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Abstract In light of the limited data concerning the role of

N-methyl-D-aspartate (NMDA) receptors in cardiac func-

tion, the aim of the present study was to determine the role of

NMDA receptors in cardiac function, as well as the possible

role played by the oxidative stress induced by the over-

stimulation of NMDA receptors in isolated rat heart. The

hearts of male, Wistar albino rats (n = 24, 12 in each

experimental group, BM 180–200 g) were retrogradely

perfused at a constant perfusion pressure (70 cm H2O), using

the Langendorff technique, and cardiodynamic parameters

were determined during the subsequent administration of

DL-homocysteine thiolactone (DL-Hcy TLHC) alone, the

combination of DL-Hcy TLHC and dizocilpine (MK-801),

and MK-801 alone. In the second experimental group, the

order of the administration of each of the substances was

reversed. The oxidative stress biomarkers, including thio-

barbituric acid reactive substances (TBARS), NO2
-, O2

-

and H2O2, were each determined spectrophotometrically.

DL-Hcy TLHC and MK-801 depressed cardiac function.

DL-Hcy TLHC decreased oxidative stress, a finding that

contrasted with the results of the experiments in which MK-

801 was administered first. The findings of this study were

suggestive of the likely role played by NMDA receptors in

the regulation of cardiac function and coronary circulation in

isolated rat heart.

Keywords N-methyl-D-aspartate receptor �
DL-homocysteine thiolactone � Dizocilpine �
Cardiodynamics � Oxidative stress

Abbreviations

NMDA N-methyl-D-aspartate

DL-Hcy

TLHC

DL-homocysteine thiolactone

AMPA a-Amino-3-hydrohy-5-methyl-4-

izoxazolepropionate

NR1 Glycine-binding subunit

NR2 Glutamate-binding subunit

CNS Central nervous system

Hcy Homocysteine

HHcy Hyperhomocysteinemia

MMP-9 Metalloproteinase-9

CF Coronary flow

dp/dt max Maximum rate of pressure development in

the left ventricle

dp/dt mix Minimum rate of pressure development in

the left ventricle

SLVP Systolic left ventricular pressure

DLVP Diastolic left ventricular pressure

HR Heart rate

TBARS Thiobarbituric acid reactive substances

Introduction

The N-methyl-D-aspartate (NMDA) receptor is a member of

the ionotropic glutamate receptor family, which also includes

a-amino-3-hydrohy-5-methyl-4-izoxazolepropionate (AMPA)
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and kainate receptors; each of these receptors has several sub-

types. NMDA receptors are composed of two glycine-binding

subunits (NR1) and two glutamate-binding subunits (NR2) [1].

The entire structure forms a channel, and this channel’s primary

role is to transmit calcium; however, it is also permeable to

sodium, potassium and other cations [2]. The activation of

NMDA receptors requires the binding of both co-agonists,

glycine and glutamate, a feature that makes them unique [3].

NMDA receptors are expressed primarily in the central nervous

system (CNS) and play an important role in both learning and

memory, and may also play a role in various neurological dis-

orders, including epilepsy, ischaemic brain injury, Parkinson’s

disease, Alzheimer’s disease, Huntington’s chorea and amyo-

trophic lateral sclerosis [4, 5]. A study by Nasstrom and

coworkers [6] demonstrated that NMDA receptors also exist

outside of CNS, and Leung et al. found that the NR1 subunit is

expressed in the adult rat heart; however, they found no evi-

dence of the presence of an NR2 subunit. They concluded that

the NMDA receptors in the heart consist of homooligomeric

NR1 subunits and that the NMDA receptors in the heart are

located on cardiomyocytes [7].

A noncompetitive or phencyclidine binding site is

located within the ion channel, and the drug, dizocilpine

(MK-801), acts at this site. MK-801 blocks ion movement

through the channel and precludes the entry of calcium,

antagonising the activation of the NMDA receptor [8].

