug concentration decayed in a biexponential

manner, and the t½ was 0.16 hour (9.6 minutes) in males and

0.14 hour (8.4 minutes) for females, indicating >98% clearance

of the unbound parent molecule from the blood stream in about

1 hour.

Incidence of Arrhythmia and Mortality

CMX-2043 was compared to vehicle control in animals sub-

jected to a greater region of myocardial ischemia. Table 1

presents the incidence of ventricular arrhythmias (tachycardia,

bradycardia, and fibrillation). Arrhythmia was observed in 42%
(10 of 24) of the vehicle control-treated animals. Mortality in

this group was 38% (9 of 24). The population of the control group

was increased to obtain at least 14 surviving animals. Treatment

with CMX-2043 at 10 mg/kg intravenously reduced the incidence

of ventricular arrhythmias, w2(1, N ¼ 40) ¼ 3.89, P < .05, and

resulting death to 13%, w2(1, N ¼ 40) ¼ 3.07, P ¼ .08.

Discussion

The studies reported here support development of CMX-2043

as a protective agent against ischemia and IRI. CMX-2043 is

the condensation product of the dipeptide glutamyl-alanine

with R-a-LA. a-Lipoic acid is a naturally occurring fatty acid

that has demonstrated efficacy in prior studies of IRI and has

been shown to trigger multiple cytoprotective mechanisms and

antiapoptotic pathways.28 The dithiolane ring (cyclic disulfide)

structure provides antioxidant properties in both its readily

reversible reduced form and its oxidized form, and the fatty

acid structure enables solubility in both aqueous and lipophilic

environments.29,30 Studies have shown a protective effect of

LA in an isolated perfused heart model8 and reduced mortality

in rats given a bilateral carotid artery occlusion.9 a-Lipoic acid

alone, and in combination with apocynin, enhanced protection

in a rat model of ischemic stroke.10-12 a-Lipoic acid has

demonstrated protective utility in spinal IRI where it appeared

Figure 4. Oral efficacy. N-[(R)-1,2-dithiolane-3-pentanoyl]-L-
glutamyl-L-alanine (CMX-2043) was administered orally 30 minutes
prior to coronary arterial ligation. CMX-2043 showed increasing effi-
cacy with dose from 50 up to 200 mg/kg. Myocardial infarct to area at
risk (MI–AR) ratio was reduced by 38% with the 200 mg/kg dose and
was also protective at 100 mg/kg reducing MI-AR ratio by 30% com-
pared to vehicle. Values are presented as means + standard error of
the mean (SEM) from N¼ 10-13/group. *P < .01, compared to vehicle;
1-way analysis of variance and post hoc analysis using Bonferroni.

Figure 5. Duration of therapeutic effect. The duration of effective-
ness of a single intravenous bolus injection of N-[(R)-1,2-dithiolane-3-
pentanoyl]-L-glutamyl-L-alanine (CMX-2043) at 10 mg/kg was
evaluated by delaying the induction of ischemia–reperfusion injury
(IRI) by up to 24 hours. Efficacy when compared to vehicle injection
at 15 minutes prior to IRI was observed for even up to 24 hours post
administration. Optimal efficacy was observed with the dosing at 15
minutes prior to the ischemic event. Values are presented as means +
standard error of the mean (SEM) from N ¼ 7-8/group. *P < .01, yP <
.001, compared to vehicle; 1-way analysis of variance and post hoc
analysis using Bonferroni.

Table 1. Incidence of Arrhythmia and Mortality.a

Treatment Saline vehicle CMX-2043

Arrhythmia (%) 10/24 (42%) 2/16 (13%)
Mortality (%) 9/24 (38%) 2/16 (13%)

Abbreviations: CMX-2043, N-[(R)-1,2-dithiolane-3-pentanoyl]-L-glutamyl-L-
alanine; IRI, ischemia–reperfusion injury.
aThe incidence of arrhythmia was increased over the standard IRI model by
ligating closer to the base of the aorta to increase the area of ischemic injury.
CMX-2043 (10 mg/kg intravenous) administered 15 minutes prior to the
ischemic episode reduced the incidence of ventricular arrhythmias, w2 (1, N ¼
40) ¼ 3.89, P < .05, and death, w2 (1, N ¼ 40) ¼ 3.07, P ¼ .08, compared to
vehicle treatment.

566 Journal of Cardiovascular Pharmacology and Therapeutics 21(6)

 at Northeastern University on October 5, 2016cpt.sagepub.comDownloaded from 

http://cpt.sagepub.com/


to aid in the maintenance of endogenous antioxidant homeos-

tasis.13 Testicular14 and ocular15 models of IRI have also

demonstrated treatment benefit. Renal studies have shown pro-

tective effects of both LA16 and LA derivatives.31

We have evaluated a number of LA condensation products

with natural and unnatural amino acids and dipeptides.26 Of

this group, CMX-2043 demonstrated an attractive pharmaco-

logic and toxicologic profile32 together with multimodal cyto-

protective properties. Mechanistically, CMX-2043 acts

through the insulin receptor/PI3K pathway to increase the

phosphorylation of Akt.33 The PI3K/Akt pathway attenuates

multiple processes that activate the apoptotic program, inhibit

necrosis, modulate metabolic function, promote energy gener-

ation, and regulate inflammatory responses.34 In in vitro stud-

ies, the drug has been observed to activate or potentiate

endogenous cellular survival pathways and downregulate

inflammatory responses. CMX-2043 also exhibits greater

potency and antioxidant activity than its parent compound in

vitro33 and in vivo.26

We evaluated CMX-2043 in a modified version of a widely

used rat model of myocardial IRI.20,25 The model was selected

for its analogy to the IRI observed in patients following cor-

onary occlusion and cardiac surgery procedures, such as PCI

and CABG. Variations in this model have been used for the

evaluation of many protective approaches, including mechan-

ical remote conditioning,22 mitochondrial targeted peptides,23

N-acetylcysteine,24 angiotensin-converting enzyme inhibi-

tors,20 and statin25 Bolli et al in 2004, while applauding the

use of live animal models rather than in vitro approaches to the

discovery of therapeutic interventions, lamented that compar-

isons between published animal studies were nearly impossi-

ble.35 Differences such as ligation time and placement, the use

of potentially protective anesthetics, and recovery time all

influence the extent of injury and the therapeutic challenge.

