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INTRODUCTION

In recent decades, there appeared a vast number of
scientific works suggesting that nitrates and nitrites are
not only harmless, but can also have some therapeutic
potential, especially in the case of cerebral vascular
disorders [1–2]. It was determined, as early as in the
beginning of the 20th century that, under a dietary

regimen excluding nitrates, nitrites ( ) and

nitrates ( ) were still present in the organism [3].
It was observed that the rate of cardiovascular diseases
is quite low in the countries where large quantities of
fruits and vegetables containing nitrates and nitrites
are consumed [4, 5]. This is why scientists turned their
attention to the possibility of using nitrates for the
treatment of ischemic brain pathologies that are wide�
spread and have bad after�effects for human health [6].
It was also determined that nitrates and nitrites are not
just the inert products of nitric oxide (NO) metabo�
lism but rather the form of NO storage [7]. It was dis�
covered that nitrates and nitrites exert their positive
effects on the vascular system of ischemic brain
through NO generation [8]. It is well known that,
under the conditions of oxygen deficiency or
ischemia, nitrate and nitrite reductases catalyze the

following chain of molecular conversions,  

  NO [9]. Moreover, under the oxygen short�
age conditions, when NO synthase (NOS) enzyme is
not able to synthesize NO, many other enzymes
change their mode of action. For instance, during the
period of ischemia or hypoxia, deoxyhemoglobine and
NOS act as nitrite reductases [10, 11]. Thus, under
oxygen shortage conditions, alternative ways of NO
production become active, and nitrates and nitrites are
substrates for the corresponding enzymes. This may

NO2
–

NO3
–

NO3
–

NO2
–

appear to be some ancient mechanism of the organism
protection from ischemia or hypoxia that has lost its
leading role with time, or, alternatively, NOS is erro�
neously regarded to be the major NO synthesizing
enzyme. There also exists data that nitrates and nitrites
can realize their protective action by NO�independent
mechanism that consists in directly affecting the key
proteins and lipids [12].

Among other agents used in ischemic stroke treat�
ment, inorganic magnesium compounds (magnesium
sulfate and magnesium chloride) can be mentioned,
which showed neuroprotective effects in a number of
studies [13, 14]. Magnesium is the fourth most abun�
dant cation in the human body, the second most abun�
dant intracellular cation, and is a cofactor for more
than 500 proteins involved in various biochemical
reactions and signaling cascades [15, 16]. It is assumed
that magnesium executes its neuroprotective action
through the early regeneration of cellular ATP
resources, antagonism of all types of calcium chan�
nels, noncompetitive antagonism of NMDA recep�
tors, inhibition of neurotoxic glutamate release, inhi�
bition of oxygen radicals generation and excessive
nitrogen oxides formation, inhibition of proinflam�
matory cytokine activation, etc. [17, 18]. In the course
of experimental and clinical studies, it was observed
that administration of inorganic magnesium com�
pounds mitigates negative effects of ischemic cascade
[19]. In other studies, no such effects were detected
[20, 21]. Proceeding from the position that both
nitrates and inorganic magnesium compounds exert
neuroprotective effects on the brain vascular system,
we decided to test the joint effect of these two ions in
incomplete brain ischemia.

The goal of the current work was to study the effects
of inorganic forms of magnesium, namely magnesium
nitrate (Mg(NO3)2), magnesium sulfate (MgSO4), and
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magnesium chloride (MgCl2), on the progression of
ischemic stroke when administered intraperitoneally
in the doses of 5 mg per kg and 50 mg per kg 1 hour
prior to brain ischemia and 1–2 s after the occlusion of
common carotid arteries.

MATERIALS AND METHODS

In order to model the global brain ischemia, simul�
taneous bilateral occlusion of common carotid arteries
was performed. In the rats under ether anesthesia,
common carotid arteries were externalized and a liga�
tion was placed around. The operation lasted for no
more than 10 min. Rats quickly recovered after the
ether anesthesia. Animals were put into separate cages,
and the dynamics of neurological deficit was assessed
semiquantitatively [23]. The following features were
assessed: restriction of mobility, ptosis, hyperactive
behavior, involuntary movements (rotations, jumps,
convulsive attacks, and rotational attacks), extremities
pareses, coma, and death. According to the neurologic
symptoms assessment approach used, animal state
close to normal was given 0–3 points, animals with the
medium severity of pathological symptoms were given
3–6 points, animals with severe ischemic stroke were
given 7–24 points, and animal death was made equal
to 25 points. Neurological deficit was assessed every
30 min during the eight hour period. Total number of
points (score) obtained in each time interval was made
average for all the animals in the group. On the basis of
the obtained data, neurological impairment dynamics
plots were constructed, with score as the Y axis and
time period as the X axis.

