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Cadmium, has been used for many years in industry and agriculture. Its active use is associated with
a danger to human health due to a significant toxic effect on the body. The purpose of the review was to ana-
lyze the literature data and the results of our own experimental research on the biochemical mechanisms of
the toxic effect of cadmium on the nuclear chromatin of cells, primarily the liver. Based on this analysis, the
concept that the toxicity of cadmium is associated with damage caused by cadmium-induced free radicals was
confirmed. The reactive oxygen species formed in this way are active damaging agents that cause toxic effects,
including mutagenic, which ultimately leads to apoptosis and cell death.
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The general toxic effects of
cadmium compounds

Heavy metals (including mercury, lead, cad-
mium, zinc, etc.) and their compounds are dis-
tinguished from other various pollutants by their
abundance, high toxicity, and many of them - also
the ability to accumulate in living organisms. They
are widely used in various industrial processes,
and, despite the wastewater treatment, the level of
heavy metal compounds in industrial wastewater is
rather high. They also enter the environment from
consumer wastewater, industrial smoke and dust.
Many heavy metals form stable highly soluble or-
ganic complexes that facilitate their migration into
natural water sources. Heavy metals include more
than 40 chemical elements; however, taking into ac-
count toxicity, stability, the ability to accumulate and
distribution of toxic compounds, less number of ele-
ments (about four times) requires monitoring [1-3].

Trace amounts of some heavy metals are es-
sential for organisms since they are important

constituents of various polypeptides (including en-
zymes), polynucleotides and some other compounds.
The intake of some heavy metals (Cd, Zn, Hg, Cu,
Av) into the body is accompanied by intensive syn-
thesis of particular proteins — metallothioneins, mul-
tifunctional proteins involved in transmembrane
transport and protection from heavy metal toxicity.
It is known that the metabolism of minerals occurs
under genetic control. Thus, mutations affecting the
transport of magnesium, iron, cobalt, chromium, se-
lenium, molybdenum and cadmium were found in
experimental animals [4-6].

The aim of this paper is to review the findings
that reveal the DNA-damaging effect of cadmium,
the most typical representative of heavy metals,
which is widely used in the industry and manufac-
tures, and thus, contributes to environmental pollu-
tion. There is a large amount of published data about
cadmium indicating that its toxic effect underlies
free radical mechanism. The results of experiments
on nuclear liver chromatin of animals intoxicated
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with cadmium chloride are presented as a proof of
this theory, where the authors postulated for the first
time a free radical mechanism of cadmium DNA
damaging effect. Numerous recently reported data,
that reliably support this hypothesis, are also pre-
sented in this article.

Cadmium, a variable valence metal, has been
used in the industry and agriculture for many years.
Its main uses in industry today are related to five
areas: the production of nickel-cadmium batteries;
pigments for plastics, ceramics and glass; PVC
heat and light stabilizers; electroplated cadmium
coatings; and as a component in the specialized al-
loys [7-11]. Cadmium is mainly used in the develop-
ment of pigments and chemically pure toners (colo-
ring powders), but also for the conversion of solar
energy into electrical energy. Cadmium carbonate
and cadmium chloride are used to produce cadmium
sulfide, which possesses photoconductive and elec-
troluminescent properties, for use in the production
of special mirrors, pigments for special paints, tex-
tiles, paper, rubber, plastics and fireworks, and as
fungicides [12-14]. By 1987, the cadmium’s use level
in each of indicated industrial sector was estimated
to be 30% of total US cadmium consumption [15].

Intensive use of cadmium in industry, agricul-
ture and everyday life has led to environmental pol-
lution [16]. Therefore, the study of the toxic effect of
heavy metals, in particular cadmium, and the conse-
quences of this effect on living organisms, is urgent-
ly required. Cadmium and its salts are characterized
by polyvalent toxic effects, depending on the mode
of exposure and the penetration into the body of ani-
mals and humans. The reported data have described
a variety of toxic effects of cadmium on the kidneys,
nervous, cardiovascular systems, lungs, blood and
the gastrointestinal tract. There are also data on its
carcinogenic and teratogenic effects [17-20]. In hu-
mans and laboratory animals, acute and chronic in-
halation or oral exposure to cadmium causes damage
to the proximal tubules of cell membranes inducing
reabsorption of phosphates, glucose, amino acids,
and low molecular weight proteinuria, involving, es-
pecially, f2-microglobulin and certain enzymes [21-
24]. The studies on the effect of cadmium ions on
liver cells of different species of animals and humans
showed that cadmium exposure induced nonspecific
reactions in the liver indicating its hepatotoxicity.
Thus, an increase in serum gamma globulin, a posi-
tive Takata reaction, increased thymol levels were
observed in workers exposed to cadmium salts [25-

27]. In rats, cadmium inhalation exposure at a con-
centration of 0.1 mg/m? for 30 days led to an increase
in ALT activity that indicates liver damage [28].

