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The present paper reviews the works on the combined effects of heavy metals
(HMs) with other HMs, stress, and neurotropic drugs on the developing central
nervous systems of humans and animals performed over the past 30 years. The
analysis shows that there are disproportionately few works on the mentioned
joint effects of HMs in relation to the importance of this issue. It was found that
the joint administration of HMs with each other and under stress increases the
neurotoxic effect of metals on the brain of animals. A greater vulnerability to the
neurotoxic effects of HM mixtures on the developing brain was also noted.
Neurotropic drugs in combination with HMs have multidirectional effects. Thus,
along with the counteraction of the reference nootropic piracetam to the
inhibition of the avoidance response in rats, which is exerted by HMs, there was
an increase in the neurotoxic effects of lead and cadmium salts when combined
with that nootropic. Combined administration of Semax (a regulatory peptide
with nootropic effects) and molybdenum, which separately suppressed the
avoidance response in rats, paradoxically improved learning and memory. The
revealed unpredictability and enhancement of the neurotoxic effects of HMs
when combined with neurotropic agents are fraught with danger to human health
in regions with developed industries. This is especially important for the health
of children due to the increased vulnerability of their developing brains to
neurotoxicants.
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The intensive development of industry is
accompanied by the accumulation of a huge
amount of waste in the environment, which
poses a significant threat to humans and
animals. This is especially true for regions with

a large number of industrial enterprises on their
territories. The most common and dangerous
pollutants are the all-pervading supertoxicants -
heavy metals (HMs), which have long had
adverse effects on the body [1, 4, 5].
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It should be noted that in areas without
excessive industrial development, such as, for
example, Lebanon, the issue of HMs is also
beginning to attract attention. These toxicants
are found in food additives, breast milk, coffee,
alcohol, cigarette smoke, and other sources [12,
34, 39, 61, 63].

The main anthropogenic sources of
pollution are enterprises of ferrous and non-
ferrous metallurgy, thermal power plants, motor
vehicles, and the petrochemical industry. Water
contamination with HMs occurs through the
disposal of wastewater from galvanizing plants,
mining, ferrous and non-ferrous metallurgy, as
well as machine-building plants. Man-made
disasters pose a great danger to mankind, the
destructive consequences of which have
recently been commensurate with wars.

Technogenic emissions of HMs into the
biosphere are constantly increasing. In ancient
times, only 18 chemical elements were used by
people, by the 17" century they become 25 of
them, and by the 20" there were already 80.
During the first half of the last century, much
more minerals were extracted from the bowels
than in the entire history of mankind. As a result,
the concentration of HMs in industrially
developed regions exceeds the background
levels ten times, while near large sources of
emissions it can surpass hundreds and thousands
of times [7]. According to V.I. Vernadsky, over
time, the scale of human activity became
comparable to the geological forces that
transform nature. This led to the disturbance of
the dynamic equilibrium of ecosystems as well
as the introduction into the environment of
uncharacteristic ~ physical, chemical, and
biological agents that have a toxic effect on the
biota of the environment, which causes a
decrease in biodiversity and creates problems
with obtaining ecologically safe food [3]. This
state of affairs threatens with unpredictable
consequences since the existing capacity of
nature for self-cleaning is exceeded.

For HMs, in principle, there are no self-
cleaning mechanisms. They only move from
one natural reservoir to another, interacting with
various living organisms. They pose the greatest
danger to humans since the latter are at the top
of the food chain, and, as a result, they receive

products whose concentration of toxicants is
100-10,000 times higher than in soils [6]. In
particular, HMs have a particularly strong effect
on the central nervous system (CNS). This is
due to the fact that they cause lipid peroxidation,
which occurs most intensively in the CNS. It can
be elucidated by the high content of
polyunsaturated fatty acids in the brain, which
serve as a substrate for lipid peroxidation, and
the high concentrations of metal ions with
variable valence, which enhance this process.

