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The effect of substance P on blood serum glycoproteins
under technogenic rotating electric fields in animals
with different stress resistance profiles
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Abstract

Aim. To study the effect of substance P on the blood serum glycoproteins in experimental animals with different
stress-resistance profiles under technogenic rotating electric field.

Methods. The level of sialic acids, mucoproteins, fucose, and a-L-fucosidase was determined in the blood serum
of 72 noninbred white male rats before (control) and on the 10th and 20th day of exposure to a technogenic rotating
electric field (REF), as well as under the combination of technogenic rotating electric field and substance P injection
at the same time. To determine the stress resistance, the animals were tested using the “open field” method. Animals
were divided into groups based on the tests’ data obtained: stress-resistant, not stress-resistant and ambivalent.
Results. On the 10th day of technogenic rotating electric field action, the level of sialic acids, fucose, and
a-L-fucosidase activity increased in all animals. The concentration of mucoproteins tended to decrease. On the 20th
day, the sialic acids content remained elevated compared with the control in all groups. The content of mucoproteins
decreased in stress-resistant, not stress-resistant and restored to the control level in ambivalent compared with those
on the 10th day. On the 20th day, fucose concentration reached control values in stress-resistant and ambivalent
animals and decreased in not stress-resistant. On the 10th day of the combined exposure, the concentration of sialic
acids, mucoproteins, fucose, a-L-fucosidase was reduced in all animals compared with the 10th day of technogenic
rotating electric field action. On the 20th day of the combined exposure, the values of the studied parameters
remained reduced in all groups of animals compared with those on the 20th day of isolated technogenic rotating
electric field action.

Conclusion. The substance P injection limits the effects of technogenic rotating electric field on the metabolism of
carbohydrate-containing biopolymers in blood serum in all groups of animals, as can be seen by a decrease in the
level of sialic acids, fucose, and low enzymatic activity of a-L-fucosidase under combined exposure.
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Background. The intensity of adverse effects on
the human body from various stress factors in
the environment has increased significantly in re-
cent years. Although numerous studies on the in-
fluence of the electromagnetic field on the human
body have already been conducted [1, 2], the fast
growing global techno-industrial progress has gi-
ven way to new types of stressful influences such
as the technogenic rotating electrical field (REF),
which still needs further studies. So far, available
literature has focused on the effects of technogenic
REF on the hormonal and reproductive systems of
the body [3-5].

Previous studies have recognized the dama-
ging potential of stress and its effect due to the acti-
vity ratio of endogenous stress-implementing and
stress-limiting systems of the body [6]. The for-
mer includes the activation of the sympathoadre-
nal, pituitary-adrenal, and thyroid axes, forming
a stress reaction and an adaptive response. The lat-
ter includes a number of central brain structures,
as well as regulatory neuropeptides such as opi-
oid peptides, substance P, and delta sleep-inducing
peptide [6, 7].

Substance P plays as important role in vari-
ous regulatory processes that help organisms to
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adapt [8]. It is widespread in both the central and pe-
ripheral nervous systems as well as in cells of other
organs (e.g., immunocompetent cells, liver cells,
and lung cells). Additionally, it is present in all body
fluids such as blood and cerebrospinal fluid [9].

According to literature, the central role of sub-
stance P (formed in the hypothalamus and tonsil
of the cerebellum) during the formation of a stress
reaction is to inhibit the secretion of corticotro-
pin-releasing hormones, prevent stress adrenal hy-
pertrophy [8], mitigate stress hypertensive response
[6], and enhance emotional stress resistance [10].
Additionally, substance P has a peripheral effect:
it synthesizes and releases catecholamines from
the adrenal glands, thereby reducing the release of
these hormones under stress [11, 12].

Other studies have established that under stress
conditions, animals are either predisposed to dis-
organization of various physiological functions or
are resistant to stress. The open field test serves as
a method to predict the individual resistance of rats
to emotional stress. This test evaluates the behavior
of animals, which is a complex response formed
based on genetics, age, gender, and other compo-
nents, which can be used as a prognostic criterion
for individual stress resistance [13—17].