Homocysteine (Hcy) is sulphur amino acid and a normal

by-product of methionine metabolism. Levels of Hcy are

regulated via remethylation to methionine, which is cata-

lysed by methionine synthase, and transsulfuration to cys-

teine, which is catalysed by cystathionine b-synthase;

vitamin B12, folate and B6 are each required for these reac-

tions. In an error-editing reaction, Hcy is also metabolised to

a thioester, Hcy thiolactone (Hcy TLHC), a reaction trig-

gered by methionyl-tRNA synthetase [9]. An elevated

plasma level of homocysteine, or hyperhomocysteinemia

(HHcy), is associated with an increased risk of several

complex diseases, including cardiovascular diseases [10,

11], as hypothesised by McCully more than 40 years ago

[12]. HHcy is caused by the following two factors: genetic

defects in the enzymes involved in Hcy metabolism and

nutritional deficiencies in vitamin cofactors (folate, vitamin

B12, vitamin B6) [13, 14]. The data concerning the incidence

and the prevalence of HHcy in the population are very lim-

ited. Furthermore, the cutoff between a normal concentra-

tion of Hcy in the blood and HHcy differs among different

papers. Therefore, in some studies, the limit for HHcy is a

concentration of 14 lmol/L [15], whereas in other studies,

Hcy concentrations above either 11.4 or 10.2 lmol/L rep-

resent a risk for cardiovascular disease [16, 17]. For exam-

ple, in Polish population, 26 % of males and 16 % of females

had Hcy levels above 12 lmol/L [18]. Another article

indicated that HHcy was present in 14.3 % of healthy

individuals [19]. The processes by which Hcy exerts its

harmful effects are not clearly understood. Cai et al. found

that Hcy affects sodium currents in human atrial cells and

slows both the inactivation and the promotion of the recov-

ery of sodium channels [20]. On the other hand, Hcy acts as

NMDA receptor agonist, which results in an increased level

of oxidative stress [21]; it has been proven that the damage

inflicted by ROS is associated with a wide variety of car-

diovascular diseases [22–24]. Previous studies have sug-

gested that elevated Hcy levels induce oxidative stress via

NMDA receptor-mediated neuronal nitric oxide synthase

activation and free radical formation, thereby causing a

significant increase in the level of neuronal cell death [25,

26]. Furthermore, the activation of the NMDA receptors

leads to increased intracellular Ca2? and to increasing levels

of mitochondrial Ca2?. Moshal et al. hypothesised that Hcy

induces the activation and mitochondrial translocation of

calpain-1 (calcium-dependent cysteine protease), resulting

in matrix metalloproteinase-9 (MMP-9) activation and

intramitochondrial oxidative stress [27].

To evaluate the direct influence exerted by Hcy on car-

diac muscle, particularly the coronary circulation, we aimed

to determine the role played by NMDA receptors in Hcy’s

effects on the heart. Given the increasing amounts of data

indicating that NMDA receptors are found in the heart, we

hypothesised that Hcy exerts its effects by modulating these

receptors. We hope to provide researchers with a better

understanding of the mechanisms by which Hcy interacts

with both cardiomyocytes and endothelial cells.

The aim of the present study was to determine the role

of NMDA receptors in cardiac function, as well as the

possible role played by the oxidative stress induced via

NMDA receptor overstimulation in isolated rat heart.

Materials and methods

Preparation of isolated heart

The hearts of male Wistar albino rats (n = 24, 12 in each

experimental group) were excised and perfused using a

Langendorff apparatus (Experimetria Ltd, 1062 Budapest,

Hungary). Each of the rats was 8 weeks old and had a body

mass between 180 and 200 g; the rats were obtained from

the Military Medical Academy, Belgrade, Serbia. Follow-

ing anesthetisation with ketamine (10 mg/kg) and xylazine

(5 mg/kg), the animals were killed via cervical dislocation

(Schedule 1 of the Animals/Scientific Procedures, Act

1986, UK). Following a quick thoracotomy and rapid

cardiac arrest by superfusion with ice-cold isotonic saline,

the hearts were promptly excised and attached to the

Langendorff apparatus via aortic cannulation. The hearts

Mol Cell Biochem

123

Author's personal copy



were retrogradely perfused under a constant perfusion

pressure (CPP) of 70 cm H2O with complex Krebs–

Henseleit solution composed of the following (in mmol/L):

NaCl 118, KCl 4.7, CaCl2�2H2O 2.5, MgSO4�7H2O 1.7,

NaHCO3 25, KH2PO4 1.2, glucose 11, pyruvate 2, equili-

brated with 95 % O2 plus 5 % CO2 at 37 �C (pH 7.4).