With these concerns in mind, we first established a model

that was consistent, sufficiently injurious, and reflective of

clinical experience. Ligations near the origin of the coronary

artery resulted in large areas of ischemia, about 40% to 50% of

the left ventricle. Higher ligations compromised survival.

Lower ligations resulted in smaller infarcts and better

appearing drug efficacy. In these small infarcts, small varia-

tions in optical measurements had greater effect on calculated

ratios and hence data consistency. To compensate for small

differences in occlusion placement, we normalized the dead

tissue (myocardial infarction zone) to the ischemic area. The

AR was measured with the postocclusion injection of fluores-

cent microspheres.36 The isoflurane anesthetic has itself been

shown to have cytoprotective properties.37 We confirmed this

in our model, accepted it as clinically relevant, and so were

careful to control our experimental procedures with vehicle

injections. Where practical, such as in dose–response studies,

experimental arms were blinded to the operator conducting the

surgical procedure and to the independent evaluator measuring

and calculating the MI–AR ratio.

The initial studies to evaluate the efficacy of CMX-2043

used direct intracardiac injection to reduce the effect of first

pass dilution. Early studies also used a molecule based on

racemic (R/S)-a-LA. Efficacy studies with the enantiomeric

pure molecules showed CMX-2043 superior to both N-[(S)-

1,2-dithiolane-3-pentanoyl]-L-glutamyl-L-alanine and the

mixed stereoisomer.26 Optimal stereochemistry of the dipep-

tide moiety was not as rigorously evaluated.

CMX-2043 for injection was readily formulated as a pH-

balanced isotonic saline solution at up to 30 mg/mL. The con-

centration of the formulated drug product was adjusted so as to

inject the drug and corresponding vehicle control consistently

at a volume of 1 mL/kg. The tendency of LA to form polymer

via intermolecular disulfide linkages has been described in the

literature38 but is infrequently discussed in usage studies.

Adherence to the established formulation procedure was criti-

cal to avoid overconcentration, which could lead to polymer

formation. The addition of the chemical entity to a premixed

basic diluent provided pure test product. Each stock formula-

tion was evaluated by HPLC to ensure concentration and

purity.

Our interest in evaluating timing of the therapeutic interven-

tion was based on recognition of anticipated clinical use. While

it is ideal to administer a protective agent prior to an event,

patients often present themselves after the onset of ischemia.

We found that CMX-2043 was protective when administered

prior to, during, and after ischemia. It was optimally protective

against IRI when administered just prior to the ischemic insult.

Once effective dose and timing were identified using the

intracoronary injection route, we established the comparable

intravenous dose. The 10-fold higher dose for intravenous ver-

sus intracardiac suggests that first pass dilution and distribution

of the molecule to other tissues diminish drug availability to the

myocardium. The rat intravenous dose extrapolates to a clini-

cally practical corresponding human dose. In a subsequent

clinical study, we have demonstrated a protective effect of

CMX-2043 on biomarkers of IRI in patients undergoing elec-

tive PCI.

Dose range studies in the rat IRI model showed the protec-

tive effect was absent below 1 mg/kg and was diminished

above 20 mg/kg. This effect of increased dose did not appear

to be related to toxicity, as toxicology studies identified a no

observed adverse event level in rats of 30 mg/kg.32 The U-

shaped dose–response curve is consistent with prior observa-

tions on LA. In studies of cell proliferation, LA was stimulatory

at 1 mmol/L but antiproliferative at 100 mmol/L.39 This type of

response is not an unusual outcome with cellular reactions to

stress response.40 It is also consistent with earlier observations

with antioxidant compounds.41 The breadth of the effective

dose range is anticipated to provide an ample clinical margin.

We also explored the protective effect of the drug when

orally administered. The addition of a drop of vanilla extract

to an oral dosing solution insured that the animals readily

ingested the drug product. Oral dosing provided cardioprotec-

tion in an optimal dose range of 100 to 200 mg/kg, a 10- to

20-fold increase over the optimal intravenous dose. Evaluation

of the oral bioavailability of CMX-2043 (data not shown) was

consistent with this high dose requirement.
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To determine whether reducing MI–AR ratio reflected

improved electrical stability, we induced a high incidence of

arrhythmia by increasing the AR in the model. Most unre-

solved arrhythmias occurred in the control animals. These

started with tachycardia 3–5 minutes into the ischemic epi-

sode, followed by fibrillation a few minutes later, ultimately

ending in death. Administration of CMX-2043 prior to the

ischemic insult markedly reduced the incidence of arrhythmia

and death.

The PK study showed rapid plasma clearance of the drug. A

30 mg/kg dose, nearest to but in excess of the optimal intrave-

nous dose of 10 mg/kg, exhibited a half-life in rats of about

10 minutes. It was therefore of great interest that the protective

effect of the intravenous dose persisted for as long as 24 hours.

This indicates activity in a compartment, presumably intracel-

lular, not reflected in the plasma concentration. This character-

istic is consistent with strategies such as mechanical remote

conditioning, which has been observed to exhibit both early

and late stage organ protection.42 The results support further

investigation of CMX-2043 in clinical settings.
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