Carbohydrate-containing biopolymers in the
blood serum carry out the functions of intercel-
lular interaction, stabilize and protect biological-
ly active compounds from premature proteolysis,
bind and neutralize viruses and bacteria, and mark
blood cells for binding to lectins [17-20].

To date, only a few experimental works have fo-
cused on the metabolism of carbohydrate-contai-
ning biopolymers under various stressful influences.
Ever since H. Selye described the development of
“stressful” stomach ulcers, some researchers have
paid special attention to the peculiarities of the ex-
change of sialoglycoproteins in the mucous secre-
tion composition, which acts as a barrier in the
gastrointestinal tract organs [21, 22]. However, none
have studied the effects of REF on the metabolism
of carbohydrate-containing biopolymers.

We aim to study the components of carbohy-
drate-containing biopolymers in the blood serum
of experimental animals with different stress resis-
tance under technogenic REF conditions, as well as
after the administration of substance P.

Materials and methods of research. We used
72 sexually mature white outbred male rats (weight:
180-220 g, age: 12—15 weeks) for this study since
they lack the genetically determined stability of
a particular system of internal organs [12]. We kept
the animals (10—12 animals per cage) in the viva-
rium of the Izhevsk State Medical Academy (certi-
fied by the State Veterinary Service of the Udmurt
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Republic) at an air temperature of 20°C-22°C with
artificial lighting (light from 8:00 to 20:00, and
darkness from 20:00 to 8:00). We provided the ro-
dents dry combined feed.

We performed the study protocol and sacrifice
of animals in accordance with the bioethics prin-
ciples of the International Guiding Principles for
Biomedical Research Involving Animals (1985)
and Order of the Ministry of Health of the Russian
Federation (No. 708n dated 08/23/2010 “On Ap-
proval of the Rules of Laboratory Practice”). Ad-
ditionally, we obtained the permission to conduct
the experiment from the local ethical committee of
the Izhevsk State Medical Academy (No. 607 dated
05/22/2018).

We used the “open field” method to test the
rats and determine their stress resistance before
the start of the study [14, 23] (a circular platform
with a diameter of 90 c¢cm, divided into 19 central
and 18 peripheral sectors, bounded by walls 40 cm
high, illuminated with a 100 W lamp from above).
During testing, we recorded behavioral indicators,
namely the horizontal and vertical motor activities,
latent period of the first movement, latent period of
reaching the center, the number of squares crossed,
the number of struts, grooming time, and vegeta-
tive parameters (number of boluses).Moreover, we
used the RATTEST software package (Russia) to
register and analyze the behavioral tests [15, 24].

To calculate the activity index, we divided the
sum of the number of intersected peripheral and
central sectors, peripheral and central struts, as
well as the objects studied by the sum of the latent
periods of the first movement and reaching the cen-
ter of the open field [14].

We divided the animals into three groups depen-
ding on the results: stress-susceptible (K = 0.30—
0.70, SS), ambivalent (K _ = 0.8-1.99, SA), and
stress-resistant (K = 2.00-5.00, SR) animals.

We exposed all animals to a technogenic REF
(patent for a useful model No. 166292 “A device for
studying the effect of a rotating electrical field on
biological objects™). We assembled the REF equip-
ment based on a physical model of a power trans-
mission line (transformer, electrodes, capacitor,
and resistor). We also used the voltage between
the electrodes as a reference voltage. With respect
to this reference voltage, a second voltage with
a phase shift (o = 45°) was formed by means of
a phase-shifting chain formed by a series-connec-
ted capacitor and a resistor. This was also applied
to the electrodes. The REF was formed between
the electrodes, and its physical action was deter-
mined by the superposition of two orthogonal fields
with amplitude values of the intensity at 30.5 and
75.9 V/m. The fields varied according to a sinusoi-
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Table 1. Components of carbohydrate-containing biopolymers and a-L-fucosidase in the blood serum of rats after exposure
to a rotating electrical field (REF)

