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Abstract The role of N-methyl-D-aspartate receptor
(NMDA-R) in heart is still unclear. For these ionotropic glu-
tamate receptors is characteristic the necessity of both co-ag-
onists, glutamate and glycine, for their activation, which pri-
marily allows influx of calcium. The aim of the present study
was to examine the effects of verapamil, as a calcium channel
blocker, alone and its combination with glycine and/or gluta-
mate on cardiac function, coronary flow, and oxidative stress
in isolated rat heart or to examine the effects of potential acti-
vation of NMDA-R in isolated rat heart. The hearts of male
Wistar albino rats were excised and perfused according to
Langendorff technique, and cardiodynamic parameters and
coronary flow were determined during the administration of
verapamil and its combinations with glutamate and/or glycine.
The oxidative stress biomarkers, including thiobarbituric acid-
reactive substances, nitrites, superoxide anion radical, and hy-
drogen peroxide, were each determined spectrophotometrical-
ly from coronary venous effluent. The greatest decline in pa-
rameters of cardiac contractility and systolic pressure was in
the group that was treated with verapamil only, while minimal

changes were observed in group treated with all three tested
substances. Also, the largest changes in coronary flow were in
the group treated only with verapamil, and at least in the group
that received all three tested substances, as well as the largest
increase in oxidative stress parameters. Based on the obtained
results, it can be concluded that NMDA-R activation allows
sufficient influx of calcium to increase myocardial contractil-
ity and systolic pressure, as well as short-term increase of
oxidative stress.
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Introduction

The ionotropic glutamate receptor (iGLu-R) family is huge
and it consists of three different types of receptors according
to their sequence similarities, their electrophysiological prop-
erties, and their affinity to selective agonists: N-methyl-D-
aspartate receptor (NMDA-R), α-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionate receptor (AMPA-R), and kainite re-
ceptor (KA-R) [31, 50]. The NMDA-R is a protein complex,
which may be built of three different subunits: GluN1, GluN2
(A-D), and GluN3 (A-B). NMDA-Rs are tetramer usually
composed of two GluN1 and either two GluN2 subunits of
the same or various subtype, or combination of GluN2 and
GluN3 subunits, which form the channel [51]. Binding of
glycine and glutamate is necessary for activation of this chan-
nel. Glutamate is released from presynaptic vesicles (concen-
tration of glutamate is about 100 μmol/L) by Ca2+-dependent
mechanism that involves N- and P/Q-type voltage-dependent
Ca2+ channels [31]. The result of activation of this channel is
influx of Ca2+ and Na+ ions and efflux of K+ ion [51].
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Elevated intracellular concentration of free Ca2+ leads to de-
polarization of membrane and activation of Ca2+-sensitive
channels [39]. NMDA-R activation in the brain induces
Ca2+ overload, production of reactive oxygen species
(ROS), and apoptotic cell death [34].

The most explored actions of this receptor are related to the
function of the brain. They have a principal role in learning and
memory, as well as in corticogenesis, neuronal migration, and
synaptogenesis during the brain development. Besides the
brain, these receptors are expressed in various non-neuronal
cells and tissues such as pancreatic island cells, keratinocytes,
and the heart [8]. Some of these GluN subunits were found in
rat heart, but their function is still unknown. Presence of GluN1
subunit is proved in the adult heart [15, 26], while GluN2
subunit (type B) is only present in newborn rat heart [46].

Verapamil is a potent calcium channel blocker (CCB); its
primary mechanism of action is blockade of L-type calcium
channels [10]. Inhibition of these channels prevent excessive
Ca2+ influx into cardiomyocytes (negative inotropic effects),
as well as smooth muscle cells of the coronary vasculature.
The result of this blockade is restriction of intracellular Ca2+

and relaxation of vascular smooth muscle cells. This blockade
occurs in cells of the specialized sinoatrial and atrioventricular
nodes, also causing its negative chronotropic effects.
Verapamil is used in the treatment of hypertension, angina
pectoris, and atrial fibrillation [30].

There are some claims that activation of NMDA-R in the
heart has great impact at electrical activity of this organ and
may play a role in cardiac arrhythmogenesis. Chronic admin-
istration of NMDA induces very important cardiac electro-
physiological changes and increases a risk for ventricular ar-
rhythmias and mild myocardial interstitial fibrosis [8]. The
most common clinical situations where there is a simultaneous
activation of NMDA receptors with the use of verapamil were
found in patients who have elevated plasma levels of homo-
cysteine and take verapamil, and some authors have investi-
gated the effects of verapamil on experimentally induced hy-
perhomocysteinemia in humans [23, 42]. Kanani and coau-
thors in their study have investigated the effects of experimen-
tally increased plasma homocysteine by methionine loading
on endothelium, whereby they followed the reactivity of
blood vessels during application of verapamil [23]. Similar
investigation was done by Raghuveer and coworkers [42].

Knowing the all previously mentioned facts about NMDA
receptor co-agonists glutamate and glycine and about potent
calcium channel blocker verapamil, it would be of interest to
assess their mutual influence on the myocardium and especial-
ly coronary circulation.

In that sense, the aim of the present study was to examine
the effects of verapamil alone and its combination with gly-
cine and/or glutamate on cardiac function, coronary flow, and
oxidative stress in isolated rat heart or to examine the effects of
potential activation of NMDA receptors in isolated rat heart.

