Int J Clin Exp Med 2012;5(2):179-185
www.ijcem.com /ISSN:1940-5901/1JCEM1111007

Original Article
Pinealon protects the rat offspring from prenatal
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Abstract: The offspring of rats with experimental hyperhomocysteinemia caused by alimentary loading with dietary
methionine within pregnancy has been studied. Using pinealon (Glu-Asp-Arg) under these conditions was found to
result in the offspring cognitive function being improved significantly and their cerebellum neurons becoming more
resistant to oxidative stress. This may be proved by the fact that the administration of pinealon to pregnant rats
loaded with methionine improved their offspring spatial orientation and learning ability and decreased both reactive
oxygen species accumulation and the number of necrotic cells in the population of the neurons isolated from the
cerebellum of the offspring developed under the prenatal hyperhomocysteinemia. Our experiments allowed confirm-
ing the neuroprotective properties of pinealon, which is in agreement with the previous data obtained by us in vitro.
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Introduction

The metabolic imbalance of homocysteine (HC)
and its accumulation in blood
(hyperhomocysteinemia) result in the develop-
ment of severe pathologies that are accompa-
nied by endothelial dysfunction and blood clot-
tage. An essential aspect of hyperhomocysteine-
mia is its aggravating effect in pregnancy. Hy-
perhomocysteinemia is associated with an ap-
proximately two to three-fold increased risk for
pregnancy-induced hypertension, placenta
abruptio, thromboembolic events, neural tube
defects and intrauterine growth restriction [1].
Placentation abnormality and placentofetal
blood flow disturbance may cause subfertility,
e.g. miscarriage and even infertility as a result
of implantation defects [2]. Also, hyperhomocys-
teinemia causes chronic fetoplacental insuffi-
ciency and chronic intrauterine hypoxia at the
late stage of gestation. This leads to the delivery
of infants with low birth weight, and to the de-
pletion of all life-supporting systems functional
backup of the new-born, and to the enlargement

of a number of complications in the neonatal
period.

Hyperhomocysteinemia may be a one cause of
generalized microangiopathy at the second half
of gestation, which can manifest itself as late
toxicosis (gestosis) - nephropathy, preeclamp-
sia and eclampsia [3]. Immature delivery in
such cases is accompanied by high infant mor-
tality and a large ratio of neonatal complica-
tions.

The infants born by mothers under hyperhomo-
cysteinemia have mental and physical retarda-
tion, the mechanisms of which have not been
elucidated as yet. Forasmuch as HC is a toxic
structural analog of glutamic acid, glutamate
receptors are plausible targets for its toxic ef-
fect. Under physiological conditions, the HC
blood plasma level (as well as its concentration
in the brain) is very low; therefore HC cannot
compete for ligand-binding sites of the recep-
tors. When the concentration of HC is signifi-
cantly increased, however, it starts to compete
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with glutamate for the binding sites, and to hy-
peractivate subsequent receptors, which causes
a number of toxic effects [4].

The most dangerous effect of this competition is
the interacting of HC with ionotropic NMDA glu-
tamate receptors, which are involved in the
processes of long-term potentiation and are
therefore responsible for learning and memoriz-
ing, as well as other cognitive functions of the
brain. The hyperactivation of the receptors in
neurons leads to reactive oxygen species (ROS)
accumulation and signal transduction mecha-
nisms disorder [5].

It has been shown recently that carnosine,
which is able to regulate the intracellular ROS
level and to maintain the viability and functional
activity of neurons, can effectively protect neu-
ronal cells from the HC toxic effects [6]. Subse-
quently, using various cell models (the cerebel-
lum granule cells, neutrophils, and PC-12 pheo-
chromocytoma cells), we showed that the syn-
thetic tripeptide pinealon (Glu-Asp-Arg) could
restrict ROS accumulation and prevent apop-
tosis induced by HC or H20o; effective pinealon
concentrations being much lower than those of
carnosine [7].

The aim of this study was to investigate a possi-
ble neuroprotective effect of pinealon on the rat
offspring developed under conditions of experi-
mental prenatal hyperhomocysteinemia in vivo.