Groups Sialic acids, mmol/L. | Mucoproteins, mg/dL Fucose, mg% a-L-fucosidase, U/L
SR(n=6) | 26.65[25.9;27.4] 128.7 [126.4; 128.6] 6.5[6.1; 6.75] 71[71; 72]
&Oztg‘él) SS(n=6) | 23.65[23.4;23.7] 150.4 [149.3; 151.6] 8.7[8.2; 9] 50.5 [49.7; 51]
SA (n=6) 23[21.2;24.1] 140 [139.4; 141.2] 7.25[6.9; 7.5] 54.5[53.5; 57.5]
SR (n = 6) 30.6 [30.5; 31]* 121.3 [120.4; 122]* 7.25[7.2; 74]% | 145.5[145.1; 145.8]*
&E:F’ldgﬁy 10 7SS n=6) | 2942922951 | 135.6[134.6; 136.1]* | 10.8[10.6; 11]* | 129.25[129; 129.8]*
SA (n=6) 27.1[27; 27.3]* 134.1 [133.4; 134.4]% | 10[9.75;10.1]* | 134.4[133.4; 135]*
SR(n=6) | 29.7[29.1;30.4]* | 110.1[109.4; 111.6]* | 6.5[6.2;6.75]* 113.3[110; 115.1]*
EEZF’I‘;E)‘Y 20 ssn=s) 29 [28.5; 29.5]* 149.3 [148.3; 149.8]* 5.5[5.4; 5.6]* 123.8 [123.5; 124]*
SA(n=6) | 28.4[283;28.5]* | 142.2[141.8;142.5]* 8.5[7.8; 8.8]* 133 [132.5; 133.7]*

Note: statistical significance of the difference in indicators *p < 0.05, determined using the Kruskal-Wallis H-test.

dal law with a frequency of 50 Hz while power was
supplied from an AC network (220 V). We found
a space in the REF equipment (relative to the unit
center), limited along the X, Y, and Z axes, where
the uniformity of the electric-field intensity was the
greatest. We placed the experimental animals in-
side the unit every day before midday for 60 min
for 10 and 20 days.

On the other hand, the control group consisted
of animals (n = 18) which were placed in the unit
while the network is disconnected.

Additionally, we determined the level of sia-
lic acids (Sialotest, Russia), mucoproteins (a set of
reagents from Hospitex Diagnostics, Russia), fu-
cose (a set of reagents from Panreac Life Sciences,
Spain), and a-L-fucosidase (a set of reagents from
DIRUI, China) in the blood serum before exposure
to REF, on days 10 and 20 of the study.

Moreover, we studied the combined effect of
REF exposure and the administration of substance
P (Sigma, USA). We administered substance P in-
traperitoneally at a dose of 25 pg/kg, dissolved in
1 ml of 0.9% sodium chloride solution every other
day for 20 days. The control group received intra-
peritoneal injections of 1 ml of 0.9% sodium chlo-
ride solution every other day for 20 days.

We performed the statistical processing of three
independent groups for one quantitative trait using
the Kruskal-Wallis H-test. We also used the non-
parametric Mann—Whitney test (Statistica 6.0) for
pairwise comparison of samples. The differences
between the samples were considered significant at
p <0.05. We presented the data in the form of a me-
dian and quartiles Me (Q —Q,).

Results. On day 10 of REF exposure, we
noted an increase in the sialic acid concentra-
tion, the main carbohydrate components of gly-
coproteins that occupy the terminal position in
glycoconjugates, in the blood serum of all animals

(Table 1) [17]. Also, the excess of this indicator
compared with that in the control group was 16%
(p = 0.02) in SR rats, 25% (p = 0.019) in SS rats,
and 18% (p = 0.02) in SA rats. The high level of
total sialic acid in the blood serum of animals ex-
posed to REF indicated intensive catabolism of car-
bohydrate-containing biopolymers.