Material and methods

Isolated rat heart preparation

Sixty male Wistar albino rats (12 rats per experimental group)
are used in this study. Each of these rats was 8 weeks old and
had a body mass 180–200 g (the rats were obtained from the
Military Medical Academy, Belgrade, Serbia). After
anesthetizing with ketamine (10 mg/kg) and xylazine (5 mg/
kg), the animals were euthanized via cervical dislocation
(Schedule 1 of the Animals/Scientific Procedures, Act 1986,
UK). After euthanasia, a quick thoracotomy and rapid cardiac
arrest by superfusion with ice-cold isotonic saline were
performed and the hearts were promptly excised and
attached to the Langendorff apparatus (Experimetria Ltd.,
1062 Budapest, Hungary) via aortic cannulation. After
removing left auricula and through an incision in the left
atrium the sensor (transducer BS4 73–0184, Experimetria
Ltd., Budapest, Hungary) was placed into the left ventricle
for the continuous monitoring of cardiac function. The
hearts were retrogradely perfused under a constant perfusion
pressure (CPP) of 70 cmH2O 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, equilibrated with 95 %
O2 plus 5 % CO2 at 37 °C (pH 7.4).

Experimental protocol

The hearts from all experimental groups were undergone to a
25-min stabilization period. During this period, each of the
hearts was subjected to short-term occlusion (20 s) followed
by simultaneous bolus injections of 5 mmol/l adenosine (60 μl
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 of. Coronary flow was determined
flowmetrically. When the CF was stabilized (three repeatedly
measurements of the same value), samples of coronary efflu-
ent were collected (control value), and the experimental pro-
tocol was initiated. Hearts were perfused with

1. 3 μmol/l verapamil
2. 3 μmol/l verapamil + 100 μmol/l glycine
3. 3 μmol/l verapamil + 100 μmol/l glutamate
4. 3 μmol/l verapamil + 100 μmol/l glycine + 100 μmol/l

glutamate

In order to assess the potential role of glycine receptors
(GlyR) in regulation of heart homeostasis, we also performed
experiments with strychnine (10 μmol/l), which acts as a
blocker of these receptors.
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Each of the applied substances was administered for 5 min,
followed by a wash-out period lasting for 10 min. In the last
minute of substance application (effect) and in the last minute
of the wash-out period (wash-out), the samples of coronary
venous effluent were collected. Using the sensor 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 min)

3. The systolic left ventricular pressure (SLVP)
4. The diastolic left ventricular pressure (DLVP)
5. The heart rate (HR)

All research procedures were carried out in accordance
with European Directive for welfare of laboratory animals
N° 86/609/EEC and principles of Good Laboratory Practice
(GLP), approved by ethical committee of the Faculty of
Medical Sciences, University of Kragujevac, Serbia.

Biochemical assays

The following oxidative stress parameters were determined
spectrophotometrically (Shimadzu UV 1800, Japan) using
collected samples of the coronary venous effluent:

1. The index of lipid peroxidation, measured as thiobarbitu-
ric acid-reactive substances (TBARS)

2. The level of nitrite (NO2
−)

3. The level of the superoxide anion radical (O2
−) and

4. The level of hydrogen peroxide (H2O2)

TBARS determination (index of lipid peroxidation)

The degree of lipid peroxidation in the coronary venous efflu-
ent was estimated by measuring TBARS, using 1 % thiobarbi-
turic acid in 0.05 NaOH, which was incubated with the coro-
nary effluent at 100 °C for 15 min and measured at 530 nm.
Krebs–Henseleit solution was used as a blank probe [35].

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 re-
agent. A total of 0.5 ml of perfusate was precipitated with
200 μl of 30 % sulpho-salicylic acid, vortexed for 30 min,
and centrifuged at 3000 x g. Equal volumes of the supernatant
and Griess’s reagent, containing 1 % sulphanilamide in 5 %
phosphoric acid/0.1 % naphthalene ethylenediamine-

dihydrochloride 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 [17].

Determination of the level of the superoxide anion radical

The level of the superoxide anion radical (O2
−) was measured

via a nitro blue tetrazolium (NBT) reaction in TRIS buffer
with coronary venous effluent, at 530 nm. Krebs–Henseleit
solution was used as a blank probe [5].

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 perox-
ide in a reaction catalyzed by horseradish peroxidase (HRPO)
[40]. Two hundred microliters of perfusate was precipitated
using 800 ml of freshly prepared phenol red solution; 10 μl of
(1:20) HRPO (made ex tempore) was subsequently added. For
the blank probe, an adequate volume of Krebs–Henseleit so-
lution was used instead of coronary venous effluent. The level
of H2O2 was measured at 610 nm.

Drugs

All drugs used in this experimental protocol were provided by
Sigma-Aldrich.

Statistical analysis

All values are expressed as mean ± SE. Paired t test, Wilcoxon
test for paired samples and Kruskal-Wallis were used in sta-
tistical analysis and p values less than 0.05 were considered to
be statistically significant.