In experimental animals, cadmium intoxication
led to an increase in the liver weight [29, 30], a de-
crease in glycogen stores and an increase in blood
glucose concentration [16]. The discovered nonspe-
cific histopathological indicators, such as intralobu-
lar fibrosis, cirrhosis, the presence of focal mononu-
clear infiltrates, as well as the proliferation of smooth
endoplasmic reticulum, are contributed evidence of
cadmium hepatotoxicity. In addition, what is impor-
tant in this case, drastic changes in the lipid compo-
sition and lipid peroxidation reactions (LPO) in liver
cells were observed [31, 32]. One of the suggested
mechanisms of cadmium cardiotoxicity is a decrease
in the activity of antioxidant enzymes, in particular,
glutathione peroxidase and superoxide dismutase
[33]. Cadmium was shown to be able to change the
metabolism of zinc, iron and copper ions, which are
important cofactors of antioxidant enzymes; as well
as other biologically active substances (BAS), and
selenium. The authors in [34] suggested that the ini-
tial stage of cadmium-induced toxicity is its interfe-
rence with zinc-protein complexes involved in DNA
transcription that subsequently stimulates apoptosis
(see below). Following exposure to metallothionein
(or exposure to synthetic chelator [34]) prevented
disruption in zinc-dependent control of transcription
caused by cadmium intoxication.

Based on these data, it can be assumed that
cadmium (especially its chloride) is one of the most
hazardous representatives of heavy metals, whose
toxic effects have been confirmed in numerous
studies. However, subtle biochemical mechanisms
for cadmium toxic action, in particular, its DNA-
damaging effect, are remained poorly understood.

In earlier study we were among the first who
proposed an experimentally confirmed hypothesis
of cadmium DNA-damaging effect [35], in which a
central role is played by cadmium-induced reactive
oxygen species, which induce the LPO modification
causing damage to important biomolecules leading
to hepatocytes damage, in the first place, the dys-
function of nuclear chromatin.

According to this concept, toxic damage to the
cell initially affects the cell membranes, primarily
the endoplasmic reticulum, inducing the generation
of reactive oxygen species (ROS) which cause oxida-
tive DNA and protein damage, and, as a result, apo-
ptotic cell death [36].
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The role of mitochondria in cadmium-mediated
nephrotoxicity was studied in [37]. Normally, there
is a balance between ROS formation and the anti-
oxidant enzymes activity. However, upon cadmium-
induced mitochondrial dysfunction, mitochondria
begin producing less energy and more ROS. The
imbalance between levels of ROS and antioxidant
enzymes lead to oxidative stress and following mul-
tiple negative multifactor’s consequences: the loss of
mitochondria membrane potential causes activation
of apoptosis via cytochrome C- and caspase-depen-
dent pathways. These mechanisms for mitochondrial
regulation disorders (upstream signaling pathways,
direct mitochondrial targeting, and downstream cell
death effector pathways) are the argument for the use
of antioxidants in case of cadmium-induced nephro-
toxicity.

Such involvement of free-radical reactions,
aroused in membranes of the endoplasmic reticulum
in response to stress, has been recently reported in a
number of recent works [38].

Free-radical chromatin- and DNA-
damaging effects of cadmium ions

Initially, the damage to chromatin and its con-
stituent DNA results from the cadmium-induced en-
doplasmic reticulum stress [39]. In this work, the au-
thors showed that the endoplasmic reticulum stress
plays a key role in the cadmium-induced DNA-da-
maging activity. As a result, induction of apoptosis
in target tissues (primarily in the liver and kidneys,
see below) occurs. In the latter case, abnormal un-
folded protein response is involved in the toxic pro-
cess. Such abnormal response is also induced by
ROS.