The concentration of mucoproteins, which rep-
resent a fraction of glycoproteins, decreased on day
10 in all groups of animals compared with that in
the control.

The high level of fucose, which is one of the ter-
minal carbohydrates in glycoproteins, indicated the
intensive metabolism of carbohydrate-containing
biopolymers after exposure to REF [20]. While the
level of fucose increased to a greater extent in SS
and SA animals by 25% (p = 0.02), this indicator
increased by 11% in SR animals (p = 0.028). On the
other hand, we noted an increase in the activity of
o-L-fucosidase, which indicated an increased cata-
bolism of fucose-containing glycoproteins. The en-
zyme activity in SS animals exceeded the values of
the control group by 2.6 times (p = 0.019), by 2.4
times in SA rats (p = 0.02), and by 2 times in SR
rats (p = 0.019).

On day 20, the sialic acid concentration in the
blood serum of all experimental animals remained
elevated compared with that in the control group.
Additionally, this indicator did not have significant
differences in SR and SS animals compared with
data on day 10. The mucoprotein content continued
to decrease in SR animals compared with data on
day 10 in SR animals (by 9%, p = 0.021); however,
this indicator returned to control values in SS and
SA animals. On the other hand, fucose concentra-
tion on day 20 reached control values in SR and
SA animals but decreased in SS animals, compared
with data on day 10 of stress exposure (by 47%,
p = 0.019) and with data in the control (by 34%,
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Table 2. Components of carbohydrate-containing biopolymers and a-L-fucosidase in the blood serum of rats in the combined
rotating electrical field (REF) exposure and the substance P administration

Groups Sialic acids, mmol/L | Mucoproteins, mg/dL Fucose, mg% a-L-fucosidase, U/L
Control + SR (n = 6) 26.2 [26;26.3] 129 [128.7; 129.4] 6.1[6; 6.3] 70.5 [70; 71.25]
NaCl 0.9% SS(n=06) 23.4[23.1; 23.7] 148.2 [148; 148.6] 8.5[8.37; 8.62] 49 [48.75; 49.25]
(n=18) SA (n=6) 24[23.9;24.2] 141.5[141.2; 141.7] 919;9.12] 57.5[56.75; 57]
REF for SR (n=6) 21.5[21.4;21.6]*° 110.2 [109.8; 110.4]*° 2.8 [2.65; 3]*° 42.35 [42.3; 42.42]*°
10 days + _ . %0 . * . %0 . %0
substance P SS (n=6) 19.5[19;21.4] 124.8 [122.7; 125.6] 2.1[2.1;2.25] 37.5[37.2; 37.5]
(n=18) SA (n=6) 21.4[21.4;21.5]*° 126.2 [125.1; 127.3]*° 2.25[2; 2.5]*° 41 [40.9; 41.05]*°
REF for SR (n=6) 23 [22.9;23.2]*° 102 [101.6; 102.4]*° 2.66 [2.5; 2.7]*° 41.4[41.3; 41.6]*°
20 days + _ . ok . #*0 . *0 . *0
substance P SS (n=16) 21.5[21.3; 21.6] 122.6 [121.1; 126.6] 2.5[2.5;2.5] 38 [37.9; 38.2]
(n=18) SA (n=6) 21.5[21.4;21.6]*° 125.4 [125; 125.9]*° 2.1[2;2.25]*° 41.1 [41;41.12]*°

Note: statistical significance of the difference in indicators *p < 0.05, determined using the Kruskal-Wallis H-test; °p < 0.05
when compared with the effect of REF at the same time using the Mann—Whitney test.

p = 0.02). Additionally, we noted a 24% decrease in
the activity of a-L-fucosidase in SR rats (p = 0.019)
as compared with data on day 10 of REF exposure.
The enzyme activity did not reach the control level
in any group of animals.