Following the restoration of normal rhythm, a sensor

(transducer BS4 73-0184, Experimetria Ltd, Budapest,

Hungary) was placed into the left ventricle through an

incision in the left atrium adjacent to a severed mitral valve

for the continuous monitoring of cardiac function.

Experimental protocol

Both experimental groups underwent 25 min of perfusion at

a coronary perfusion pressure (CPP) of 70 cm H2O (stabi-

lisation period); during this period, each of the hearts was

subjected to short-term occlusion (30 s) followed by

simultaneous bolus injections of 5 mmol/L adenosine

(60 lL at a flow of 10 mL/min to elicit maximal coronary

flow) to test coronary vascular reactivity. If coronary flow

(CF) did not increase by 100 % compared with control

values, the hearts were disposed off. Coronary flow was

determined flowmetrically. Once CF was stabilised (three

measurements of the same value), samples of coronary

effluent were collected, and the experimental protocol was

initiated. The experimental protocol for the first group

included the administration of DL-Hcy TLHC, the admin-

istration of the combination of DL-Hcy TLHC and MK-801

and the administration of MK-801 in successive durations

of 5 min each. The application of MK-801 continued with a

washout period of 10 min (Fig. 1). The second group of

experiments was similar to the first, except that this group

received the reagents in reverse order. MK-801 was

administered first, followed by the combination of DL-Hcy

TLHC and MK-801 and DL-Hcy TLHC alone (Fig. 1). The

duration of the administration of each substance was the

same as for the first group of experiments. The concentra-

tion of MK-801 used in the experiments was 50 lmol/L,

and the concentration of DL-Hcy TLHC used was 10 lmol/L.

When the substances were combined, 50 lmol/L of

MK-801 and 10 lmol/L of DL-Hcy TLHC were used. The

concentrations of the administered compounds were deter-

mined and modified according to previously published data

[21, 28]. Before the completion of the administration of

each substance, and following the washout period, samples

of coronary venous effluent were collected. Using the sen-

sor within the left ventricle, the following parameters of

myocardial function were determined:

1. The maximum rate of pressure development in the left

ventricle (dp/dt max)

2. The minimum rate of pressure development in the left

ventricle (dp/dt mix)

3. The systolic left ventricular pressure (SLVP)

4. The diastolic left ventricular pressure (DLVP)

5. The heart rate (HR)

The experimental protocol was approved by the Faculty

of Medical Sciences Ethics Committee for the Welfare of

Experimental Animals, University of Kragujevac, Kraguj-

evac, Serbia.

Biochemical assays

The following oxidative stress parameters were determined

spectrophotometrically (Specord S-600 Analytik Jena)

using collected samples of the coronary venous effluent:

1. The index of lipid peroxidation, measured as thiobar-

bituric acid reactive substances (TBARS)

2. The level of the superoxide anion radical (O2
-)

3. The level of hydrogen peroxide (H2O2) and

4. The level of nitrite (NO2
-)

TBARS determination (index of lipid peroxidation)

The degree of lipid peroxidation in the coronary venous

effluent was estimated by measuring TBARS, using 1 %

thiobarbituric acid in 0.05 NaOH, which was incubated

with the coronary effluent at 100 �C for 15 min and mea-

sured at 530 nm. Krebs-Henseleit solution was used as a

blank probe [29].

Fig. 1 Experimental protocol

on isolated rat heart
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Determination of the nitrite level

Nitric oxide decomposes rapidly to form stable nitrite/nitrate

products. The nitrite level (NO2
-) was measured and used as

an index of nitric oxide (NO) production, using Griess’s

reagent. A total of 0.5 mL of perfusate were precipitated with

200 lL of 30 % sulpho-salicylic acid, vortexed for 30 min

and centrifuged at 3,0009g. Equal volumes of the supernatant

and Griess’s reagent, containing 1 % sulphanilamide in 5 %

phosphoric acid/0.1 % naphthalene ethylenediamine-di

hydrochloride were added and incubated for 10 min in the

dark and measured at 543 nm. The nitrite levels were calcu-

lated using sodium nitrite as the standard [30].

Determination of the level of the superoxide anion radical

The level of the superoxide anion radical (O2
-) was mea-

sured via a nitro blue tetrazolium reaction in TRIS buffer

with coronary venous effluent, at 530 nm. Krebs-Henseleit

solution was used as a blank probe [31].