HMs affect the body not in isolation, but
in combination with other factors, such as other
HMs, stress, drugs, etc. In view of this, the need
to analyze their joint effects has been
increasingly emphasized recently [14, 21, 23,
36]. Recent work on the combined effects of
chemical agents has opened an "exciting era" in
the evolution of toxicology [49]. Such kind of
works is necessary not only for understanding
the possible health hazards of the combined
effects of HMs, but also for a successful analysis
of the mechanisms of their action.

The aim of the study is to analyze the
works on the cumulative effects of heavy
metals, along with other HMs, stress, and
neurotropic drugs, on the developing brain of
humans and animals performed over the past 30
years.

Human exposure to mixtures of various
HMs is widespread, especially near mining
waste [56]. Thus, drinking water and air contain
a mixture of a large number of chemical
components, including HMs. Nevertheless, for a
long time, the interaction of the latter was not a
subject of study [2]. One of the reasons for this
is the difficulty of studying such an effect of
HMs on the body and the lack of adequate
models [18]. However, despite this, the study of
the joint effects of HMs prevailed over time.

Initially, the works described the analysis of
possible research strategies, new models, and
methods of analysis. In addition, the combined
effects of chemical agents were considered with
respect only to substances present in water, air,
cigarette smoke, etc. [26, 27, 45, 57]. Obviously,
this made it fundamentally impossible to
evaluate the results of the joint effects of
specific HMs on the human body.
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Air attracts the attention of researchers
due to the fact that it is the only one of all
sources through which pollution enters the body
continuously. According to the WHO, it causes
over 3 million premature deaths annually [47].
Among the targets of exposure to polluted air is
the CNS. In particular, it has been shown that air
pollution can cause Alzheimer's and Parkinson's
diseases [16, 17, 29, 43, 50, 51].

It should be noted that in addition to
various metals, air contains dust particles,
organic compounds, etc. This makes it
impossible to assess the contribution of various
specific HMs separately and the role of their
combined effects on human health. This can
only be done in experiments on animals, which
makes it possible to control the HM mixtures
used, in particular to evaluate the effects of HMs
separately as well as their combinations. It
should be noted that despite the increase in this
kind of studies, there are still disproportionately
few of them compared to the importance of the
issue, even when it is emphasized in the
corresponding works [9].

Recently, much attention has been paid to
the study of the impact that the environment has
on children [14, 25, 40, 44, 58]. This is due to
the particular vulnerability of the immature,
developing CNS. That was first noted in 1975,
when the hypothesis was formulated that the
nervous tissue during its development is more
vulnerable to chemical attack than at any other
time [60]. Subsequently, a lot of data were
obtained indicating a greater vulnerability of
children's CNS to the effects of HMs [13, 41].
The latter is due to several reasons. First,
intrauterine development is already exposed to
HMs. Thus, it has been established that there is
a strong correlation between the maternal blood
lead level and the umbilical cord blood lead
level, indicating the transmission of HMs from
the mother to the fetus [28, 44]. It has been
shown that arsenic, lead, and cadmium penetrate
the immature blood-brain  barrier and
accumulate in the developing brain [67]. The
greater vulnerability of children to toxic effects
can also be elucidated by the fact that their
brains grow and develop, which is associated
with  the  processes of  proliferation,
differentiation, migration, myelination,

synaptogenesis, and apoptosis of nerve cells
[55].

Further, children spend a lot of time
playing on the ground, in the sand, inhaling
flower pollen, etc. A child's body absorbs up to
40% of lead from food and water, while an
adult's body absorbs only up to 10%. In
addition, in adults, lead is deposited mainly in
the bones, while in children, up to 30-40%, it
accumulates in the internal organs and in the
brain tissue. Up to 90% of lead is excreted from
the body of adults, but only up to 60% in
children [1]. It is emphasized that children, per
unit of body weight, eat and drink more than
adults [40].

