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Environmental protection in the interests of public health, in particular, reducing the
risk of adverse effects of pollution of various natural objects on humans, is a fundamental
task of state environmental policy [1]. Prevention of environmental degradation and
danger to the population due to anthropogenic or natural factors is currently considered
the basis of environmental security of the state, which is an important component of
national security [2].

Contamination of the environment, which is becoming an increasingly serious
problem for mankind every year, does not contribute to the harmonious relationship
between the world's population and the natural environment. [1, 2]. According to the
Lancet Commission of the Global Alliance on Health and Pollution (Global Alliance
for Health and Pollution, GAHP), Ukraine is included in the anti-rating of European
countries by the number of fatalities related to environmental pollution. This factor
is considered by scientists to be the cause of the annual death of more than 57,000
Ukrainians — this is the fourth indicator in Europe. The same "honorable" fourth place
Ukraine ranks in the number of deaths per 100 thousand population - 128 cases [3].

One of the most dangerous, long-acting and stable pollutants are heavy metals,
the most common man-made associations of which are salts of mercury, cadmium and
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lead, which when entering the body of mammals stimulate oxidative stress and compete
with biogenic metals (zinc, copper, calcium, etc.) binding to the active center of many
proteins and enzymes, causing disruption of their functions [5].

Cadmium (Cd) is a natural element with a relatively low content in the earth's crust
(0.1-0.5 parts per million). In the free state in the environment does not occur, but is
present mainly in the form of free hydrate ions and complex compounds with inorganic
(chloride, carbonate, sulfide and hydroxide complexes) and organic ligands (amino,
fulvio and nucleic acids) [5, 6].

Cadmium contamination of the environment (air, water and soil) is carried out from
natural or man-made (anthropogenic) sources. According to Z. Rahman et al. (2019) Ta
G. Genchi et al. (2020), the share of anthropogenic sources in environmental pollution is
3-10 times greater than natural, and ranges from 54% to 95% [5, 6].

Cadmium and its compounds enter the body mainly through the respiratory tract
(10-40%), as well as the diet: the average "consumption" of the element with food,
typically ranges from 8 to 25 mcg per day, of which approximately 0.5-1.0 mcg is
actually stored in the body. "Inorganic" cadmium accumulates primarily in the liver, to
a lesser extent - in the male genitals. The main part of the total cadmium in the form of
a thiol complex is still absorbed by the kidneys: a violation of their functioning occurs
when the concentration of the toxicant in the cortical layer of the body is about 200 mg
/ kg. The biological half-life of cadmium ranges from 40 days in the blood to 20 years
or more - in the kidneys and liver. The FAO / WHO provisionally acceptable limit for
"safe" cadmium intake is 7 pug / week / kg body weight or 25 pg / kg body weight per
month, and the maximum dose is 60-70 pg per day [6, 7].

A set of studies conducted in the first twenty years of the XXI century showed that
one of the important "targets" of the negative effects of cadmium is cartilage: prolonged
exposure to the toxicant leads to increased fragility of the skeleton and reduced bone
mineral density [8].

The key role in understanding the processes of regulation of bone reconstruction
belongs to the cytokine system of the receptor activator of nuclear factor kappa-f (Receptor
Activator of Nuclear factor kappa-B, RANK), its ligand (Receptor Activator of Nuclear
factor kappa-B Ligand, RANKteger) and osteo, OPG), responsible for osteoclastogenesis,
resorption and remodeling of bone tissue. Regulation of bone remodeling occurs under
the influence of systemic and local factors with hormonal activity. PTH, calcitriol,
somatotropic hormone, insulin, thyroid and sex hormones affect bone remodeling by
maintaining a constant metabolism of calcium, phosphorus, magnesium from bone to
extracellular fluid and vice versa. Local factors (insulin-like growth factor, osteoclast-
activating factor, platelet-derived growth factor, fibroblast growth factor, prostaglandin
E2) are mediators of the response to mechanical stress and changes in systemic hormone
levels. Imbalance between the processes of bone remodeling is a central link in the
pathogenesis of osteoporosis, including cadmium induced [8-9].

In this aspect, the "indicative" victims of cadmium are patients with endemic disease
itai-itai (“it hurts — it hurts desease”), which was first discovered in the Jinzu River
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Basin in Toyama Prefecture (Japan) in the 1920s [9]. The level of urinary excretion
of cadmium in itai-itai patients ranged from 10-30 pg / g creatinine, and the results of
radiological examinations of their bones showed the presence of Loozer zones - areas
with abnormal radiolucency, which crossed one or both cortical edges of the bone and
was an obvious indicator of osteoporosis [9].