Determination of the hydrogen peroxide level

The measurement of the level of hydrogen peroxide (H2O2)

was based on the oxidation of phenol red by hydrogen

peroxide in a reaction catalysed by horseradish peroxidase

(HRPO) [32]. 200 lL of perfusate was precipitated using

800 mL of freshly prepared phenol red solution; 10 lL of

(1:20) HRPO (made ex tempore) was subsequently added.

For the blank probe, an adequate volume of Krebs-

Henseleit solution was used instead of coronary venous

effluent. The level of H2O2 was measured at 610 nm.

Results

The effects of DL-Hcy TLHC ? Combination ? MK-801

treatment on the cardiodynamic parameters of isolated rat

heart (Table 1). The administration of DL-Hcy TLHC

induced significant decreases in dp/dt max, SLVP, heart

rate and coronary flow compared with the control condi-

tions. The combination of DL-Hcy TLHC and MK-801 did

not cause any significant changes in the observed cardio-

dynamic parameters. MK-801 caused reductions in dp/

dt max, dp/dt min, SLVP and heart rate relative to the

combination of the two substances. Following the washout

period, each of the cardiodynamic parameters significantly

increased. DLVP and heart rate did not reach their initial

values, and there were no differences between the control

conditions and the values of the other observed cardiody-

namic parameters following the washout period.

The effects of MK-801 ? Combination ? DL-Hcy TLHC

treatment on the cardiodynamic parameters of isolated rat

heart (Table 2) The application of MK-801-induced reductions

in dp/dt max and dp/dt min, which are a reflection of the con-

tractility of the myocardium. The administration of MK-801

also induced a decrease in the systolic pressure in left ventricle

(SLVP), as well as the heart rate and coronary flow relative to

the control group. The application of the combination of MK-

801 and DL-Hcy TLHC resulted in a significant increase in dp/

dt max, dp/dt min, SLVP and coronary flow compared with the

administration of MK-801 alone. DL-Hcy TLHC induced

additional significant increases in dp/dt max, SLVP, heart rate

and coronary flow compared with the combination of MK-801

and DL-Hcy TLHC. Following the washout period, statistically

significant increases in dp/dt max, dp/dt min, heart rate and

coronary flow were noted. There were no significant differences

between the values of the observed cardiodynamic parameters

under the control conditions and following the washout period.

The effects of Combination ? MK-801 treatment on the

biomarkers of oxidative stress in isolated rat heart

(Table 3). The application of the combination of DL-Hcy

TLHC and MK-801 induced significant decreases in each

of the oxidative stress parameters under study. Addition-

ally, statistically significant decreases were observed for all

oxidative stress parameters following the administration of

Table 1 The effects of DL-Hcy TLHC, the combination of both substances (DL-Hcy TLHC ? MK-801) and MK-801 on the cardiodynamic

parameters of isolated rat heart

dp/dt max (mmHg/s) dp/dt min (mmHg/s) SLVP (mmHg) DLVP (mmHg) HR (bpm) CF (ml/min)

Control 2,485.11 ± 177.02 -1,897.89 ± 188.85 79.54 ± 6.43 1.94 ± 0.43 300.06 ± 13.45 10 ± 0.51

DL-Hcy TLHC 2,263.31 ± 203.51* -1,799.9 ± 224.62 71.01 ± 7.17* 1.63 ± 0.3 274.13 ± 12.84** 9.2 ± 0.54*

Combination 2,298.13 ± 185.97 -1,744.89 ± 197.9 72.89 ± 6.58 1.51 ± 0.35 261.37 ± 7.02 9.11 ± 0.44

MK-801 1,832.4 ± 59.64* -1,409.9 ± 99.4** 58.39 ± 3.87* 1.23 ± 0.28 230.69 ± 8.48* 8.03 ± 0.2

Washout 2,345.33 ± 115.21** -1,776.21 ± 122.05** 73.19 ± 5.69** 1.51 ± 0.33**,## 246.34 ± 9.81**,# 9.2 ± 0.26**

The values are expressed as means ± SEs

* Statistical significance compared with the previous value (* P \ 0.05; ** P \ 0.001)
# Statistical significance between the control and the washout (# P \ 0.05; ## P \ 0.001)
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MK-801, and values continued to decrease during the

washout period; however, statistically significant decreases

were observed only for TBARS and for O2
- values.