Materials and methods
Experimental protocol

Female Wistar rats weighing 180-200 g were
used in this study. Experimental hyperhomocys-
teinemia was created with the alimentary load-
ing of the pregnant rats with methionine starting
from second trimester of pregnancy and con-
tinuing till the end of experiment. Methionine
was added to the drinking water in the concen-
tration providing the daily dose of 1+0.01 g/kg
b.w. This procedure led to a stable increase in
total HC levels in the blood plasma of the preg-
nant rats (33.0+3.9 uM, as compared to the
control value of 5.9+1.8), as had been shown
earlier [8]. The enhancement of HC established
in this experimental model corresponds to mod-
erate hyperhomocysteinemia at complicated
pregnancy in women [3].

The offspring obtained from the intact pregnant
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rats with the physiological HC blood plasma
level was used as a control (intact) group and
that obtained from the rats with hyperhomocys-
teinemia as an experimental (methionine
loaded) group. The latter was developed under
constant oxidative stress induced by an in-
creased HC level in the parental blood plasma.
Another experimental group of animals was
treated with methionine and pinealon simulta-
neously (“methionine+pinealone” loaded
group). Pinealon (Garmonika, Russia) was dis-
solved in 0.9% NaCl and administered i.p. dur-
ing 5 days prior to the methionine loading in a
daily dose of 10 ug/kg b.w. This treatment
mode is based on the pinealone antihypoxic
effect in vivo described earlier [9, 10].

All the offspring obtained was registered with
regard to their quantity and weight, and was
then used for cytometric analysis of cerebellum
neurons (isolated from 10-day-old pups) and for
behavioral experiments (using 45-day-old pups).
The protocol for this study was approved by Eth-
ics Committee of D.O. Ott Institute of Obstetrics
and Gynecology, the North-Western Branch of
the Russian Academy of Medical Sciences.

Determination of total homocysteine in the
blood plasma of 45-day-old pups was performed
by the immunofluorescent method, using the
Axis™ kit (Axis-Shield, UK). This method is
based on the reducing of all the chemical forms
of HC in the blood plasma to free HC followed by
its enzymatic conversion to S-adenosyl-L-
homocysteine [8].

Spatial orientation and learning ability of ani-
mals were assessed by the Morris water maze
test, which is widely used to study the cognitive
function of the animals [11-13]. A water pool of
1.7 m in diameter was filled with water (22°C)
and 2 L milk to make water cloudy. A platform
of 15 cm in diameter was placed 0.5-1 ¢cm un-
der the water level and 30 cm away from the
pool edge. All the movements of the animals in
the pool were being shot on the video tape
throughout the experiment, which enabled to
determine an average rate of the platform
search and the time, which the rat had spent to
find the platform (latency) [8, 14].

45-day-old pups normally fed were used in the
experiment. On the first day, the average rate of
the platform search was detected, and it tenta-
tively correlated with the animal orientation in
the water pool [12, 14]. On the second day, the
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Table 1. The characteristics of the offspring obtained from the experimental animals

Experimental group Quantity of Average quantity of animals Weight (for the offspring aged 10
families per brood days), g

Control 6 93 23.05%1.45

Methionine 6 912 17.86+3.05 (*)

Methionine+pinealon 6 843 25.03+4.86 (#)

* - p<0.05 (as compared to the control group); # - p<0.05 (as compared to the methionine-loaded group).

latency was measured in 5 successive trials to
characterize the learning ability [11]. The la-
tency is known to correlate well with the spatial
orientation and learning processes [13, 14].
Each experimental group consisted of 23 ani-
mals (intact, “methionine loaded” and
“methionine+pinealon loaded”).

Cerebellum granule cells were isolated from 10-
day-old pups after treatment of cerebellar slices
with dispase (2 mg/ml collagenase 400 U,
Wako, Japan) followed by one washing with
standard Tyrode’s solution (NaCl 148 mM, KCI 5
mM, MgClamM, glucose 10 mM, HEPES 10 mM,
pH 7.4) and filtration through a 53 ym nylon
filter [15]. Oxidative stress was induced by an
incubation of the cell suspension with 5 mM
H202o0ver 30 min at 37°C. Each sample was
analyzed in triplicate based on the results of
10,000 events, and all the experimental series
were reproduced using the pups obtained from
at least two different families.