For the experiment, we used 448 Wistar strain rats
with weight varying from 120 to 140 g. In all rats, the
occlusion of both common carotid arteries was per�
formed. Four series of experiments were carried out;
we used 112 rats in each series. In the first and the third
series, analyzed compounds were administered 1 hour
prior to brain ischemia; in the second and the forth
series, analyzed compounds were administered 1–2 s
after the occlusion of common carotid arteries. In
each series, all animals were subdivided into four
groups, three of them being experimental groups and
the fourth being the control. There were 16 groups in
total, each containing 28 rats. The medications were
administered according to the following scheme:

To the first group—control group (n = 28)—equal
volume of physiological solution (0.9% NaCl) was
administered intraperitoneally at the same time before
and after the occlusion as in the experimental groups.

To the second group in each series (n = 28), MgSO4

in the dose of 5 mg/kg or 50 mg/kg was administered
intraperitoneally 1–2 s after the occlusion of common
carotid arteries.

To the third group in each series (n = 28), MgCl2 was
administered intraperitoneally in the doses of 5 mg/kg

or 50 mg/kg 1 hour prior to the brain ischemia or 1–2
after the occlusion of common carotid arteries.

To the forth group in each series (n = 28), Mg(NO3)2

was administered intraperitoneally in the doses of
5 mg/kg or 50 mg/kg 1 h prior to the brain ischemia
and 1–2 s after the occlusion of common carotid
arteries.

Statistical significance of differences in the average
parameter values between the experimental groups of
animals was assessed by means of the Mann–Whitney
criterion (U Test) implemented in Statistica 6 soft�
ware. Fisher criterion was used to assess the lethality of
neurological symptoms.

RESULTS AND DISCUSSION

Effects of Mg(NO3)2, MgSO4, and MgCl2 Administration 
in the Dose of 5 mg/kg 1 Hour before Brain Ischemia

on the Progress of Ischemic Stroke

The rate of neurological impairment progression
during the period of 300–480 min of the experiment
was statistically lower (p < 0.01) in the group of rats to
which Mg(NO3)2 was administered in the dose of
5 mg/kg 1 h prior to the occlusion of both common
carotid arteries than in the animals from the control
group (Fig. 1). Animal lethality was also statistically
lower (p < 0.05) in group 4 than in the control group.
Neurological deficit was statistically less severe (p <
0.05) in group 4 to which Mg(NO3)2 was administered
than in groups where MgSO4 and MgCl2 was injected
in the dose of 5 mg/kg (Fig. 1). The lethality rate was
statistically lower (p < 0.05) in group 4 than in groups
2 and 3. No statistically significant differences
between groups 1 and 2 and between groups 1 and 3
were observed (Fig. 1).

Effects of Mg(NO3)2, MgSO4, and MgCl2 Administration 
in the Dose of 5 mg/kg 1–2 s after Brain Ischemia

on the Progress of Ischemic Stroke

In the animals to which Mg(NO3)2 was adminis�
tered in the dose of 5 mg/kg 1–2 s after the occlusion
of both common carotid arteries, neurological deficit
during 360–480 min of the experiment was signifi�
cantly (p < 0.05) less evident than in the rats from the
control group (Fig. 2). The lethality rate in the group
of rats where Mg(NO3)2 was administered in the dose
of 5 mg/kg was statistically lower (p < 0.05) than in the
control group of animals. The rate of neurological
impairment progression during 360–480 min of the
experiment was statistically higher (p < 0.05) in the rats
to which MgSO4 and MgCl2 were administered in the
dose of 5 mg/kg 1–2 s after brain ischemia than in the
rats to which Mg(NO3)2 was administered in the same
dose (Fig. 2). Lethality was statistically lower in group
4 (p < 0.05) than in groups 2 and 3. No statistically sig�
nificant differences between groups 1 and 2 and
between groups 1 and 3 were observed (Fig. 2).
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Effects of Mg(NO3)2, MgSO4, and MgCl2 Administration 
in the Dose of 50 mg/kg 1 Hour before Brain Ischemia