Comparing the control values with the values noted fol-

lowing the washout period, each of the observed oxidative

stress parameters significantly decreased.

The effects of MK-801 ? Combination treatment on the

biomarkers of oxidative stress in isolated rat heart

(Table 4). The administration of MK-801 and the combi-

nation of MK-801 and DL-Hcy TLHC induced no statis-

tically significant changes in the values of the biomarkers

of oxidative stress, with the exception of TBARS. TBARS

levels were initially decreased following the administration

of MK-801 but then increased significantly following the

administration of a combination of substances. During the

washout period, the values of O2
- and H2O2 did not

increase, and the TBARS and NO2
- levels remained

unchanged. Compared with the control values, none of the

monitored biomarkers of oxidative stress increased signif-

icantly following the washout period, with the exception of

O2
- and H2O2.

Discussion

The aim of the present study was to determine the possible

role played by NMDA receptors in heart function, as well

as the possible mechanisms by which homocysteine exerts

Table 2 The effects of MK-801, the combination of both substances (DL-Hcy TLHC ? MK-801) and DL-Hcy TLHC on the cardiodynamic

parameters of isolated rat heart

dp/dt max (mmHg/s) dp/dt min (mmHg/s) SLVP (mmHg) DLVP (mmHg) HR (bpm) CF (ml/min)

Control 2,488.33 ± 166.87 -2,488.33 ± 166.87 72.46 ± 6.79 1.63 ± 0.6 301.74 ± 7.39 9.97 ± 0.55

MK-801 1,291.93 ± 147.93** -1,291.93 ± 147.93** 45.6 ± 8.46** 1.97 ± 0.43 220.63 ± 9.33** 7.6 ± 0.46**

Combination 1,818.59 ± 126.05** -1,818.59 ± 126.05** 60.6 ± 6.49** 2.37 ± 0.77 234.93 ± 11.64 8.63 ± 0.51**

DL-Hcy TLHC 2,223.86 ± 173.98** -2,223.86 ± 173.98 66.59 ± 5.64* 2.34 ± 0.96 256.8 ± 10.71* 9.31 ± 0.51**

Washout 2,354.76 ± 188.36** -2,354.76 ± 188.36* 68.83 ± 6.59# 2.16 ± 1.02 288.6 ± 4.92** 9.8 ± 0.53**

The values are expressed as means ± SEs

* Statistical significance compared with the previous value (* P \ 0.05; ** P \ 0.001)
# Statistical significance between the control and the washout (# P \ 0.05; ## P \ 0.001)

Table 3 The effects of the combination of both substances (DL-Hcy TLHC ? MK-801), as well as the effects of MK-801 alone, on the

biomarkers of oxidative stress in isolated rat heart

TBARS (lmol/ml) NO2
- (nmol/ml) O2

- (nmol/ml) H2O2 (nmol/ml)

Control 7.53 ± 0.75 25.81 ± 2.59 25.48 ± 4.27 14.32 ± 0.65

DL-Hcy TLHC ? MK-801 4.46 ± 0.63** 17.72 ± 1.34** 15.93 ± 2.77** 9.85 ± 0.47**

MK-801 2.7 ± 0.53** 11.93 ± 1.07** 13.19 ± 2.9** 8.85 ± 0.63**

Washout 1.8 ± 0.55**, ## 9.22 ± 0.77## 9.39 ± 1.81*,## 7.39 ± 0.7##

The values are expressed as means ± SEs

* Statistical significance compared with the previous value (* P \ 0.05; ** P \ 0.001)
# Statistical significance between the control and the washout (# P \ 0.05; ## P \ 0.001)

Table 4 The effects of MK-801 alone, as well as the effects of the combination of both substances (DL-Hcy TLHC ? MK-801), on the

biomarkers of oxidative stress in isolated rat heart

TBARS (lmol/ml) NO2
- (nmol/ml) O2

- (nmol/ml) H2O2 (nmol/ml)

Control 11.13 ± 2.21 18.17 ± 3.03 7.49 ± 1.89 8.76 ± 1.1

MK-801 6.24 ± 2.35* 19.23 ± 1.61 10.79 ± 1.69 11.64 ± 2.83

DL-Hcy TLHC ? MK-801 14.1 ± 2.16* 20.37 ± 1.56 14.2 ± 1.75 15.1 ± 2.88

Washout 11.55 ± 2.93 20.13 ± 2.43 16.86 ± 2.59## 18.12 ± 4.19#

The values are expressed as means ± SEs

* Statistical significance compared with the previous value (* P \ 0.05; ** P \ 0.001)
# Statistical significance between the control and the washout (# P \ 0.05; ## P \ 0.001)
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its adverse effects on the cardiovascular system. This study

represents a portion of our extensive research on the effects

of Hcy and Hcy-related compounds on the cardiovascular

system.