Flow cytometry technique

The measurements were performed on a BD
FACSCalibur flow cytometer (Becton, Dickinson,
USA) after the cell population had been gated
matching neuronal cells in size (= 10 my) [13].
To determine the intracellular ROS level, the
cerebellum granule cells were pre-loaded with
the fluorescent dye DCF-DA (2,7-
dichlorodihydrofluoresceine diacetate, Molecu-
lar probes, USA) at the final concentration of
100 pM. The DCF-DA pre-loaded cells were ex-
posed to 5 mM H202 (Sigma, Germany) over 30
min and 1 min prior to the measurement, 10
MM propidium iodide (Sigma, Germany) being
added to the samples as well. Propidium iodide
(PI; excitation wavelength 485 nm, emission
wavelength 610 nm) is unable to penetrate a
native cell membrane, so it is only accumulated
in the cells with membrane defects, where it
reacts with nucleic acids to produce stable col-
ored complexes. From this analysis, the mean
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DCF fluorescence corresponded to the station-
ary ROS level of viable cells and PI fluorescence
allowed to calculate the ratio of necrotic cells in
the neuronal population.

Statistics

The data was expressed as mean + S.D. Statisti-
cal analyses were performed using Statistica
software (version 6.0), with the Kruskal-Wallis,
Fisher and Duncan tests applied. Results were
considered significant when P values were less
than 0.05. The results obtained with use of the
flow cytometry method were analyzed by WIN
MDI software.

Results

Table 1 shows the characteristics of the off-
spring on the tenth day after delivery brought by
all of the three groups of the studied animals -
intact ones, methionine loaded ones, and those
loaded with pinealon along with methionine. It
has been found that the average number of
infant animals in the brood of all the studied
groups was the same. Their weight (17.86+3.05
g) was significantly lower than that in the control
group (23.05+1.45 g). Also, the average weight
standard deviation of the methionine loaded
animals, as well as of the animals that were
administered pinealon along with methionine,
was more profound, which proximately testified
to the different sensitivity of particular families
in each experimental group to methionine. Be-
sides, it has been shown that the weight of the
animals that were administered pinealon under
the conditions of experimental hyperhomocys-
teinemia did not decrease. The analysis of the
development rate, outward appearance and
activity of the animals from the different experi-
mental groups, however, has shown that the
animals that developed under the conditions of
prenatal hyperhomocysteinemia were exceeded
in many test results by the control animals. It
could be seen from the weight gain hysteresis,
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Table 2. The total homocysteine content in the
blood plasma of the offspring obtained from
the rats of different experimental groups

Experimental group Total homocysteine

content, uM
Control, n=5 5.610.6
Methionine, n=4 9.8+0.2*
Methionine+pinealon, n=4 10.5+0.2*

* p<0.05 (as compared to the control group).

the absence of vibrissae growth and the behav-
ioral activity of the pups being disturbed during
further development.

It has been shown in our experiments that the
offspring brought by the methionine loaded ani-
mals had the elevated HC blood plasma level,
too, though it was less profound than that found
earlier in the adult animals treated with me-
thionine (Table 2). It should be noted that the
HC level stayed high in the blood plasma of the
offspring brought by the animals loaded with
pinealon along with methionine.

When assessing the cognitive abilities (training
and learning processes) of the offspring brought
by the animals from all of the three experimen-
tal groups, with use of the Morris water maze
test, it has been found that the young animals
reared under the conditions of hyperhomocys-
teinemia (the second group) had a lower swim-
ming rate than the intact ones, whereas the
swimming rate of the animals from the
“methionine+pinealon” loaded group did not
differ from that of the intact ones (Figure 1).