Results

The effects of verapamil on the cardiodynamic parameters
and coronary flow in isolated rat heart (Fig. 1 and Table 1).
The application of verapamil induced significant decrease of
dp/dt max (−60.68 %), dp/dt min. (−57.21 %), SLVP
(−54.18 %), and HR (−11.62 %) compared with control
values. On the other hand, application of verapamil in-
duced significant increase of CF (+32.95 %). Following
the wash-out period dp/dt max (+37.22 %), dp/dt min
(+38.29 %) and SLVP (+33.63 %) were significantly in-
creased, while CF (−42.07 %) was significantly de-
creased. HR did not change significantly during wash-
out period. The values of DLVP were not changed signif-
icantly during the application of verapamil. CF only
reached init ial values after the wash-out period
(−9.12 %), while all the other parameters showed the
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statistically significant changes between control and
wash-out period (dp/dt max: −23.46 %; dp/dt min:
−18.92 %; SLVP: −20.55 %; HR: −13.81 %).

The effects of combined application of verapamil and glu-
tamate on the cardiodynamic parameters and coronary
flow in isolated rat heart (Fig. 1 and Table 1). The simul-
taneous application of verapamil and glutamate induced
significant decrease of dp/dt max (−44.66 %), dp/dt min
(−47.96 %), SLVP (−34.45 %) and HR (−24.71 %) com-
pared with control conditions. Following the wash-out
period dp/dt max (+11.15 %) and SLVP (+10.14 %) were
significantly increased, but did not reach the initial values
(dp/dt max: -33.51 %; SLVP: -24.31 %). All the other
previously mentioned parameters were not changed sig-
nificantly during the wash-out period, and did not reach
the initial values (dp/dt min: -38.21 %; HR: -29.25 %).
The value of CF increased (+25.81 %) significantly dur-
ing the administration of verapamil and glutamate, and
after that significantly decreased (−52.11 %) during the
wash-out period, but value after wash-out period was sig-
nificantly lower compared to the control (−26.30 %). The
value of DLVP was not significantly changed during the
experiment.

The effects of combined application of verapamil and gly-
cine on the cardiodynamic parameters and coronary flow
in isolated rat heart (Fig. 1 and Table 1). The simultaneous
application of verapamil and glycin induced significant de-
crease of dp/dt max (−43.78 %), dp/dt min (−51.49 %) and
SLVP (−37.93 %) compared with control conditions.
Following the wash-out period all previously mentioned pa-
rameters were significantly increased (dp/dt max: +18.85 %;
dp/dt min: +20.06 %; SLVP: -37.93 %), but neither of those
parameters reached the initial values after the wash-out period
(dp/dt max: −25.24 %; dp/dt min: −31.43 %; SLVP:
−24.42 %). HR was significantly lower after wash-out period
compared to control condition (−16.70 %). CF was signifi-
cantly increased (+30.88 %) during application of verapamil
and glycine and then significantly decreased (−59.85 %) dur-
ing wash-out period. CF was significantly lower after wash-
out period compared to initial state (−28.97 %). The value of
DLVP was not significantly changed during the experiment.

The effects of combined application of verapamil, gluta-
mate, and glycine on the cardiodynamic parameters and
coronary flow in isolated rat heart The simultaneous appli-
cation of verapamil, glutamate and glycine induced significant
decrease of dp/dt max (−40.10 %), dp/dt min (−44.85 %), and
SLVP (−5 %) compared with control conditions, while CF
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Fig. 1 Effects of verapamil and its combined application with glutamate and/or glycine on cardiodynamic parameters and coronary flow in isolated rat
heart. Data are expressed as mean ± SE (standard error)
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was significantly increased (+24.69 %) compared with
control. Following the wash-out period dp/dt max
(+21.84 %), dp/dt min (+25.86 %) and SLVP (+9.21 %) were
significantly increased, but did not reach the initial values
(dp/dt max: −18.26 %; dp/dt min: -18.99 %; SLVP: -
14.21 %), and CF was significantly decreased (−35.42 %),
but also did not reach the initial values (−10.73 %). The value
of HR significantly reduced (−13.47 %) after wash-out period
compared with the effect of the applied substances as well as
the initial values (−13.98 %). The value of DLVP was not
significantly changed during the experiment (Fig. 1 and
Table 1).

Comparisons of the values of cardiodynamic parameters
between the experimental groups are shown on Table 2.

The effects of strychnine on cardiodynamic parameters
and coronary flow in isolated rat heart The application of
strychnine in concentration of 10 μmol/l did not induce any
significant change of observed cardiodynamic parameters or
coronary flow (Fig. 2).

The effects of verapamil on the biomarkers of oxidative
stress in isolated rat heart (Fig. 3 and Table 3). Verapamil
did not induce any significant change of the observed bio-
markers of oxidative stress during experimental protocol.

The effects of combined application of verapamil and glu-
tamate on the oxidative stress biomarkers in isolated rat
heart (Fig. 3 and Table 3). TBARS (−27.61 %), NO2

−

(−30.84 %) and H2O2 (−24.28 %) significantly decreased

during wash-out period, and values of these parameters were
significantly lower (TBARS: −24.58 %; NO2

−: −26.14 %;
H2O2: −26.81 %) after wash-out period compared to effect
of the applied substances and control conditions. O2

− did not
change significantly in any observed moment.