During the first part of this study, we focused on the

effects of various substances on different cardiodynamic

parameters, which served as indicators of myocardial

function (dp/dt max, dp/dt min, SLVP, DLVP, HR and

CF). In the first group of experiments, the administration of

DL-Hcy TLHC at a dose of 10 lM induced significant

decreases in dp/dt max (which reflects cardiac contractility)

SLVP, heart rate and coronary flow (Table 1). These

results correlated with recent data from our laboratory [28].

Wang et al. suggested that one of possible mechanisms

underlying the decreases in contractility induced by Hcy

was the reduced responsiveness of the cardiac myofila-

ments to Ca2? [33]. Furthermore, these authors demon-

strated that exposure to 100 lM of Hcy over 24 h resulted

in increased cardiomyocyte apoptosis.

On the other hand, as stated previously, there are data

that suggest that Hcy acts via the activation of NMDA

receptors. Moshal et al. noted an increase in myocyte

NMDA receptor expression in the setting of HHcy, sug-

gesting that Hcy acts as an NMDA receptor agonist [34].

They found that the activation of myocyte NMDA recep-

tors by Hcy caused decreases in the values of both dp/

dt max and dp/dt min. This decrease in cardiomyocyte

contractility was due to disturbances in calcium transport,

which were induced by Hcy. The findings of the study by

Moshal et al. suggest that the removal of NMDA receptors

from cardiomyocytes restored the Hcy-induced decreases

in myocyte contractility, which was partially the result of

the maintenance of the mitochondrial permeability [35].

Kennedy et al. also described the negative inotropic effects

of the acute administration of Hcy in isolated rat hearts,

effects mediated by a coronary endothelium-derived agent

other than NO or products of cyclooxygenase [36]. Oo-

sterbaan and coworkers investigated the effects of HHcy on

the cardiodynamic parameters of chicken embryos and

found that the heart rates of the Hcy-treated embryos were

significantly lower compared with the study’s control

group [37].

The combination of homocysteine thiolactone and

dizocilpine, a calcium channel blocker, did not elicit sig-

nificant changes in any of the observed cardiodynamic

parameters. The application of 50 lM MK-801 induced

further decreases in the aforementioned cardiodynamic

parameters, including significant decreases in dp/dt max,

dp/dt min, SVLP and HR (Table 1). By contrast, Moshal

et al. demonstrated that treatment with MK-801 attenuated

the Hcy-induced decrease in cardiomyocyte contractility

[34]. There is evidence that suggests that the inhibition of

NMDA receptors in specific aspects of central nervous

system affects heart function, but only a few studies have

examined the direct effects of an NMDA receptor blockade

on cardiac cells. Hildreth and Goodchild, among others,

examined the influence of the microinjection of MK-801

into cardiac vagal preganglionic neurons, which are

responsible for the modulation of heart rate, an exercise

that produced bradycardia [38]. In the present study, each

of the observed cardiodynamic parameters reached their

corresponding values in the control group, except DLVP

and heart rate (Table 1).

In the second experimental group, the combination of

both DL-Hcy TLHC and MK-801 induced significant

increases in dp/dt max, dp/dt min, SLVP and CF, and the

administration of DL-Hcy TLHC caused even greater

increases in dp/dt max, SLVP, HR and CF following the

initial decrease triggered by MK-801 alone (Table 2).

Givvimani et al. examined the effects of HHcy on the heart

and the ability of these effects to induce arrhythmia, both

with and without MK-801 treatment [39]. They suggested

that Hcy treatment increases NMDA receptor expression.

In their experiments, they found that treatment with MK-

801 mitigates dysfunction in both cardiac systolic con-

tractility and diastolic relaxation the setting of in HHcy.