During the first trial of the platform finding on
the second day of our experiments, the studied
groups of the animals differed very much from
each other. The time of the platform search was
112 sec for the intact animals, and 170 sec for
the methionine-loaded ones (p<0.01). For the
“methionine+pinealon” loaded group, the time
was 137 sec, which was statistically significant,
when compared to the methionine-loaded group
(p<0.05) and the control group (p<0.05). The
further trials did not reveal any significant differ-
ences in the time of the platform finding by the
intact animals and the animals from the
“methionine+pinealon” loaded group, even
though the difference between the methionine
loaded group and the “methionine+pinealon”
loaded group still could be observed during the
second, third and fourth trial (p<0.05). By the
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Figure 1. Average swimming rate (m/s) during learn-
ing to find the platform by the animals from the
three experimental groups (the first day of the ex-
periment). Sign “*” corresponds to the statistically
significant difference from intact group (p<0.05), “#”
- to the statistically significant difference from me-
thionine loaded group (p<0.05).

fifth trial, the differences in the performance of
the platform finding between all of the studied
experimental groups had annihilated com-
pletely, and all the animals reached the plat-
form in the Morris water pool over the same
time (Figure 2).

Subsequently, in the further experiments per-
formed with use of flow cytometry, we compared
the properties of the neurons isolated from the
cerebellum of the animals from the two experi-
mental groups - the methionine-loaded and
“methionine+pinealon” ones. As Figure 3
shows, in the population of the cells obtained
from the methionine-loaded animals, a certain
quantity of necrotic cells was found, while they
were practically non-existent in the
“methionine+pinealon” loaded group. The sub-
population of living cells is highly diffused in the
first instance and is conglomerated in the sec-
ond.

The oxidative stress induced by the incubation
of the cells with H202 has revealed some more
differences in the properties of the neurons ob-
tained from the experimental animals. The ratio
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Figure 2. Time of the platform searching (latency) by
the animals of the three experimental groups during
training (Morris water maze test, abscissa - a hum-
ber of trials, ordinate - time, sec; the second day of
the experiment). Sign “*” corresponds to the statisti-
cally significant difference from
“methionine+pinealon” group (p<0.05), “#” - to the
statistically significant difference from intact group
(p<0.05).

of necrotic cells increased significantly in the
population of the neurons isolated from the
cerebellum of the methionine loaded animals,
while the population of living cells drifted
strongly rightwards along the X-axis, i.e. to the
area of the greater intracellular ROS level. In the
population of the neurons isolated from the
cerebellum of the “methioninet+pinealon”
loaded animals, however, both of these parame-
ters were less profound (Table 3).

As Table 3 shows, the population of the neurons
isolated from the cerebellum of the animals that
were administered pinealon contains less ne-
crotic cells and possesses a definite resistance
to H205, as the incubation with that caused the
less pronounced cell necrosis and ROS accumu-
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Figure 3. The characteristic of cerebellum neurons
isolated from the brain of animals after prenatal
hyperhomocysteinemia not treated and treated with
pinealon (typical record). Isolated cerebellum gran-
ule cells were loaded with DCFH2 and Pl and then
analyzed by flow cytometry technique as described
in Materials and methods. Axis FL1 corresponds to
DCF fluorescence, marker of free radical levels, ab-
scissa; FL2 - to PI fluorescence, marker of necrotic
cells, ordinate). A and B correspond to the intact
cells isolated from the pups of methionine loaded
rats not treated (A) or treated (B) with pinealon, C
and D - the same as A and B after the 30 min incu-
bation of the isolated cells with 5 mM H20o.

lation. Thus, as can be seen from the above,
pinealon has a strong protective effect in the
experiments in vivo.

Discussion
As had been stated earlier, the total HC level in

the blood plasma of the mature animals that
consumed methionine with the drinking water

Table 3. The effect of H202 on DCF mean fluorescence (Mean Flu) and the ratio of necrotic cells in popu-
lations of neurons isolated from cerebellum of pups subjected to prenatal hyperhomocysteine-
miaxpinealon (* - statistically significant difference from |, # - statistically significant difference from lll)

Animal group

Mean Flu, Arb.U.