The effects of combined application of verapamil and gly-
cine on the oxidative stress biomarkers in isolated rat
heart (Fig. 3 and Table 3). TBARS (−27.89 %), NO2

−

(−30.71 %) and H2O2 (−34.40 %) were significantly
decreased during wash-out period, and values of these
parameters were significantly lower (TBARS: −23.67 %;
NO2

−: −29.97 %; H2O2: −21.94 %) after wash-out period
compared to effect of the applied substances and control
conditions. O2

− did not change significantly in any observed
moment.

The effects of combined application of verapamil, glycine,
and glutamate on the oxidative stress biomarkers in iso-
lated rat heart The application of all three tested substances,
verapamil, glycine, and glutamate, at the same time, induced
significant increase of TBARS (+19.06 %), NO2

− (+19.09 %)
and H2O2 (+41.86 %) compared with control conditions.
Following the wash-out period TBARS (−34.64 %), NO2

−

(−34.55 %) and H2O2 (−52.38 %) significantly dropped off.
Only H2O2 of all previously mentioned parameters reached
approximately initial value after the wash-out period
(TBARS: −15.58 %; NO2

−: −15.46 %). O2
− did not change

significantly in any observed moment (Fig. 3 and Table 3).

Table 1 The percentage changes of the cardiodynamic parameters during the application of verapamil and its combined application with glycine and/
or glutamate

Verapamil Verapamil + Gly Verapamil + Glut Verapamil + Glut + Gly

dp/dt max (mmHg/s) C vs. E −60.68 %* −43.78 %* −44.66 %* −40.10 %*
E vs. W +37.22 %* +18.85 %* +11.15 %* + 21.84 %*
C vs. W −23.46 %* −25.24 %* −33.51 %* −18.26 %*

dp/dt min (mmHg/s) C vs. E −57.21 %* −51.49 %* −47.96 %* −44.85 %*
E vs. W +38.29 %* +20.06 %* +9.75 % +25.86 %*
C vs. W −18.92 %* −31.43 %* −38.21 %* −18.99 %*

SLVP (mmHg) C vs. E −54.18 %* −37.93 %* −34.45 %* −5.00 %*
E vs. W +33.63 %* +13.51 %* +10.14 %* +9.21 %*
C vs. W −20.55 %* −24.42 %* −24.31 %* −14.21 %*

DLVP (mmHg) C vs. E +4.30 % +5.44 % −4.96 % −5.00 %
E vs. W −13.28 % +3.47 % −8.03 % −9.21 %
C vs. W −8.98 % +8.91 % −12.79 % −14.21 %

Heart rate (bpm) C vs. E −11.62 %* −13.57 % −24.71 %* −0.51 %
E vs. W −2.19 % −3.13 % −4.54 % −13.47 %*
C vs. W −13.81 %* −16.70 %* −29.25 %* −13.98 %*

Coronary flow (ml/min) C vs. E +32.95 %* +30.88 %* +25.81 %* +24.69 %*
E vs. W −42.07 %* −59.85 %* −52.11 %* −35.42 %*
C vs. W −9.12 % −28.97 %* −26.30 %* −10.73 %*

Data were expressed as change in percent between two mean values

The values were measured in three period times (C control, E effect, W wash-out)

*Statistical significance compared with previous value (p < 0.05)
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Comparisons of the values of oxidative stress biomarkers
between the experimental groups are shown on Table 4.

The effects of strychnine on the oxidative stress bio-
markers in isolated rat heart The application of strychnine
in concentration of 10 μmol/l did not induce any significant
change of observed biomarkers of oxidative stress (Fig. 4).

The glutamate and glycine alone did not induce statistically
significant change of any parameter of cardiac contractility or
oxidative stress biomarkers. On the other hand, simultaneous
application of glutamate and glycine induced significant de-
crease of dp/dt max, dp/dt min, heart rate, and coronary flow,

as well as significant increase of NO2
−, O2

− and H2O2 levels.
After the wash-out period all changed parameters returned to
values that were not significantly different from controls.
These data concerning the effects of glutamate or/and glycine
are part of our preliminary research and have already been
published [48].

Discussion

The aim of the present study was to assess the effects of ve-
rapamil and its combinations with glycine and glutamate on

0

500

1000

1500

2000

2500

Control Effect Wash-out

dp/dt max (mmHg/s)

-1750

-1500

-1250

-1000

-750

-500

-250

0

Control Effect Wash-out

dp/dt min (mmHg/s)

0

10

20

30

40

50

60

70

Control Effect Wash-out

SLVP (mmHg)

0

0,5

1

1,5

2

2,5

3

3,5

4

Control Effect Wash-out

DLVP (mmHg)

0

50

100

150

200

250

300

350

Control Effect Wash-out

Heart rate (bpm)

0

1

2

3

4

5

6

7

8

9

Control Effect Wash-out

Coronary flow (ml/min)

Fig. 2 Effects of strychnine on cardiodynamic parameters and coronary flow in isolated rat heart. Data are expressed as mean ± SE (standard error)

Table 2 Comparisons of the
values of cardiodynamic
parameters between the
experimental groups

Groups dp/dt max dp/dt min SLVP

Effect Wash-out Effect Wash-out Effect Wash-out

Ver vs. Ver + Glut >0.01 – – – >0.05 –

Ver vs. Ver + Gly >0.01 – – – – –

Ver vs. Ver + Glut + Gly >0.01 – – – >0.05 –

Ver + Glut vs. Ver + Gly – – – – – –

Ver + Glut vs. Ver + Glut + Gly – – – – – –

Ver + Gly vs. Ver + Glut + Gly – – – – – –

Groups DLVP HR CF

Effect Wash-out Effect Wash-out Effect Wash-out

Ver vs. Ver + Glut – – – >0.01 >0.05 >0.05

Ver vs. Ver + Gly – – – – >0.01 >0.01

Ver vs. Ver + Glut + Gly – – – – – –

Ver + Glut vs. Ver + Gly – – – – – –

Ver + Glut vs. Ver + Glut + Gly – – >0.01 >0.01 >0.05 >0.01

Ver + Gly vs. Ver + Glut + Gly – – – – >0.01 >0.01
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cardiac function, coronary flow and oxidative stress in isolated
rat heart, in order to examine the potential role of NMDA
receptors in regulation of cardiac function.