In 2000 M. Kasuya substantiated the mechanism of osteomalacia in patients with
itai-itai, explaining it by the development of Cd-induced renal tubular insufficiency,
which led to increased bone resorption and, finally, to bone damage [10]. However, this
mechanism of osteoporosis in patients with itai-itai did not explain all the phenomena
observed in other people who were exposed to cadmium. Thus, R. Honda et al.
(2003) found reduced bone mineral density in Japanese women without signs of renal
impairment [11], which demonstrated the complexity of the mechanisms of Cd-induced
osteotoxicity.

Currently, two mechanisms of cadmium effect on bone tissue are assumed - direct
and indirect. The direct mechanism involves the direct effect of the toxicant, which
causes dysfunction of bone cells and causes increased bone resorption and weakening of
its calcification. The indirect mechanism is mediated by the development of Cd-induced
renal failure, associated with increased renal excretion of calcium and phosphorus,
inhibition of the production of active metabolites of vitamin D, and impaired absorption
of calcium in the digestive tract [12].

It is now believed that the main cause of bone damage in chronic cadmium
intoxication is renal dysfunction. At the same time deterioration of a condition of
microarchitectonics of bone tissue with the subsequent strengthening of fragility of bones
and risks of fractures increases in proportion to degree of defeat of the tubular device
of kidneys. Dysfunction of the enzymatic system that metabolizes vitamin D causes a
decrease in the production of its active metabolite — 1a, 25-dihydrooxycalciferol (1a,
25 (OH) 2D) in the proximal tubules. A number of studies of la, 25 (OH) 2D and
parathyroid hormone (PTH) in residents with Cd-induced renal impairment showed that
decreased levels of this active metabolite were closely correlated with increased PTH
and B2-microglobulin. Once the accumulation of cadmium in the kidneys reaches the
critical level required to induce proximal tubular dysfunction, the content of the active
metabolite of vitamin D in the serum decreases significantly, and calcium loss - on the
contrary, increases. Decreased serum production of 1,25-dihydrooxycalciferol causes
impaired reabsorption of calcium from the gastrointestinal tract, which in turn increases
the secretion of PTH, which activates osteoclasts to "resorb" bones and release calcium
into the systemic circulation and osteoporosis [12].

The direct effect of cadmium on bone metabolism has been demonstrated by
studies of levels of biomarkers of bone remodeling. Thus, abnormal bone synthesis was
accompanied by an increase in the concentration of osteocalcin in the serum and alkaline
phosphatase in the bones. Acceleration of bone resorption, which did not depend on
renal dysfunction and was manifested by an increase in deoxypyridioline, as well as N-
and C-terminal telopeptide of type I collagen (NTx and CTx), was found even in people
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with low cadmium levels [2, 11].

In vivo studies in experimental animals have shown that chronic exposure to
cadmium reduces the mineralization of vertebral bodies, changing their biomechanical
properties and making them more susceptible to deformation and destruction. [29].
The results of studies by J. Rodriguez et al. (2016) and D. Garcia-Mendoza et al.
(2019) provided evidence that chronic exposure to cadmium reduces bone volume and
increases the activity of Tartrate-Resistant Acid Phosphatase (TRAP) in the subchondral
layer of the tibia [8, 14], indicating the induction of osteopenia by increased bone
resorption. There was an increase in the percentage of adipose bone marrow, which
indicated cadmium deprivation of differentiation of mesenchymal cells to osteoblasts by
stimulating adipogenesis [14].

In vitro studies have shown that cadmium increases RANKL expression, TRAP
activity and TRAP-positive cell formation in the presence of RANKL, and stimulates
osteoclast formation in osteoblast and osteoclast progenitor subculture. In addition,
cadmium has been shown to induce osteoblast apoptosis by disrupting their cytoskeleton,
as well as causing DNA fragmentation, an increase in the number of micronuclei and
nuclear bridges, and an increase in reactive oxygen species [10, 12].

Another potential "target" of the negative effects of cadmium on the musculoskeletal
system is articular cartilage. An adequate cell model for studying the mechanisms of Cd-
induced toxicity was provided by the culture of primary chondrocytes in vitro, obtained
by stepwise digestion with trypsin and collagenase 1V cartilage of the knee joint of
15-day-old chicken embryos. The study showed that cadmium inhibited the expression
of COL2A1 macromolecules and acid mucopolysaccharides in the extracellular cartilage
matrix and promoted the expression of MMP-9 protein [15].

Due to the fact that the leading mechanism underlying Cd-induced cytotoxicity is
oxidative stress [6, 15, 16], it can be assumed that restoring the balance of activity of pro-
and antioxidant systems, inhibition of excessive generation of reactive oxygen species
(ROS), weakening of lipid peroxidation processes against the background of increasing
the energy potential of the cell will potentially contribute to leveling or significantly
weakening.