In addition to ROS in membranes of the endo-
plasmic reticulum, free radicals are also formed as
a result of LPO free radical reactions in chromatin
fractions [40-42]. Previously, we postulated that the
balance in LPO free radical reactions in nuclear
chromatin is an important mechanism for regulating
its activity [40]. Oxidative damage to components
of the nuclear genome - DNA, proteins and lipids -
leads to the abnormality in the main biochemical re-
actions in chromatin: replication, repair, transcrip-
tion.

In previous work, we studied in detail mecha-
nism of the cadmium chloride toxic effect on subcel-
lular components of liver cells [35]. The relationship
between the chromatin state (functional and struc-
tural) and the cadmium chloride-activated LPO re-

actions in the repressed chromatin (RC) and tran-
scriptionally active chromatin (TAC) of liver cells
was found.

In this paper, we proposed an experimentally
supported hypothesis for the mechanisms of DNA
damaging effect of cadmium ions, in which ROS
have a key role to play. ROS are involved in a mod-
ification of LPO reactions that lead to disorder in
structure and function of vital biomolecules result-
ing in damage to hepatocytes, in the first place to the
functioning of their nuclear genome.

It was shown on animal experiments that ad-
ministration of cadmium chloride, at a dose of 5 mg/
kg body weight 24 h before decapitation altered RC
and TAC levels significantly, and the level of the lat-
ter decreased. However, the protein/DNA ratio in
TAC fraction increased, that may be a consequence
of the increase in protein level in this fraction. We
suggested that such a structural modification may be
caused by a change in the intensity of the LPO reac-
tions. Indeed, cadmium chloride intoxication led to
activation of NADPH-dependent LPO-reactions in
the TAC fraction. Other parameters of spontaneous
(evaluated by diene conjugate level) and induced
LPO were not significantly changed (Table 1). In the
RC fraction, on the contrary, intoxication led to a
decrease in NADPH-induced and spontaneous LPO.
In this case, the different effect of cadmium chloride
on the LPO-reactions in chromatin fractions may be
account for differences in their structure and in fatty
acid compositions of lipids [43, 44]. The cadmium
chloride exposure altered, to some extent, the func-
tional activity of the fractionated liver chromatin. In
RC, the enzymatic activity of the fraction enriched
in RNA polymerase [ decreased significantly. In the
TAC fraction, the toxicant exposure led to a decrease
in total DNA polymerase activity due to a decrease
in the activity of replicative DNA polymerase o
(Table 2).

A decrease in the intensity of DNA synthesis
during cadmium chloride intoxication was also ob-
served by other authors [45]. Earlier, we established
an inverse relationship between the DNA synthesis
and the intensity of LPO reactions in the RC and
TAC fractions [46]. In this case, cadmium chloride
intoxication is assumed to induce free-radical LPO
reactions in RC and TAC that results in abnormal
DNA synthesis due to defects in structural-function-
al replication complex. Cadmium chloride intoxica-
tion also intensified oxidative modification of rat
blood plasma proteins (Table 3).
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Table I Intensity of LPO-reactions in rat liver cells chromatin fractions during cadmium chloride intoxica-
tion

. Transcriptionall
Repressed chromatin . P Y
Parameters active chromatin

Control ‘ Experiment, 24 h Control ‘ Experiment, 24 h

Diene conjugates content (nmol/mg of protein)

Heptanoic extract (neutral lipids) 73.3 12.1* 19.1 18.7
Isopropanolic extract (phospholipids) 391.7 525.5% 290.1 316.8%*
Malone dialdehyde accumulation (nmol/mg of protein during 2 h)

NADPH-dependent LPO 992.6 1004.2 372.4 527.6*
Enzymic component of 149.7 1471 50.0 102.3*
NADPH-dependent LPO

Ascorbate -dependent LPO 436.8 330.0 1288.2 1652.8
Nonititiated control 133.1 115.6 25.0 25.7

Note: n =5; * P <0.05 with compare to control.

Table 2. Intensity of endogenous DNA- and RNA-synthesis in rat liver cells chromatin fractions during
acute cadmium chloride intoxication

. Transcriptionall
Repressed chromatin . P Y
Parameters active chromatin

Control ‘ Experiment, 24 h Control ‘ Experiment, 24 h
Enzymes’ activity of DNA- and RNA-synthesis (dpm/mg DNA)

Total DNA-polymerase activity 851600 1179628 227514 82253*
Activity of DNA polymerase o 785440 1077097 206686 65996*
Activity of DNA polymerase 3 66160 102530 20828 16257
Total RNA-polymerase activity 62477 62845 402978 488543
Activity of RNA polymerase I 37864 15991* 224745 274237
Activity of RNA polymerase II 24613 46854 178233 214305

Note: n=5; * P <0.05 with compare to control.