It is well known that verapamil blocks the entry of calcium
into the cell through L-type calcium channels, prolonging the
effective refractory period and reducing the conduction veloc-
ity of impulses through the AV node [10]. Acute application of
verapamil in concentration of 3 μmol/L decreased significant-
ly values of dp/dt max and dp/dt min, which reflect the con-
tractile ability of the myocardium (Fig. 1a, b, Table 1). After
the wash-out period these values were changed significantly
again, namely dp/dt max and dp/dt min were increased, but

parameters have not reached their initial values. These effects
are consistent with the mechanism of action of verapamil,
which includes a blockade of calcium influx and direct nega-
tive inotropic effects. In the studywith human embryonic stem
cell-derived cardiomyocytes, Hayakawa and coauthors veri-
fied the relationship between the intracellular concentration of
Ca2+ and contractility [20]. Namely, in this study, verapamil
decreased all of the observed parameters of Ca2+ transient and
contractile motion. In the case of combined application of
verapamil and glutamate dp/dt max and dp/dt min were also
significantly reduced, but percentage reduction were consid-
erably lower compared to verapamil alone (Fig. 1a, b,

Table 3 The percentage changes of the oxidative stress biomarkers during the application of verapamil and its combined application with glycine and/
or glutamate

Verapamil Verapamil + Gly Verapamil + Glut Verapamil + Glut + Gly

Index of lipid peroxidation (μmol/min/g wt) C vs. E +2.09 % +4.18 % +3.03 % +19.06 %*

E vs. W +2.79 % −27.89 %* −27.61 %* −34.64 %*

C vs. W +4.88 % −23.67 %* −24.58 %* −15.58 %*

Nitrites (nmol/min/g wt) C vs. E −4.64 % +0.74 % +4.60 % +19.09 %*

E vs. W −7.67 % −30.71 %* −30.84 %* −34.55 %*

C vs. W -12.31 % −29.97 %* −26.14 %* −15.46 %*

Superoxide anion radical (nmol/min/g wt) C vs. E +4.28 % +0.50 % −7.09 % −4.36 %
E vs. W +6.05 % −4.92 % +5.27 % −5.68 %
C vs. W +10.33 % −4.42 % −1.82 % −10.04 %

Hydrogen peroxide (nmol/min/g wt) C vs. E −2.41 % +12.46 % −2.53 % +41.86 %*

E vs. W +2.27 % −34.40 %* −24.28 %* −52.38 %*

C vs. W −4.68 % −21.94 %* −26.81 %* −10.70 %

Data were expressed as change in percent between two mean values

The values were measured in three period times (C control, E effect, W wash-out)

*Statistical significance compared with previous value (p < 0.05)
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Fig. 3 Effects of verapamil and it combined application with glutamate and/or glycine on the biomarkers of oxidative stress in coronary venous effluent.
Data are expressed as mean ± SE (standard error)
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Table 1). Xie and coworkers in their study have investigated
the role of metabotropic glutamate receptors, mGluR1/
mGluR5, in regulation of connexin 43 (Cx43) phosphoryla-
tion and gap junctional intercellular communication [56].
They found that direct act ivat ion of mGluR1 in
cardiomyoblast cells increases Cx43 phosphorylation level
and suppresses gap junctional intercellular communication
that might be the reason for less reduction of myocardial con-
tractility parameters in this group. Furthermore, Liu and co-
workers found that activation of α-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid (AMPA) receptors by glutamate,
besides other effects, induces calcium mobilization in
cardiomyocytes [27]. As AMPA receptor belongs to the fam-
ily of ionotropic glutamate receptors, it is a channel permeable

to Ca2+, and these authors confirmed that treatment with
AMPA in dose of 10−5 mol/L and 10−4 mol/L induced a
Ca2+ transient in the cardiomyocytes that can be a potential
explanation for the improvement of myocardial contractility in
this experimental group. Similarly to the previous experimen-
tal group, combined application of verapamil and glycine in-
duced significant decrease of dp/dt max and dp/dt min, and
percentage reduction was similar (Fig. 1a, b, Table 1). Results
of Qi and coauthors suggested the existence of glycine recep-
tors (GlyR) in cardiomyocytes and their participation in
cytoprotection from the damage induced by lipopolysaccha-
ride and hypoxia/reoxygenation injury [41]. The GlyR repre-
sents a glycine-gated chloride channel whose activation is
essential for certain functions of the nervous system as well
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Fig. 4 Effects of strychnine on
the biomarkers of oxidative stress
in coronary venous effluent. Data
are expressed as mean ± SE
(standard error)