% of Pl labelled cells

I. Methionine loaded

Il. “Methionine+pinealon” loaded
IIl. Methionine loaded + H202

IV. “Methionine+pinealon” loaded + H20>

51.6+2.3 12.6+1.2
54.2+2.8 3.4£0.7
158.7+£3.8 17.7+2.1
(*, p<0.01) (*, p<0.05)
108.6t4.1 7.01£0.9
(#, p<0.05) (#, p<0.05)
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increased 5 times on the average, when com-
pared to the reference value [8]. This testifies to
hyperhomocysteinemia being evidently devel-
oped in the rat females as a response to the
addition of an excessive amount of methionine
to the drinking water. According to the data pre-
sented here, the offspring of these animals had
the elevated HC blood plasma level, too, though
less profound than in the mature animals. At
the same time, it has been shown that pinealon
did not abolish the development of hyperhomo-
cysteinemia in our experiments. It may be sug-
gested that the protective action of pinealon is
directed to the decreasing of the toxic effect of
HC but does not stimulate the metabolizing of
this compound in the tissues.

This conclusion has been confirmed by the in-
vestigation of cognitive function of the animals
which underwent prenatal hyperhomocysteine-
mia. It has been established that pinealon in-
duced a significant improvement of the spatial
orientation and learning ability in the Morris
water maze test. This was revealed in the swim-
ming rate being enhanced and the platform
search time shortened of these infant pups
compared to those brought by the animals
loaded with methionine without pinealon treat-
ment (see Figures 1 and 2). The effect of pin-
ealon may be due to the increased resistance of
the cells to the oxidative stress, as was shown
earlier in our in vitro study [7]. This suggestion
was confirmed in the cytometric study, which
allowed concluding that pinealon decreased the
stationary ROS level and contributed to the neu-
ronal cell survival in the culture of the cerebel-
lum granule cells isolated from the animals that
had developed under the conditions of prenatal
hyperhomocysteinemia (see Figure 3).

The data obtained by us testifies that pinealon,
which has geroprotective properties [10, 17], is
able to protect the developing brain under the
conditions of prenatal hyperhomocysteinemia.
The neuroprotective effect of pinealon on the
fetus was confirmed in our previous studies, in
which we explored the influence of it, along with
some other short peptides, upon the resistance
of the cerebellum neurons and the cognition
ability of the rats that had undergone chronic
intrauterine hypoxia [9]. The data presented
allow concluding that the protective effect of
pinealon is due to the lessened neurotoxic influ-
ence of HC on the developing brain, rather than
its decreased level in blood. Recently, the pro-
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tective effect of carnosine has also been re-
ported in the study dedicated to the experimen-
tal brain ischemia aggravated by hyperhomocys-
teinemia [18]. It can be suggested that the pro-
tective effect of pinealon is due to the fact that
it suppresses the ROS accumulation in the neu-
ronal cells, making them more resistant to the
oxidative stress, and prevents HC and its deriva-
tives from the interacting with glutamate recep-
tors. However, one may not exclude some other
mechanisms of neuroprotection that are still
unknown and associated with the effect of pin-
ealon on the offspring that underwent prenatal
hyperhomocysteinemia. Thus, it has been
shown recently that the neurotoxicity of HC may
be due to the prenatal hyperhomocysteinemia-
caused suppression of the expression of the
neurospecific proteins S-100, GFAP and N-CAM,
which deal with neurogenesis and the plasticity
of the developing brain, with those being ac-
companied by the worsening of the cognition
ability of the offspring [19, 20]. This process is
reversible and can be prevented by the admini-
stration of melatonin to pregnant female rats
[20].

Recently, hyperhomocysteinemia has widely
been discussed as one of crucial factors associ-
ated with the progeria syndrome [21]. A great
number of facts has been reported to prove that
the dysmetabolism of methionine and, as a con-
sequence, the age-caused depression of methy-
lation and the elevation of HC and its deriva-
tives with age are among the factors of prema-
ture aging [21, 22]. In this regard, it is over-
whelmingly important to bring it into focus that
the toxic effects of hyperhomocysteinemia being
weakened may be one plausible constituent of
the geroprotective effect of pinealon.
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