on the Progress of Ischemic Stroke

Administration of Mg(NO3)2 in the dose of
50 mg/kg 1 h before the occlusion of carotid arteries
had pronounced protective effect, which revealed
itself in less intensive progression of severe neurologi�
cal symptoms and lower lethality rate in the corre�
sponding experimental group in comparison with the
control group of animals. Neurological deficit pro�
gression rate during the period of 210–480 min of the
experiment appeared to be statistically lower (p < 0.01)
in the corresponding experimental group than in the
control group (Fig. 3). Lethality in the experimental
group of rats was statistically lower (p < 0.01) than in
the control group as well. Neurological symptoms dur�
ing the time period from the 399th until the 480th min
of the experiment were statistically less evident in the
rats to which Mg(NO3)2 was administered in the dose
of 50 mg/kg 1 h before brain ischemia compared to the
animals to which MgSO4 in the dose of 50 mg/kg
(group 2) or MgCl2 in the dose of 50 mg/kg (group 3)
was administered prior to brain ischemia (Fig. 3). The
lethality rate also proved to be lower (p < 0.05) in the

fourth group than in the second and the third groups.
No statistical differences were observed between
groups 1 and 2 and between groups 1 and 3, though the
neurological deficit progression rate was lower in
groups 2 and 3 than in the control group (Fig. 3).

Effects of Mg(NO3)2, MgSO4, and MgCl2 Administration 
in the Dose of 50 mg/kg 1–2 s after Brain Ischemia 

on the Progress of Ischemic Stroke

In the rats to which Mg(NO3)2 was injected in the
dose of 50 mg/kg 1–2 s after brain ischemia, the neu�
rological deficit during the time period between 240
and 480 min of the experiment was statistically less
evident (p < 0.01) than in the rats from the control
group (Fig. 4). Lethality was also statistically lower in
group 4 (p < 0.05) than in the control group. The rate
of neurological impairment progression was statisti�
cally higher (p < 0.05) in the rats to which MgSO4 or
MgCl2 was administered in the dose of 50 mg/kg 1–2 s
after brain ischemia than in the rats to which
Mg(NO3)2 was injected in the dose of 50 mg/kg
(Fig. 4). The lethality rate in group 4 was also statisti�
cally (p < 0.05) lower than in groups 2 and 3. No statis�
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Fig. 1. Effects of Mg(NO3)2, MgSO4, and MgCl2 administration 1 h prior to brain ischemia on ischemic stroke progression. 1—
control; 2—MgSO4 in the dose of 5 mg/kg; 3—MgCl2 in the dose of 5 mg/kg; 4—Mg(NO3)2 in the dose of 5 mg/kg. **p <
0.01—statistical significance of the differences between the fourth and the first groups; #p < 0.05—statistical significance of the
differences between the second, the third, and the fourth groups.
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Fig. 2. Effects of Mg(NO3)2, MgSO4, and MgCl2 administration 1–2 s after brain ischemia on ischemic stroke progression. 1—
control; 2—MgSO4 in the dose of 5 mg/kg; 3—MgCl2 in the dose of 5 mg/kg; 4—Mg(NO3)2 in the dose of 5 mg/kg. **p <
0.01—statistical significance of the differences between the fourth and the first groups; #p < 0.05—statistical significance of the
differences between the second, the third, and the fourth groups.
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tical differences were observed between groups 1 and 2
and between groups 1 and 3 (Fig. 4).

DISCUSSION

In the course of various clinical and experimental
studies, it was determined that treatment with nitrates
and magnesium compounds demonstrated protective
effects for cerebral ischemia [1, 13, 14]. As long as

Mg(NO3)2 contains both Mg2+ cation and 
anion, it can be assumed that it should combine the
protective properties of both inorganic magnesium
compounds and nitrates.

In our study, indeed, the administration of
Mg(NO3)2 in the dose of 5 mg/kg, as well as in the dose
of 50 mg/kg, was accompanied by statistically signifi�
cant (p < 0.01) protective effect. We assume that this
effect may by due to nitrate conversion into NO. It is
well known that the enzymatic activity of
nitrate/nitrite reductases, performing a chain of con�

secutive conversions,     NO,

NO3
–

NO3
–

NO2
–

increases during brain hypoxia or ischemia [1, 9].
Being a strong vasodilator, NO can stimulate blood
flow in brain and inhibit platelet aggregation [24]. NO
protective effect reveals itself in less pronounced neu�
rological deficit and decreased lethality. Moderate
increase in NO concentration leads to proteins shift
from soluble state to membrane�associated state,
which its turn may make both membranes and pro�
teins more stable. The protective effect of Mg(NO3)2

in brain ischemia is connected not only with NO pro�
duction but also with Mg2+ cation functions. It is of
common knowledge that Mg2+ ions are able to
enhance the synthesis of prostaglandin I2, which, in
turn, inhibits platelet aggregation. Mg2+ cations block
calcium channels, thus limiting excessive Ca2+ ions
flow into the cells, inhibit NMDA receptors, thereby
decreasing excitotoxicity, contribute to early recovery
of cellular ATP resources, and inhibit proinflamma�
tory cytokine activation, which can reduce damaging
effects of brain ischemia and hypoxia [16, 17].