Table 4 Comparisons of the
values of oxidative stress
biomarkers between the
experimental groups

Groups Index of lipid peroxidation Nitrites

Effect Wash-out Effect Wash-out

Ver vs. Ver + Glut – – – >0.05

Ver vs. Ver + Gly – >0.05 >0.01 >0.01

Ver vs. Ver + Glut + Gly >0.05 – – –

Ver + Glut vs. Ver + Gly – – – >0.05

Ver + Glut vs. Ver + Glut + Gly >0.05 >0.05 >0.05 >0.01

Ver + Gly vs. Ver + Glut + Gly >0.05 >0.05 >0.01 >0.01

Groups Superoxide anion radical Hydrogen peroxide

Effect Wash-out Effect Wash-out

Ver vs. Ver + Glut – – – –

Ver vs. Ver + Gly – – >0.05 >0.01

Ver vs. Ver + Glut + Gly – – – –

Ver + Glut vs. Ver + Gly – – – –

Ver + Glut vs. Ver + Glut + Gly – – >0.05 –

Ver + Gly vs. Ver + Glut + Gly – – >0.05 >0.01
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as cells of the immune system [12, 43]. The proposed mech-
anism is that direct activation of GlyR by glycine prevents the
excess calcium influx into the cardiomyocytes. The results of
numerous studies also suggest the protective effects of glycine
against oxidative damage in cardiovascular tissues [9, 44, 54].
However, the application of strychnine, GlyR blocker, did not
induce any significant change in values of cardiodynamic pa-
rameters (Fig. 2), as well as application of glycine alone [48].
In investigation of Wang and coauthors, glycine induced sig-
nificant reduction in the entry of Ca2+ into the cardiomyocytes
induced by lipopolysaccharide [53]. Strychnine prevented this
action of glycine, as well as increase of intracellular concen-
tration of Ca2+ induced by potassium chloride. The potential
cause of absence of effects during strychnine application
could be the applied experimental protocol and the method
or length of strychnine administration. Combined application
of all three tested substances, verapamil, glutamate and gly-
cine, also produced significant reduction of dp/dt max and dp/
dt min, but percentage reduction in this experimental group
was the least (Fig. 1a, b). Also in this experimental group, the
values after the wash-out period were closest to the control
values (Table 1). Some of previous data from our laboratory
indicated that combined application of glutamate and glycine
caused a decrease in myocardial contractility parameters, in
contrast to their individual administration [48]. Taking into
account the role of NMDA-R as Ca2+ channels and their dis-
tribution in many tissues, they are considered to be important
for pathological processes in myocardium, in view of the sig-
nificance of maintaining Ca2+ homeostasis for the proper
functioning of the heart [8]. Some of the adverse effects of
hyperhomocysteinemia are related with excessive stimulation
of NMDA receptors by homocystein and increase intracellular
and mitochondrial Ca2+ content [14, 52]. But in the case of
concurrent administration of verapamil, a Ca2+ channel
blocker, and glutamate and glycine, NMDA channel
coactivators, activated NMDA channels may allow entry of
sufficient amount Ca2+ which allows an increase in myocar-
dial contractility.

Comparing values of dp/dt max and dp/dt min, as myocar-
dial contractility parameters, between experimental groups,
we get significant differences in dp/dt max after application
of verapamil compared to the other three experimental groups
(Table 2). After wash-out period, differences between these
parameters were insignificant.

During verapamil application SLVP decreased significant-
ly, and after wash-out period, this parameter was significantly
increased but did not reach the control values (Fig. 1c,
Table 1). DLVP insignificantly decreased during verapamil
administration, and the decline continued during the wash-
out period, but control values and values after wash-out period
did not differ significantly (Fig. 1d, Table 1). Verapamil, as a
Ca2+ channel blocker, is an important drug for the treatment of
hypertension [10]. Xu and coworkers induced reduction of

both systolic and diastolic blood pressure in rats, by verapamil
in dose of 15 μg/100 g b.w. [57]. Cellular mechanism of
action of verapamil, as well as other Ca2+ antagonists, in-
cludes binding to α1c subunit of the L-type calcium channel
and thus block the entrance of extracellular Ca2+, resulting in
decrease of contractility, systolic and diastolic pressures low-
ering and vascular smooth muscle relaxation [2, 10]. In other
three experimental groups (verapamil in combination with
glycine, glutamate, and glycine and glutamate), decrease of
SLVP was also significant and percentage reductions were
similar between groups (Table 1). After wash-out period,
values of SLVP increased significantly, and the percentage
difference between the control values and the values after a
wash-out period was the lowest in the group treated with all
three tested substances (Table 1). Diastolic pressure did not
change significantly in any group (Fig. 1d, Table 1). Some of
our previous data have shown that neither glutamate nor gly-
cine, nor their combination, have impact on SLVP and DLVP
[48]. The possible reason of relative increase of SLVP in
group treated with combination of glutamate and verapamil,
compared to verapamil only, could be the activation of AMPA
receptors in the heart by glutamate [27]. Also, there are evi-
dences of the presence of metabotropic glutamate receptors in
cardiomyocytes that are assumed to have different roles [56,
58]. These receptors may be able to provide a certain transient
Ca2+ inflow into cardiomyocytes which is enough to increase
the force of myocardial contraction and SLVP. Similar to the
combined administration of verapamil and glutamate, combi-
nation of verapamil and glycine induced relative increase of
SLVP, compared to verapamil only (Table 1, Fig. 1c). We
already have mentioned that activation of GlyR by glycine
prevent the excessive inflow of Ca2+ and thus prevent the
myocardial damage [41]. But, Mishra and coauthors found
that glycine induces pressor responses in hypertensive rats
and fall in mean arterial pressure in normotensive rats [33].
So the effects of glycine on systolic blood pressure are not
clear. The smallest difference in the values between control
and wash-out period in group treated with all three estimated
substance could be the consequence of activation of NMDA-
R. There are sufficient data that activation of NMDA-R in
central nervous system induces increase in blood pressure,
and vice versa [16, 49]. Our previous data also showed de-
crease of SLVP induced by NMDA-R inhibitor MK-801 [18].
So activation of these receptors by glutamate and glycine in
heart may induce influx of Ca2+ sufficient to partially increase
SLVP during simultaneous administration of verapamil.