In virtue of the above, the body of the
newborn is already weakened; many diseases of
the CNS are formed in childhood, including
those that result from exposure to HMs. In
particular, neurodegenerative disorders such as
Alzheimer's and Parkinson's diseases arise from
exposure to HMs in childhood [48, 53]. That has
been supported by evidence from experiments
on animals. Thus, the results of experiments on
monkeys made it possible to conclude that the
pathogenesis of Alzheimer's disease in old
monkeys is due to exposure to lead in their
childhood [66]. The obtained results also
allowed the authors to point out the existence of
a kind of "epigenetic imprinting" that occurs at
an early age and affects the expression of genes,
which further correlates with Alzheimer's
disease. Subsequently, the idea of the existence
of periods critical for such a neurotoxic effect
was developed [24, 33].

With regard to the importance of the
above-described issue, a set of studies related to
the neurotoxicity of a developing organism has
received recognition as a new direction in
toxicology: "Developmental Neurotoxicology".
To date, a large number of reviews related to this
area have been published [19, 30, 31, 37, 65].
Generalizing works have been published that
indicate that the combined effects of HMs are
critical for the health of children [20, 56].
However, there are few studies on the combined
effects of HMs, especially in comparison with
the effects of each of the HMs included in the
mixture, in this area as well.
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In 455 Mexican children, the effects of
combined exposure to lead and manganese were
analyzed in early childhood, during the period
of rapid brain development and its increased
sensitivity to neurotoxicants. At the ages of 12
and 24 months, the blood levels of the selected
HMs were measured and compared with the
development of the brain at an interval of 6
months. Research has shown that the interaction
of lead and manganese in early childhood causes
greater neurotoxic effects than each metal alone
[21]. The authors consider a change in calcium
metabolism, their common target, as a
mechanism for such a synergistic action of those
agents. Taking into account that they are often
found together in the environment [8], the
authors of the study propose to consider their
joint action as a threat to health.

The authors also noted that at the age of
12 months, the effects of metals were greater
than at 24, which was regarded as evidence of
the existence of a critical period for such
exposure. It was also found that the neurotoxic
effect of lead is more pronounced in children
with an increased blood level of manganese. A
mixture of these HMs was also investigated in
another work. A comparison of the
concentrations of lead and manganese, on the
one hand, and the 1Q of 261 children from Korea
aged 8-11 years, on the other, led to the
conclusion that there is an additive interaction
between these metals that affects the mental
abilities of children [38].

Despite the importance of the issue, there
are also few works on the study of the effects of
HM mixtures on the offspring of animals. It was
found that the combined effects of lead and
cadmium on female rats caused changes in the
dopamine and serotonin systems of the
hippocampi of the offspring that persisted for a
long period, as well as an increased anxiety level
in the elevated plus maze [42]. It has also been
shown that perinatal exposure to these metals
causes additive inhibition of several enzymes
essential for the normal functioning of the CNS
and affects neurochemical changes in the
striatum and cerebellum, which are associated
with changes in motor activity in adult rats [10,
11]. The synergism of these heavy metals is also
manifested during their absorption in the cells of
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the cerebellum, cortex, and hippocampus,
leading to an increase in the neurotoxic
disturbance of the developing CNS of rats under
the effect of certain metals [32]. Later, a direct
synergistic inhibition of learning and memory in
rats by arsenic, cadmium, and lead was found
[52].

This synergy is not always observed. So,
in the work published in 2012, it was found that
when pregnant rats were exposed to lead and
manganese together, a multidirectional effect
was observed in their offspring. In females,
learning in the Morris test was worse than in the
case of separate administration of these metals,
while in males it was better. The authors explain
the latter by the work of the compensatory
mechanism, which is triggered in the case of a
greater toxic load [15].

Using an electron microscope, it was
found that the combined effects of lead and
cadmium on female rats during pregnancy and
lactation led to a greater (when compared to
separately used metals) impairment of the
ultrastructural organization of the brain in
offspring (swelling of mitochondria, destruction
of organelles, etc.), a decrease in the activity of
antioxidant enzymes (superoxide dismutase,
catalase, etc.), and an increase in the activity of
malondialdehyde as an oxidative stress marker
[68]. There are also studies on the effects of
small doses of lead, mercury, cadmium, and
arsenic, administered separately and in
combinations, on mice at the age of 3 weeks. It
was found that a mixture of the first three metals
reduced brain weight and caused neuronal
degeneration [22].