Traditionally, the main sources of ROS in mitochondria were considered to be
the respiratory complex I (NADH: ubiquinone oxidoreductase, CI) and complex III
(ubiquinol: cytochrome oxidoreductase ¢, CIII), while the contribution of complex
II (succinate dehydrogenase, LDH, CII) in this process was practically not taken into
account [17]. However, it soon became known that mitochondrial complex II is indeed
able to generate high concentrations of reactive oxygen species under conditions of low
levels of succinate when the flow of electrons to the respiratory chain is blocked. [18]. It
was shown that the main site of production of reactive oxygen species in the respiratory
complex II is FAD, covalently linked to the subunit A of succinate dehydrogenase,
provided that the binding site of dicarboxylate is free. Fully reduced FAD can transfer
either one electron to oxygen, causing the formation of superoxide under aerobic
conditions (which is characteristic of succinate: ubiquinone oxidoreductase), or two
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electrons, generating H202 (which is typical of fumarate: ubiquinone reductase, which
functions in the environment) [19].

In 2015, K. Kluckova and a team demonstrated that the ability of the succinate
dehydrogenase complex to generate ROS links it with the process of cellular apoptosis.
Thus, studies of complex II integrity have shown that induction of cell apoptosis is
associated with specific enzyme degradation, resulting in SDGA and SDHV subunits
being released from the membrane domain into the mitochondrial matrix, then remaining
enzymatically active and can effectively remove electrons from succinate. Due to the
absence of electron acceptors as a result of separation from SDGS and SDGD, the flow
of electrons is blocked, they are transferred to molecular oxygen, generating excessive
amounts of ROS, which induce cellular apoptosis [20].

The results of studies of the 70-80s of the last century showed that succinates have an
inhibitory effect on lipid peroxidation in mitochondria / mitoplasts / submethochondrial
particles formed by NADPH / ADP / Fe3 + complexes or organic hydropero. These
prooxidants significantly stimulated the formation of malonic dialdehyde (the final
product of LPO), and lipid peroxidation of membranes dissipated mitochondrial
membrane potential due to the appearance of physical "holes" in the lipid bilayer. In a
study by P. Sharmila et al. (2017) showed the accumulation of proline in mitochondria
and a decrease in the ability of mitochondria to oxidize nicotinamide-adenine-
dinucleotide by 35% under the action of cadmium. The protective role of succinate as
a mitochondrial respiratory substrate was mainly due to a decrease in the CoQ pool.
NAD + -dependent substrates were less effective in inhibiting lipid peroxidation because
strong peroxide stimuli permeate the membranes, releasing NAD +. Therefore, with
decreasing coenzyme concentration, the oxidation of substrates slowed down and the
formation of the antioxidant CoQH2 decreased. However, succinate was oxidized by
membrane-bound succinate dehydrogenase, and the activity of the enzyme was only
moderately sensitive to oxidants. Therefore, succinate was more effective in maintaining
the pool of CoQH?2, thus ensuring the integrity of cell membranes [21].

So:

- succinates have an inhibitory effect on lipid peroxidation in mitochondria /
mitoplasts / submethochondrial particles formed by NADPH / ADP / Fe3 + complexes
or organic hydroperoxides [17,];

- the protective role of succinates as a mitochondrial respiratory substrate is mainly
due to the support of the CoQH2 pool, which ensures the integrity of cell membranes
[5, 16];

- succinates inhibit FAD-induced electron transfer to oxygen in mitochondrial
respiratory complex II, which significantly reduces the production of superoxide and
H202 [10];

- succinates inhibit the generation of reactive oxygen species, disrupting the transfer
of electrons through complex II to the pool of ubiquinones [15].

Currently, the use of succinates (preparations based on succinic acid) is one of the
priorities of modern fundamental and practical medicine. Drugs containing succinic acid
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(metal succinates, mexidol, reamberin, etc.) are drugs of metabotropic type of action,
the pharmacotherapeutic effects of which are aimed at restoring biochemical metabolic
reactions disrupted by pathological processes. Succinic acid is an intracellular metabolite
that is involved in metabolic processes in the body and acts as a substrate for oxidative
phosphorylation in the mitochondrial cycle of tricarboxylic acids, performing a catalytic
function, reduces the concentration of lactate, pyruvate and citrate, the level of which
increases energy. required for normal cell function. This intermediate refers to low-toxic
compounds and has no mutagenic or teratogenic effects [22].

Conclusions. Succinates, by restoring the balance of activity of pro- and antioxidant
systems, inhibiting the excessive generation of reactive oxygen species and weakening
the processes of lipid peroxidation, can potentially eliminate or significantly reduce the
manifestations of Cd-induced toxicity, the leading mechanism of which is considered to
be oxidation.

Prospects for further research. Given the above, experimental study of
morphological Cd-induced pathological changes in rat bones and evaluation of the
possibility of correction of cadmium-associated osteotoxicity by using succinic acid
preparations, in particular, iron and zinc succinates as potential biological antagonists of
cadmium, is urgent and urgent.
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