Comparing the SLVP and DLVP parameters between the
groups it can be observed that after the application of tested
substances (effect), SLVP was significantly higher in experi-
mental groups treated with all three substances and with ve-
rapamil and glutamate in comparison to groups treated with
verapamil only (Table 2). After wash-out period, values of
SLVP were not significantly differed, and also values of
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DLVP were similar between all groups in all observed situa-
tions (Table 2).

Verapamil induced significant decrease of HR, which also
happened in groups in which verapamil have been applied in
combination with glutamate or glycine (Fig. 1e, Table 1).
Verapamil has suppressive effect on sinoatrial node resulting
in decelerated atrioventricular conduction velocity and reduc-
tion of the heart rate [2, 10, 18]. On the other hand in the group
treated with combination of verapamil, glutamate, and gly-
cine, practically there were no changes in heart rate (Fig. 1e,
Table 1). Also there are lots of data about activation of NMDA
receptors in some regions of CNS and changes in heart rate.
Santini and coauthors induced tachycardia by application of
L-glutamate into the ventral hypothalamus [45]. In our previ-
ous work, we induced bradycardia by application of NMDA-
R antagonist MK-801 [49]. During wash-out period HR was
decreased significantly only in the group treated with combi-
nation of verapamil, glutamate and glycine (Fig. 1e, Table 1),
and differences were significant between control and wash-
out period in all experimental groups (Fig. 1e, Table 1).

HR was significantly higher after the administration of ve-
rapamil, glutamate and glycine in comparison to treatment
with verapamil only or combination of verapamil and gluta-
mate (Table 2). After wash-out period, values of HR were
significantly higher in experimental group treated with all
three tested substances compared to group treated with verap-
amil and glutamate, as well as in group treated with verapamil
only compared to group treated with verapamil and glutamate.

Coronary flow was significantly increased in all experi-
mental groups (Fig. 1f, Table 1). Increase of coronary flow
by verapamil is used during surgical interventions on heart,
such as percutaneous coronary intervention, in order to avoid
no-reflow phenomenon [11]. The underlying mechanism
could be the attenuation of Ca2+ inflow in vascular smooth
muscle cells [36]. Elevation in coronary flow in group treated
with all three tested substances could be explained by quanti-
tatively insufficient amount of calcium that enters through
NMDA-R in vascular smooth muscle cells to reduce the
relaxing effect of verapamil. Increase of coronary flow also
could be mediated by increased amount of nitric oxide. There
are evidences that activation of NMDA-R in the rat cerebral
parenchymal arterioles induce dilatation by activation of neu-
ronal nitric oxide synthase (NOS) and increased production of
superoxide and nitric oxide within the parenchymal arterioles
[19]. In our results, values of nitrites that reflect nitric oxide
were significantly increased in this group (Fig. 3b, Table 3).
One of proposedmechanisms bywhich homocysteine induces
adverse effects on cardiovascular system is prolonged activa-
tion of NMDA-R [13, 38]. Increase of coronary flow in other
two experimental groups in probably mediated by dilatative
effect of verapamil.

The values of CF were significantly higher in groups in
which were applied verapamil only or all three tested

substances, relative to other two experimental groups, and
similar situation maintained during wash-out period (Table 2).

The next part of experimental protocol was referred to as-
sessment of oxidative stress parameters during application of
tested substances.

In experimental group treated with verapamil, there were
no changes in any observed parameter (Fig. 3, Table 3). Abd
Allah and coauthors examined the effect of verapamil on iron-
overload induced oxidative stress and cardiac structural
changes, and found that concomitant treatment with verapamil
and ferrous sulfate induced increase in serum total antioxidant
capacity and decline of serum total peroxide, in contrast to the
group treated only with ferrous sulfate [1]. Also, verapamil
exerted a protective effect on hepatic ischemia-reperfusion
injury in rats, and significantly corrected the oxidative stress
biomarkers, TBARS and reduced glutathione (GSH) in the
liver, as well as myeloperoxidase (MPO) and total nitrate/
nitrite (NOx) [32]. Truancy of protective effects of verapamil
in our study could be the consequence of short verapamil
treatment time or different experimental protocol.