Table 3. Parameters of oxidative modification of rat blood plasma proteins during chronic cadmium chlo-
ride intoxication (M +m, n = 7)

E iment (d
Parameters Control xperiment (days)
1 | 7 | 14 2 28

OPM, 1.31+£0.01 272+£0.07%  272+0.02% 277 £ 0.05*% 1.98+0.03  2.32+£0.06*%

OPM,,, 0.49+£0.01 0.90+0.04* 0.87+0.10* 0.92+0.04*  0.64+0.01* 0.78 +0.02*
Note: n=5; * P <0.05 with compare to control.

Thus, administration of a water solution of cad- structure and functional activity of rat liver chro-

mium chloride to animals was shown to lead to the matin fractions characterized by different transcrip-
changes in the biochemical parameters related to the tional activities. The change in the intensity of free-
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radical LPO reactions in chromatin was assumed
to underlie the DNA damaging effect of cadmium
chloride on liver cells.

This assumption was further corroborated by
works of other researchers. Thus, the authors in
[47] evaluated the cadmium toxic effects on chick
embryo liver tissue. Cadmium at a dose of 40, 50
and 60 ug at intervals of 24, 48 and 72 h was admi-
nistered in ovo on the 10%, 11" and 12™ days of the
development of Babcock strain chicken embryos. On
the 13" day of the experiment, blood and liver tissue
were collected and tested for DNA-damaging activi-
ty and intensity of LPO reactions. The occurrence
of micronucleus in erythrocytes and the number
of abnormal blood cells were also assessed. These
parameters increased with an increase in cadmium
concentration and time of exposure. The level of
malonic dialdehyde (MDA) also increased in the
cadmium-exposed groups compared to control. The
authors concluded that the free-radical mechanism is
involved in the DNA-damaging effect of cadmium.

The DNA damaging effect of cadmium on
Nile tilapia fish was studied using cytogenetic and
molecular biological methods (micronucleus forma-
tion and comet assay) [48]. It was found that an in-
crease in cadmium dose and exposure time led to the
increase in the number of damaged nuclei and the
formation of DNA comets.

The authors believe that the cadmium DNA
damage is caused by the increase in the ROS forma-
tion, i.e., due to free radical mechanisms.

Similar results were reported in [49]. The au-
thors investigated the DNA damaging effect of
cadmium chloride on the marine gastropod Nerita
chamaeleon using comet assay and DNA alkaline
unwinding assay (DAUA). The detected DNA dama-
ge was similar to that induced by hydrogen peroxide
in vitro. Based on these findings, the authors postu-
lated that DNA damage by cadmium chloride occurs
via the free radical mechanism.

In the study [50], molecular mechanisms for
cadmium damaging effect on DNA in cultured hu-
man cells A549 and VH10hTert were investigated.
The authors proposed a scheme for the molecular
mechanism of the DNA-damaging effect of cadmium
compounds (cadmium oxide and cadmium chloride):

The authors believed that cadmium-induced
oxidative DNA damage underlies cadmium ge-
notoxicity since the direct interaction of cadmium
ions with the components of the nuclear genome is
unlikely pathway of action. It was shown that the

CdcCl, =
/ ~N

Cd?*--proteins/peptides ’ [Cd?4]
~N

/1 =
-

DNA repair l
inhibition

human lung cell

Fig. 1. A scheme postulating the molecular mecha-
nism for oxidative damage to human lung cells by
cadmium compounds [50]

uptake of cadmium led to inhibition of DNA adduct
repair, similar in nature to oxidative DNA damage in
cadmium-induced carcinogenesis. It was also shown
that the mechanism of damage, in this case, is con-
nected with the change in the conformation of the
zinc-binding domain of the tumor suppressor p53 by
cadmium.