In terms of combined exposure (REF + sub-
stance P), we recorded a decrease in sialic acid
concentration in all groups on day 10 of the expe-
riment (Table 2), as opposed to increase in concen-
tration during REF exposure alone. Furthermore,
results revealed a decrease in sialic acid levels in
SR and SA animals compared with those in the
control (by 22%, p = 0.021 and 11%, p = 0.021, re-
spectively) and compared with data from REF ex-
posure alone (by 24%, p = 0.02 and 29%, p = 0.019,
respectively). This indicator was 48% lower in SS
rats (p = 0.02) compared with data on day 10 of
REF exposure. The same did not have significant
differences with the control.

As in the case of REF exposure, the levels of
mucoproteins in all groups of animals decreased
compared with those in the control values (by 17%
in SR rats (p = 0.02), by 19% in SS rats (p = 0.02),
and by 12% in SA rats (p = 0.02)). It should be not-
ed that the level of mucoproteins in the SR and SA
groups was significantly lower than in the case of
REF exposure alone during the same period of the
experiment.

While fucose levels in the blood serum increased
in the REF exposure alone, fucose levels signifi-
cantly decreased by 2—4 times in all groups of ani-
mals in the combined exposure and administration.
Additionally, we recorded a significant decrease in
the fucose concentration compared with control va-
lues (by 55% in SR rats (p = 0.017), by 74% in SS
rats (p = 0.019), and by 75% in SA rats (p = 0.017)).

On the other hand, a-L-fucosidase activi-
ty decreased during the combined exposure and
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substance P administration, as opposed to the de-
creased activity during REF exposure alone. The
decrease in a-L-fucosidase activity in SR rats was
41% (p = 0.02) compared with that in the con-
trol group and 71% (p = 0.02) compared with that
in the REF exposure alone; it was 24% and 71%
(p = 0.02), respectively, in SS rats and 29% and
69% (p = 0.02), respectively, in SA animals.

On day 20 of the combined exposure and ad-
ministration, the values of the studied parameters
still decreased in all groups compared with data on
day 20 of REF exposure alone. Consequently, the
sialic acid concentration was lower in SS rats by
27% (p = 0.019). The sialic acid level in the SR and
SA groups was also lower but did not have signifi-
cant differences. The mucoprotein level during the
administration of substance P in combination with
REF exposure was also significantly lower than
that during REF exposure alone in the same peri-
od of the experiment. The fucose concentration re-
mained reduced in all groups when compared with
that on day 20 REF exposure alone (by 2.5 times
in SR (p = 0.02), by 2.2 times in SS (p = 0.019), by
4 times in SA animals (p = 0.02)). Similarly, the
a-L-fucosidase activity was also reduced (by 63%
in SR (p = 0.021) and by 69% in SS and SA ani-
mals (p = 0.02).

It is worth noting that during the entire expe-
riment, the administration of substance P not only
limited the stress effects of REF exposure, but also
caused an opposite reaction in terms of the meta-
bolism of carbohydrate-containing biopolymers in
the blood serum.

Discussion. Results showed that during techno-
genic REF exposure, the metabolism of carbohy-
drate-containing biopolymers in the blood serum
is disrupted prevalently in the decomposition
processes. Consequently, we recorded the greatest
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changes in the SS group of animals on day 10 of
the study. These results are consistent with data ob-
tained from previous experimental stress models.

Previous works have demonstrated that pro-
longed repeated immobilization and metabolic
stress caused by experimental diabetes mellitus
could intensify the catabolism of sialoglycopro-
teins in the blood plasma [21, 25, 26]. These ma-
nifestations may have been due to an increase in
the desialation of oligosaccharide chains of plasma
sialoglycoproteins, since most of these complexes
are responsible for the formation of acute phase
proteins, immune complexes, and surface mem-
brane structures that send transmembrane signals
to the cell.