In group treated with combination of verapamil and gluta-
mate TBARS, nitrites (NO2

−) and hydrogen peroxide (H2O2)
reduced significantly during wash-out period, while superox-
ide anion radical (O2

−) did not change significantly (Fig. 3,
Table 3). King and coworkers in their study showed protective
effect of glutamate on rat cardiomyocytes [24]. Namely, they
have investigated the effect of glutamate upon ROS genera-
tion during various models of metabolic inhibition and wash-
off or oxidative stress, as well as the relationship between
glutamate and the glutathione-redox system, and showed that
glutamate-loaded cardiomyocytes produced significantly less
ROS than control cells under all the stressful conditions. The
proposed mechanism for this action of glutamate is stimula-
tion of glutathione peroxidase and consequent increased
GSH-mediated removal of H2O2 in glutamate-loaded cells.
In our previous work, glutamate alone did not induce signifi-
cant changes in tested biomarkers of oxidative stress [48].
However, in this case, there may be a cumulative protective
effect of verapamil and glutamate.

Combined application of verapamil and glycine induced
decrease in values of TBARS, NO2

− and H2O2 during wash-
out period, while O2

− did not change significantly (Fig. 3,
Table 3). The protective role of glycine against oxidative stress
is also linked to the production of glutathione. Some results
showed that dietary supplementation with glutathione precur-
sors, cysteine and glycine, in elderly population restores glu-
tathione synthesis and concentrations and lowers levels of
oxidative stress and oxidant damages [47]. We already men-
tioned above that some studies have demonstrated that
cardiomyocytes exhibit glycine-gated chloride channel,
whose activation resulting in chloride influx and hyperpolar-
ization of the membrane, and that way prevent influx of ex-
tracellular Ca2+ [41]. In previous work from our laboratory,
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glycine, similarly to glutamate, did not induce significant
changes in values of oxidative stress markers [48]. We also
investigated the influence of GlyR blocker, strychnine on ox-
idative status of isolated rat heart, and there were no differ-
ences in any observed biomarker of oxidative stress (Fig. 4).
In the study of Arora and coauthors found that strychnine did
not have any effects in ischemia reperfusion-induced acute
kidney injury (AKI) in rats [4]. As well as in the case of
glutamate, we can assume a cumulative protective effect of
verapamil and glycine.

In the last experimental group during administration of all
tested substances (verapamil, glutamate, and glycine), values
of TBARS, NO2

−, and H2O2 increased significantly, and after
that significantly decreased during wash-out period. Values
after wash-out period were significantly lower compared to
control conditions (Fig. 3, Table 3). O2

− did not change sig-
nificantly. Increase of measured biomarkers of oxidative stress
is in accordance with our previous results [48]. Gao and co-
workers showed that activation of NMDA-R in rat-cultured
cardiomyocytes by NMDA induces ROS generation, which
could be prevented by MK-801 or removal of extracellular
free Ca2+, suggesting that the NMDA-R mediated generation
of ROS in cardiomyocytes is Ca2+-dependent [14]. Later low-
ering of the observed oxidative stress parameters could be a
consequence the protective effects of applied substances.

After the application of all three experimental substances
values of TBARS, NO2

− and H2O2 were significantly higher
in comparison to other groups, except in comparison to treat-
ment with verapamil only for NO2

− and H2O2 (Table 4).
Values of NO2

− and H2O2 were significantly higher in group
in which was applied verapamil only in comparison to group
treated with verapamil and glycine. After wash-out period
TBARS, NO2

− and H2O2 were significantly higher in group
treated with verapamil, glutamate and glycine relative to
group treated to verapamil and glycine, and TBARS and
NO2

− were higher compared to group treated with verapamil
and glutamate. Also after wash-out period, the TBARS, NO2

−

and H2O2 were higher in group treated with verapamil only
relative to group treated with verapamil and glycine, and
NO2

− was higher relative to group treated with verapamil
and glutamate (Table 4).

A substantial number of data brought into connection vari-
ety of disorders of the cardiovascular system and oxidative
stress, such as coronary artery disease, hypertension, and ath-
erosclerosis [25, 29, 37]. Keeping in mind the role and mech-
anism of action of NMDA receptors, we were interested to
assess the consequences of their activation in the heart and
coronary circulation. Activation of NMDA-R will increase
intracellular Ca2+ levels and mitochondrial Ca2+ levels,
resulting in oxidative stress [14, 52]. There are several sources
of ROS in cardiovascular tissues, including NADPH oxidase,
nitric oxide (NO) synthase, xanthine oxidase, lipoxygenases,
and the mitochondrial respiratory chain. Under physiological

conditions, the main source of free radicals are mitochondria,
but disturbances of Ca2+ content in cells could increase the
mitochondrial ROS production [7, 28]. NADPH oxidase fam-
ily contains several enzymes which are largely present in the
cells that build tissues of the cardiovascular system, and some
of them are regulated by Ca2+ [3, 6, 21, 22, 55].

On the basis of the obtained results, we can conclude that
simultaneous application of glutamate and glycine, and the
probable consequent activation of the NMDA-R, had the
greatest impact on calcium channel blockade by verapamil,
which was reflected in the degree of change of the observed
cardiodynamic parameters. Furthermore, only in the experi-
mental group treated with verapamil, glutamate, and glycine,
oxidative stress parameters have increased, which in turn may
be brought in connection with the activation of the NMDA-R,
but these short-term changes probably did not adversely affect
the function of the heart.
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