Less pronounced protective action of Mg(NO3)2

when administered in the dose of 5 mg/kg, compared
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Fig. 3. Effects of Mg(NO3)2, MgSO4, and MgCl2 administration 1 h prior to brain ischemia on ischemic stroke progression. 1—
control; 2—MgSO4 in the dose of 50 mg/kg; 3—MgCl2 in the dose of 50 mg/kg; 4—Mg(NO3)2 in the dose of 50 mg/kg. *p <
0.05—statistical significance of the differences between the fourth and the first groups; **p < 0.01—statistical significance of the
differences between the fourth and the first groups; #p < 0.05—statistical significance of the differences between the second, the
third, and the fourth groups.
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Fig. 4. Effects of Mg(NO3)2, MgSO4, and MgCl2 administration 1–2 s after brain ischemia on ischemic stroke progression. 1—
control; 2—MgSO4 in the dose of 50 mg/kg; 3—MgCl2 in the dose of 50 mg/kg; 4—Mg(NO3)2 in the dose of 50 mg/kg. *p <
0.05—statistical significance of the differences between the fourth and the first groups; **p < 0.01—statistical significance of the
differences between the fourth and the first groups; #p < 0.05—statistical significance of the differences between the second, the
third, and the fourth groups.
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to the dose of 50 mg/kg, may be attributed to lower

concentrations of both Mg2+ cations and  anions.
In our experiments, when sodium nitrate, NaNO3,
was injected in the doses of 5 mg/kg and 50 mg/kg, we
also observed the dependence of the rate of nitrate
protective action from the administered dose of the
compound. NaNO3 administered in the dose of
50 mg/kg significantly reduced neurological deficit
and lethality in rats, while NaNO3 administered in a
ten fold less dose (5 mg/kg) showed no protective
effect [26].

It can be seen in Fig. 1–4, that, during the whole
time of the experiment, neurological deficit in the case
of Mg(NO3)2 administration was less pronounced
than in the control, but the neurological symptoms
become statistically less evident (p < 0.01) only 3–4 h
after the start of observations. It seems possible that
the delay in protective action of Mg(NO3)2 on the
incomplete global brain ischemia may be caused by
low nitrate/nitrite reducing activity of Mg2+ cation
and, consequently, low level of NO production,
which, together with Mg2+ ions, executed the protec�
tor action of Mg(NO3)2. It takes some time to accu�
mulate the sufficient level of NO for it to exert a mod�
erate protective effect. Potentiating protector cooper�
ation between NO and Mg2+played, possibly, some
role too. Other inorganic magnesium compounds,
namely MgSO4 and MgCl2, also contained Mg2+ cat�
ion, nevertheless they had no protective effects in
brain ischemia.

Low�level, statistically insignificant protective
effect, observed in the case of MgSO4and MgCl2

administration in the doses of 5 mg/kg and 50 mg/kg,
seems to be caused by Mg2+ cations. The results
obtained in the course of the experiment lead us to
assume that protector effect of Mg(NO3)2 does no
depend on the time of administration. As can be seen
in Figs. 1 and 2, Mg(NO3)2 injection both 60 min prior
to the occlusion of common carotid arteries and 1–2 s
after the ischemia demonstrated statistically signifi�
cant protective effect.

To conclude, the results of our study suggest that
pronounced protective effect of Mg(NO3)2 in the
doses of 5 mg/kg and 50 mg/kg on incomplete brain
ischemia was caused by the combined action of Mg2+

cation and  anion. It seem possible that the lack
of success while using inorganic magnesium salts,
namely MgSO4 and MgCl2, in medicine and experi�
mental work may be accounted for by the action of

magnesium compensating ion, that is  or Cl–

anion. We assume that the ongoing medical and exper�
imental study of the therapeutic effects of inorganic
magnesium compounds will be devoted to under�
standing the effects of Mg(NO3)2. Magnesium nitrate
meets many of the requirements applicable to the ideal

NO3
–

NO3
–

SO4
–

pharmaceutical agent, namely being cheap and acces�
sible, easy in administration, and, apparently, without
unfavorable side effects.
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