In 1936, Hans Selye described the stress syn-
drome, in which influences from physical, chemi-
cal, biological, psychogenic, and social origins are
capable of causing a stress response in the body.
Although physical stress caused by REF exposure
has a specific effect on the body, it also leads to
changes that are typical of any stress. Contrary to
the enhanced function of the hypothalamic-pitu-
itary-adrenal axis, the synthesis of glucocorticoids,
which are allosteric inhibitors of glucosamine syn-
thetase, increased. This could inhibit the produc-
tion of glucosamine precursors in the synthesis of
carbohydrate-containing biopolymers [27, 28]. As
synergists of glucocorticoids, catecholamines re-
gulate carbohydrate and protein metabolisms by
activating the adenylate cyclase. They also enhance
the catabolism of carbohydrate-containing biopoly-
mers [25, 26, 29].

It should be noted that the severity of the de-
cay processes of carbohydrate-containing biopoly-
mers in the blood serum decreased on day 20 of
REF exposure, as shown by the normalization of
fucose concentration and the decrease in a-L-fu-
cosidase activity, as well as the normalization of
mucoprotein levels in the blood serum of SS and
SA animals. The persistence of a low mucoprotein
level in SR animals may be associated with a lon-
ger upkeep of glucocorticoids in the blood, as no-
ted in other studies on stress effects in SR animals
[22,26]. Evidently, the adaptation and stabilization
phases of the metabolism of carbohydrate-contai-
ning biopolymers initiate during stress exposure.

The administration of substance P inhibited
the catabolic effects of REF exposure on carbohy-
drate-containing biopolymers in the blood serum,
as evidenced by the decrease in sialic acid and fu-
cose levels, as well as the low enzymatic activity of
a-L-fucosidase. However, we could not confidently
determine the intensity of glycoconjugate anabo-
lism because the levels of glycoproteins, particular-
ly of mucoproteins, in the blood plasma remained

low. This implies that intensive biosynthesis and
accumulation of carbohydrate-containing biopoly-
mers took place primarily in the liver, which serves
as the main “supplier” for peripheral blood.

Based on previous literature [7, 11,30], a num-
ber of endogenous peptides such as substance P
are involved in neurochemical mechanisms that
increase resistance to emotional stress. The role
of substance P is manifested in the regulation of
catecholamine metabolism in the central nervous
system during stress. The normalization of cate-
cholamine levels in the brain is considered as one of
the key factors in emotional stress resistance [10].

Emotional stress is known to disrupt the per-
meability of the blood-brain barrier, enabling sub-
stances in the bloodstream to affect the structure of
the central nervous system [31].

The mechanisms of stress reactions caused by
REF exposure are apparently comparable with the
mechanisms of emotional stress development. The
intraperitoneal administration of substance P may
have promoted the activation of both peripheral and
central NK-1 receptors of tachykinins. Since sub-
stance P can inhibit the stress-induced activity of
the hypothalamic-pituitary-adrenal system [30], we
assume that the partial elimination of changes in
the studied parameters of glycoproteins and the res-
toration of the balance of metabolic processes of
their biopolymers are precisely associated with the
decrease in the catabolism of glucocorticoids and
adrenaline.

CONCLUSIONS

1. Exposure to REF, which serves as an experi-
mental model of stress, causes significant changes
in the content of carbohydrate-containing biopoly-
mers in the blood serum of animals.

2. On day 10 of REF exposure, the levels of si-
alic acids, fucose, and a-L-fucosidase increased in
stress-resistant, stress-susceptible, and ambivalent
rats, while mucoprotein concentration decreased,
which is characteristic of the predominance of ca-
tabolic processes. We noted the greatest changes in
individuals not resistant to stress.

3. By day 20 of REF exposure, the intensity of
the decomposition processes of carbohydrate-con-
taining biopolymers decreased, as shown by the
restoration fucose concentration to control levels,
the decrease in a-L-fucosidase activity, and the nor-
malization of mucoprotein levels in the blood se-
rum of stress-susceptible and ambivalent animals.

4. The administration of substance P in all
groups of animals limited the effects of REF ex-
posure on the metabolism of carbohydrate-contai-
ning biopolymers in the blood serum, as shown by
the decrease in sialic acid level and fucose concen-
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tration and low enzymatic activity of a-L-fucosi-
dase under combined exposure and administration.
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