In a recently published paper [51], the authors
investigated cadmium-induced DNA damage and
cytotoxicity in peripheral blood erythrocytes of La-
beo rohita fish exposed to cadmium chloride at a
concentration of 0.37 and 0.62 mg/1 in water for 100
days. The blood samples were collected at different
time intervals (1, 3, 5, 10, 15, 30, 60 and 100 days)
and analyzed for DNA damage using comet assay,
determining the number of micronuclei and other
cellular abnormalities [52]. The results of comet as-
say showed that mean values (%) of tail DNA in-
creased significantly at both concentrations. Cadmi-
um also induced several other nuclear abnormalities
such as binucleation, bud-shaped, lobed, notched and
vacuolated nuclei. Cytoplasmic abnormalities such
as echinocytes, acanthocytes, microcytes and cells
with notched and vacuolated cytoplasm were also
detected. All the studied parameters were found to
be increased in a concentration-dependent manner
with a peak on the 10" day in the cadmium-exposed
group compared to control and decreased after the
15" day of exposure.

Thus, cadmium ions were established to be able
to induce the generation of reactive oxygen species
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in the mitochondria and other cell compartments. A
reduction in the activity of antioxidant enzymes or
an increase in the formation of reactive oxygen spe-
cies causes serious damage to the structure of pro-
teins, lipids and chromatin DNA [34].

The assumption that cadmium toxic effect oc-
curs via free radical mechanism is evidenced by its
pronounced carcinogenic activity (the connection
between these two activities is well established [36],
see for example [53]).The authors indicated that cad-
mium causes damages, typical to the carcinogen, in-
cluding ROS induction and inhibition of DNA repair.
In this work, the evidence of cadmium mutagenic
effect was given. It was suggested that cadmium
compounds induce mutations through free radical
mechanism resulting in genetic instability. Inhibition
of repair leads to exo- and endogenous DNA dama-
ge, which, in turn, causes an increase in the proba-
bility of mutations and initiation of carcinogenesis.

Apoptotic mechanisms of free-radical
toxic effect of cadmium ions

Such cell damage leads to cell death and apop-
tosis [54]. It was shown that the mitogen-activated
protein kinases (MAPKSs) signaling system 1is in-
volved in inducing apoptosis by increasing the ROS
level. Exposure to cadmium leads to a significant in-
crease in the ROS production by inhibiting the glu-
tathione antioxidant system and binding the protein
sulthydryl groups [36].

In this monograph, we analyzed thoroughly
general mechanisms for free radical toxic damage
to the liver, leading, ultimately, to necrotic-apoptotic
cell death. Earlier a detailed analysis of cadmium-
induced toxic free radical damage to the liver cells,

which leads via apoptosis to damage and cell death,
was carried out by Arroyo V.S., Flores K.M., et al
[55]. Fig. 2 (taken from their report) illustrates pro-
posed metabolic pathway of cell damage caused by
cadmium-induced free radical damage.

It should be noted that the idea suggested in this
paper about the role of calcium ions and cytochrome
C450 in a toxic process that leads to apoptotic organ
damage is consistent with our view represented in
the above-mentioned monograph [36].

In a later report [56], cadmium chloride was
shown to induce apoptosis in various types of cells,
including osteoblasts, both in vitro and in vivo.
However, until recently, the mechanisms of this
process have remained unclear. The authors used
the MG63 human osteosarcoma cell line, similar in
characteristics to human osteoblasts. It was estab-
lished that a short-term exposure to cadmium chlo-
ride induces apoptosis in these cells. In addition,
the content of phosphorylated proteins p38MAPK
significantly increased and the content of ERK1/2
decreased in a concentration-dependent manner. In-
hibition of p38MAPK phosphorylation by SB202190
protects the cells from Ca-induced apoptosis. The
cell incubation with PD98059 - an ERK1/2 inhibi-
tor - had the same effect. Acetylcysteine significantly
reduced the ROS level and exerted an effect opposite
to that of cadmium on MAPK-dependent signaling
systems. The authors concluded that cadmium in-
duces cell apoptosis by increasing the ROS forma-
tion, activating the p38M A PK-related signaling sys-
tem and inhibiting the ERK1/2-dependent one.

The mechanisms of the toxic effect of cadmium
compounds were analyzed thoroughly in a review
[57]. Cadmium was emphasized to cause diverse

Antioxidant

ENZYMES
inactivation

Mitochondria-
derived RoS
Production

L

¢d ——— | GSH depletion — Oxidative stress - Protein oxidation

Lipids,DNA and

|

hepatocellular
Damage

-

Fig. 2. Cadmium-induced oxidative stress: specific metabolic pathways of cellular damage caused by free

radical damage by this toxicant are proposed [55]
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toxicity, including hepatotoxicity, nephrotoxicity,
teratogenicity, reproductive and endocrine toxicity.
At the cellular level, cadmium intoxication leads to
apoptosis. The toxic effect of cadmium is realized
via genome instability caused by disruption to DNA
repair, the formation of reactive oxygen species and
the induction of apoptosis. These findings agree well
with statements reported in our monograph [36].