HMs can act together not only with each
other but also with other factors, such as stress,
in particular maternal stress, which can also
affect their neurotoxic effects. Thus, exposure of
stressed females to lead negatively affected their
brain's mesolimbic dopamine / glutamate
systems involved in cognitive functions [62].
Later, up to the present day, many examples
were given of the negative joint effects of those
factors on the development of offspring [54, 59].
However, we did not find any work on the joint
effects of HMs and neurotropic agents on the
developing brain.
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Another factor is neurotropic drugs, which
are widely used by both adults and children.
This issue has not received due attention,
although the effects of such combined use are
unpredictable. Thus, the combined use of the
nootropic piracetam with lead and cadmium
salts, along with an improvement in the
development of the avoidance response, caused
an aggravation of the inhibition of learning and
memory in rats [36]. An unpredictable result
was obtained when studying the combined
effects of Semax (a fragment of ACTH with
nootropic properties) with molybdenum on the
formation of avoidance response in rats in the
shuttle-box. It was found that both the drug and
HMs slowed down the development of the
response. At the same time, their combined use
paradoxically improved learning and memory
[35]. Such unpredictability is fraught with
danger to human health, especially in regions
with developed industries.

Thus, the analysis shows that there are
disproportionately few works on the combined
effects of HMs with each other and with such
factors as stress and neurotropic drugs in
relation to the importance of the issue. The data
obtained in those works indicate a change in
neurotoxic effects when those factors act
together, including their enhancement, which
poses a danger to human health. This is
especially important for the health of children
due to the high vulnerability of their developing
brains to neurotoxicants.
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AGIR METALLARIN iNKiSAF EDON BEYINO TOSIRi

Anatoli Nikolayevich inozemtsev !, Ulduz Fayizi q1z1 Hasimova 2, Xadica Yusif qiz1 ismayilova
2, Olqa Vyaceslavovna Karpuxina !, Yelena Anatolyevna Inozemtsev Fermin 2,
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% Livan Beynoalxalg Universiteti, Nabatiya, Livan * Azorbaycan Tibb Universiteti, Baki,
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Insan vo heyvanlarin inkisaf edon morkozi sinir sistemino agir metallarin (AM) digor AM-larla,
stress vo neyrotrop preparatlarla birgo tosiri haqqinda son 30 il orzindo aparilmis islor tohlil
edilmisdir. Aparilan tohlil onu gostorir ki, AM-larin soziigedon birgs tasiri haqqindaki islorin say1, bu
masalonin vacibliyi ilo miiqayisada geyri-miitonasib sokilds azdir. Miiayyan edilmisdir ki AM-larin
bir-biri ilo va stresslo birga totbiqi metallarin heyvanlarin beynino neyrotoksik tosirini artirir. inkisaf
edon beynin AM qarisiglarinin neyrotoksik tosirino daha yiiksok hossashigi qeyd edilmisdir.
Neyrotrop preparatlarin  AM-larla birlosmolori miixtolif istigamotli tosir gosterirdi. Belo ki,
sicovullarda AM-larin gostordiyi uzaglagsma reaksiyasinin yavaslamasina pirasetamin etalon
nootropunun okstasiri ilo yanasi, bu nootropun kadmium vo qurgusun duzlar ilo birlogmalarinin
neyrotoksik tosirinin giiclonmosi agkar edilmigdir. Baxmayaraq ki, semaxin (nootrop tosirlori olan
tonzimloyici peptid) vo molibdenin birgs totbiqi sicovullarda uzaqlasma reaksiyanin yaranmasini
ayri-ayriligda garsisim1 alib, tolim vo yaddasi paradoksal sokildo yaxsilasdirdi. Miioyyon edilmis
gozlonilmozlik vo AM-larin neyrotrop agentlorlo birlosmosindon yaranan neyrotoksik tosirin
giiclonmosi sonayenin inkisaf etdiyi regionlarda insanlarin saglamligina tohliiko yaradir. Inkisaf edon
beynin daha yiiksok hassasligi ilo bagli olaraq, bu masals usaqlarin saglamligi ligiin daha vacibdir.