However, some data indicate that Hcy generates hydrogen

sulphide (H2S), which has cardioprotective properties [40].

As Hcy and MK-801 exert antagonistic effects, the

administration of Hcy immediately following the admin-

istration of MK-801, which blocks the entry of Ca2?, may

lead to improvements in cardiac function.

During the next portion of our study, we examined the

effects of DL-Hcy TLHC and MK-801 on oxidative stress,

as well as the possible role played by oxidative stress, by

measuring the levels of oxidative stress parameters

(TBARS, NO2
-, O2

- and H2O2) in coronary venous

effluent. Possible role of oxidative stress included in sig-

nalling pathways related to NDMA receptor is summarised

in Fig. 2.

Our previous studies examined the influence of DL-Hcy

TLHC on oxidation in isolated rat heart [28, 41]. Chronic

HHcy typically increases oxidative stress [42–44], and da

Cunha et al. found that the acute administration of Hcy

increases TBARS, an index of lipid peroxidation [45].

These differences may be the result of the utilisation of

different experimental protocols and the low-dose admin-

istration of Hcy used in our experiments.

On the other hand, H2S, which is derived from Hcy [46],

may exert some beneficial effects, as this compound

scavenges peroxynitrite [40, 47]. H2S also acts as inhibitor

of L-type calcium channels and reduces the contractility of

isolated cardiomyocytes and cardiac papillary muscles

[48], which may explain the reductions in the cardiody-

namic parameters observed following the administration of

DL-Hcy TLHC.
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Fig. 2 NDMA receptor: map

and overview of possible

intracellular signalling

pathways related to this

receptor. NO nitric oxide, NOS

nitric oxide synthase, O2
-

superoxide anion radical, XO

xanthine oxidase, Mit

mitochondria, SAPK stress-

activated protein kinases,

ONOO- peroxynitrite, PLA2

phospholipase A2, AA

arachidonic acid, PARP poly

(ADP-ribose) polymerase, AIF

apoptosis-inducing factor
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The application of both DL-Hcy TLHC and MK-801

(Table 3) induced significant decreases in each of the

monitored oxidative stress parameters. Moreover, the

administration of MK-801 alone induced additional sig-

nificant decreases in each of the oxidative stress biomark-

ers (Table 3). These data correlate with those of previous

studies and are indicative of the protective effect exerted

by MK-801 against the oxidative stress induced by the

overstimulation of NMDA receptors by glutamate in cul-

tures of neonatal rat cardiomyocytes [21]. Other authors

have also demonstrated that MK-801 inhibited the oxida-

tive stress induced by NMDA receptor activation in human

cerebral endothelial cells [49].

In the second group of experiments, the administration

of MK-801 induced slight increases in each of the observed

biomarkers of oxidative stress, with the exception of

TBARS, which was significantly decreased (Table 4).

Ozyurt et al. demonstrated that MK-801 induces oxidative

injury, including tissue lipid peroxidation, in the prefrontal

cortex [50]. The difference in the results obtained by the

present study may be attributed to the use of different

organs (heart, brain).

The co-administration of MK-801 and DL-Hcy TLHC

resulted in a significant increase in TBARS (Table 4). Hcy

induces the activation of NMDA receptors and increases in

intracellular Ca2? content [14]. An increase in intracellular

Ca2? will also increase mitochondrial Ca2?, which produces

increased O2
- [14, 51]. Norsidah et al. induced an increase in

the amount of thiobarbituric acid reactive substances in the

hearts of the rats fed a high-methionine diet, which resulted

in a high plasma Hcy concentration [52].

In summary, although the investigation regarding the

role of Hcy in different cardiovascular (patho) physiolog-

ical conditions is entering its third decade, we remain far

from elucidating the potential mechanisms by which this

amino acid disturbs cardiovascular homeostasis. Given the

proven connection between HHcy and the increased risk of

various cardiovascular diseases, understanding these

mechanisms may be of tremendous clinical value. There-

fore, the findings of this study may represent an excellent

basis for future clinical investigations in this subject area.

Conclusion

The findings of this study are suggestive of the likely role

played by NMDA receptors in the regulation of cardiac

function and coronary circulation in isolated rat hearts. We

have concluded that both the overstimulation and inhibition

of NMDA receptors induce cardiac depression, but the

inhibition of NMDA receptors exerts more deleterious

effects then does overstimulation. Our data indicate that the

negative effects exerted by Hcy on NMDA receptor

activity are not mediated by oxidative stress.