Molecular mechanisms underlying DNA dama-
ging effects of cadmium compounds were discussed
in detail in [58]. It was postulated that cadmium ini-
tially induces, through the stress of the endoplasmic
reticulum, generation of reactive oxygen species, in-
cluding hydroxyl radicals which have a pronounced
DNA-damaging effect [42]. Further, this mechanism
is realized through inhibition of DNA repair and in-
duction of apoptosis, eventually, resulting in carcino-
genesis and cell death [36].

Molecular mechanisms responsible for disrup-
tion of DNA repair in human bronchial epithelium
cells I6HBE under the influence of cadmium intoxi-
cation were analyzed in [59]. It was indicated that
cadmium is a known toxic carcinogen, which exerts
a malignant effect by disruption to DNA repair pro-
cesses. The authors assessed gene expression and
DNA methylation in control cells and in cells ex-
posed to cadmium chloride. For these purposes, they
applied HPLC, real-time PCR, Western blot analysis,
and methylation-specific PCR assay. It was found
that during Cd-intoxication, the total DNA methyla-
tion progressively increased, which was associated
with the overexpression of the methyltransferase
genes DNMTI and DNMT3a but not DNMT3b. Ex-
pression of both the messenger RNA and proteins of
the DNA repair genes (hMSH2, ERCCI, XRCCI, and
hOGG]I) progressively decreased and along with Cd-
induced transformation the degree of DNA damage
increased. The promoter sites of AMSH2, ERCCI,
XRCCI, and hOGGI genes were hypermethylated.
The DNA demethylating agent 5-aza-2'-deoxycyti-
dine has the ability to reverse the cadmium-induced
DNA hypermethylation, DNMT hyperactivity and
silencing of AMSH2, ERCCI, XRCCI, and hOGGI
genes in a time-dependent manner. These results
indicate that DNMTI and DNMT3a overexpression
can cause global DNA hypermethylation and the
silencing of AMSH2, ERCCI, XRCC1 and hOGGI
genes. These data can partly explain the epigenetic
mechanisms of cadmium-induced carcinogenesis.

Biochemical mechanisms of cellular cadmium
toxicity resulting in apoptosis and cell death were
described in an earlier work [60]. It was outlined

that cadmium induces significant DNA damage in
embryonic cells and also induces embryonic growth
retardation due to upregulation of p53, p21 protein
transcription, downregulation of Bcl-2 protein and
shifting the Bcl-2/Bax equilibrium towards apopto-
sis, as well as an increase in the procaspase-3 activi-
ty. These effects are likely to occur via zinc-related
mechanisms since the zinc pretreatment ameliorates
toxic effects of cadmium.

The critical role of oxidative stress in DNA
damage and apoptosis of liver carcinoma cells upon
cadmium chloride intoxication was demonstrated
clearly in [61]. The authors showed that under these
conditions, oxidative stress plays a key role in ac-
tivation of LPO reactions (a significant increase in
hydroperoxide production was registered), DNA
damage (analyzed by alkaline single cell gel electro-
phoresis Comet assay). These processes led, even-
tually, to a programmed cell death - apoptosis of
HepG2 carcinoma cells.

The recent report [62] indicated that cadmium,
depending on the concentration and cell type, may
disrupt cellular homeostasis via complex mecha-
nisms involving interaction with other metals, in-
duction of oxidative stress and apoptotic or necrotic
cell death. The authors proved that cadmium chlo-
ride causes DNA damage in Jurkat T cells (signifi-
cantly, relative to control), and also leads to a de-
crease in the activities of superoxide dismutase and
glutathione peroxidase, an increase in LPO and
carbonyl protein level. At the same time, the levels
of glutathione and total sulthydryl groups were sig-
nificantly reduced indicating that cadmium induces
oxidative stress. These results, according to the au-
thors, prove that cadmium causes disruption of cel-
lular redox homeostasis, which, in turn, leads to lipid
and protein oxidation, as well as to oxidative DNA
damage in Jurkat T cells.