Acar sozlar: agir metallar, inkisaf edon beyin, stres, neyrotrop preparatlar, talim, yaddas.
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BJIUAHUE TSAXKEJBIX METAJIJIOB HA PA3BUBAIOIIUACS MO3T
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AHanmu3upoBaHbl paboOTH 0 COBMECTHOM BO3ACHCTBUH TsDKENbIX MeTaiioB (TM) ¢ npyrumu TM,
CTPECCOM M HEWPOTPOIHBIMH MpErnapaTaMyd Ha Pa3BUBAIOLLYIOCS LIEHTPAJIbHYIO HEPBHYIO CUCTEMY
YeJIOBEKA W JKUBOTHBIX, BBIMOJHEHHBIE 3a mocieanue 30 yer. AHaIU3 MOKa3bIBaeT, 4To paboT 00
YKa3aHHOM COBMECTHOM BoO3JeicTBUM TM ocTaércs HemponopLHOHAIBHO Maj0 OTHOCUTEIBHO
BOKHOCTHU JaHHOW MpoOJieMbl. Y CTaHOBJICHO, YTO COBMECTHOE BBejaeHHEe TM npyr ¢ Ipyrom u co
CTPECCOM YCHWJIMBAJIO HEUPOTOKCUYECKOE BO3JEHCTBUE METAJUIOB HAa MO3I KMBOTHBIX. bbuia
OTMEUYEHa TakKe OOubllas YSI3BUMOCTb K HEHPOTOKCHYECKOMY BO3JeHCTBUIO cMmecel TM Ha
pazBuBaromuiics wmo3r. HeiporponHble mnpemapatel B couetaHun ¢ TM  oka3blBaJIU
pa3HOHAIIpaBJIEHHOE JelcTBHe. Tak, Hapsay C NPOTUBOACHCTBHEM HTAJIOHHOIO HOOTPOIA
nupaieTraMa MHrMOUPOBAHUIO PEAKIIMH H30eTaHus y KPbIC, KOTOPOE OKa3bIBalOT TM, ObLII0 OTMEUYEHO
YCUJICHUE HEHPOTOKCHYECKOrO JEHCTBMS COJIEH CBHHIA M KaJAMHUSA IIPU MX COYETAaHHM C ITUM
HooTporoM. KomMOWHHMpOBaHHOE BBeJIEHHE cemakca (PeryJsTOpHOrO MENTHAAa C HOOTPOITHBIMHU
s dexramu) U MOIMHOIeHA, KOTOPBIE TI0 OTACIBFHOCTH MTOAABIISUIA BEIPAOOTKY peaknu N30eTaHus y
KpbIC, TapajJoKCcaJbHBIM 00pazoM yiyumano oOydeHue u  namiatbe. OOHapy)KeHHbIE
HEMPEICKa3yeMOCTh M YCUJIEHHE HEWpPOTOKCHYEeCKOro aerctBuss TM mnpu ux coYeTaHHH C
HEHUPOTPOIIHBIMHU areHTaMH YpEeBaTO OIACHOCTBIO IS 3J0POBbS YEJIOBEKA B PETMOHAX C Pa3BUTOU
MIPOMBIIIJIEHHOCTBI0. JTO OCOOEHHO Ba)XHO JJIsi 3/I0pPOBbs J€TEH B CBSI3U C TIOBBIIIEHHON
YA3BUMOCTBIO UX PAa3BUBAIOLIETOCSA MO3ra K HEUPOTOKCUKAHTAM.

KiroueBbie cJi0Ba: TsDKENbIE METaJUIbl, PAa3BUBAIOIIUICA MO3I, CTPECC, HEHPOTPOIIHBIE
npenaparsl, 00yuyeHue, MaMsATh.
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