Acknowledgments This project was supported by Grant No.

175043 from the Ministry of Science and Technical Development of

the Republic of Serbia, and the Junior Project 04/2011, Faculty of

Medical Sciences, University of Kragujevac, Serbia.

Conflict of interests None of the authors of the present study has

any actual or potential conflicts of interest to disclose, including

financial, personal, or other relationships with specific persons or

organisations.

References

1. Traynelis SF, Wollmuth LP, McBain CJ et al (2010) Glutamate

receptor ion channels: structure, regulation, and function. Pharm

Rev 62:405–496

2. MacDermott AB, Mayer ML, Westbrook GL, Smith SJ, Barker JL

(1985) NMDA-receptor activation increases cytoplasmic calcium

concentration in cultured spinal cord neurones. Nature 321:519–522

3. Johnson JW, Ascher P (1987) Glycine potentiates the NMDA

response in cultured mouse brain neurons. Nature 325:529–531

4. Dingledine R, Borges K, Bowie D, Traynelis SF (1999) The

glutamate receptor ion channels. Pharmacol Rev 51:7–61

5. Maren S, Baudry M (1995) Properties and mechanisms of long-

term synaptic plasticity in the mammalian brain: relationships to

learning and memory. Neurobiol Learn Mem 63:1–18

6. Nasstrom J, Boo E, Stahlberg M, Berge OG (1993) Tissue dis-

tribution of two NMDA receptor antagonists, [3H]CGS 19755

and [3H]MK-801, after intrathecal injection in mice. Pharmacol

Biochem Behav 44:9–15

7. Leung JC, Travis BR, Verlander JW, Sandhu SK, Yang SG, Zea

AH, Weiner ID, Silverstein DM (2002) Expression and devel-

opmental regulation of the NMDA receptor subunits in the kidney

and cardiovascular system. Am J Physiol Regul Integr Comp

Physiol 283:964–971

8. Kovacic P, Somanathan R (2010) Clinical physiology and mech-

anism of dizocilpine (MK-801): electron transfer, radicals, redox

metabolites and bioactivity. Oxid Med Cell Longev 3:13–22

9. Jakubowski H (2008) The pathophysiological hypothesis of

homocysteine thiolactone-mediated vascular disease. J Physiol

Pharmacol 59:155–167

10. Kumar A, Khan SA, Parvez A, Zaheer MS, Rabbani MU, Zafar L

(2011) The prevalence of hyperhomocysteinemia and its corre-

lation with conventional risk factors in young patients with

myocardial infarction in a tertiary care centre of India. Biomed

Res 22:225–229

11. Gupta S, Gudapati R, Gaurav K, Bhise M (2013) Emerging risk

factors for cardiovascular diseases: Indian context. Indian J

Endocrinol Metab 17:806–814

12. McCully KS (1969) Vascular pathology of homocysteinemia:

implications for the pathogenesis of arteriosclerosis. Am J Pathol

56:111–128

13. Milani RV, Lavie CJ (2008) Homocysteine: the Rubik’s cube of

cardiovascular risk factors. Mayo Clin Proc 83:1200–1202

14. Vacek TP, Vacek JC, Tyagi SC (2012) Mitochondrial mitophagic

mechanisms of myocardial matrix metabolism and remodelling.

Arch Physiol Biochem 118:31–42

15. Cheng Y, Jin Y, Unverzagt FW, Su L, Yang L, Ma F, Hake AM,

Kettler C, Chen C, Liu J, Bian J, Li P, Murrell JR, Hendrie HC,

Gao S (2014) The relationship between cholesterol and cognitive

Mol Cell Biochem

123

Author's personal copy



function is homocysteine-dependent. Clin Interv Aging

23:1823–1829

16. Boushey CJ, Beresford SA, Omenn GS, Motulsky AG (1995) A

quantitative assessment of plasma homocysteine as a risk factor

for vascular disease. Probable benefits of increasing folic acid

intakes. JAMA 274:1049–1057

17. Wald DS, Law M, Morris JK (2002) Homocysteine and cardio-

vascular disease: evidence on causality from a meta-analysis.

BMJ 325:1202
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