The free radical mechanism of cadmium-in-
duced chromatin- and DNA-damage was confirmed
by the pronounced protective effect of antioxidants
during cadmium intoxication. Thus, in recent work
[63], authors studied the protective effect of me-
dicinal plant Moringa oleifera on the liver, kidneys,
testes, lipid profile and hematological parameters of
adult Wistar rats upon cadmium-induced damage to
these organs. Pretreatment with the antioxidant ob-
tained from this plant was found to have a protective
effect.

The protective role of antioxidants was also
shown in other studies. Thus, Btasiak [64] demon-
strated by means of alkaline comet assay that anti-

11
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oxidant quercetin plays a protective role in cadmium
chloride lymphocytes damage. The cells exposed to
cadmium chloride (5-150 uM) were shown to re-
store their functions at the pretreatment them with
quercetin at a dose of 50 pM. The author believes
that quercetin can chelate cadmium ions, scavenge
free radicals, or regenerate DNA repair enzymes.

Cadmium was indicated to be a mutagenic and
carcinogenic metal [65]. Cadmium-induced oxida-
tive stress leads to the cytotoxic effects. Nuclear-
factor-erythroid 2-related factor 2 (Nrf2), the main
member of the leucine-zipper (bZip) family of tran-
scription factors, was found to exhibit a protective
action during cadmium-induced oxidative stress and
DNA-damage.

Thus, the stages of toxic effects of cadmium
compounds can be represented by diagram:

1. Free radical generation

2. Free-radical damage to DNA and chromatin

3. Apoptosis

via these pathways

4. Overall toxic effect of cadmium compounds
is realized leading to permanent
damage to organs and tissues

Similar views were presented in the last two
cited review papers [66, 67]. In the first work, au-
thors considered mechanisms of oxidative DNA
damage and its effect on cellular metabolism. Oxi-

12

dative DNA damage was stated to be an irreversible
consequence of toxic damage to the cell. More than
20 anomalous DNA bases were detected; 8-hydroxy-
21-deoxyguanosine is the most studied among them.
Its appearance leads to a modification of the activity
of DNA repair enzymes. Defective repair, in turn,
results in the development of a number of pathologi-
cal processes, in particular, carcinogenesis. Such
damage to DNA was suggested to use as a biomarker
for the detection of pathologies associated with the
intoxication, e.g. with cadmium.

The consequences of intoxication with cad-
mium compounds were reported in detail in [67]. It
was emphasized that cadmium is an important heavy
metal environmental pollutant. Important sources of
human intoxication with cadmium are the indus-
try and manufacture that use it as one of the main
raw materials, as well as cigarette smoke, food, wa-
ter and air pollution. The toxic effect occurring via
the above-described molecular events may result in
humans in cancers of the prostate, lungs and testes.
It is these organs are damaged upon acute intoxi-
cation. Chronic intoxication is accompanied by ob-
structive airways disease, emphysema, irreversible
renal failure, metabolic bone disorders and immu-
nosuppression. At the cellular level, cadmium affects
proliferation and differentiation leading to apoptosis.
All this occurs due to indirect induction by cadmi-
um of ROS generation (see above) followed by DNA
damage. Thus cadmium modulates gene expression
and signal transduction, reduces the activity of anti-
oxidant enzymes that lead to impaired DNA repair
processes.

The authors highlighted the role of cadmium-
induced damage to DNA, membranes and pro-
teins, the inhibition of various types of DNA repair,
and apoptosis in these disorders. Such results are
consistent with the proposed by us molecular mecha-
nisms of cadmium-induced free radical damage to
the nuclear genome and effects of this damage on
cell and organism (see diagram).
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[IBOTO aHaJi3y MiATBEPIDKEHO KOHIIETIIII0, 3T1THO
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MU, BAHUKHEHHS SKUX 1HAYKYIOTh 10HHM TOKCHKAH-
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cami 1o co0i, aKTHBHUMH YIITKOJDKYIOUYUMH areH-
TaMH, IO 3yMOBIIOIOTh TOKCHYHI €(DEKTH, B TOMY
YHUCII MyTareHHWH, 110 MPU3BOAUTE Y KiHIICBOMY
I ICYMKY JIO allonTo3y i 3aru0eni KIiTHHH.
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OINACHOCTBIO IS 3A0POBbsSI YEJIOBEKa BBUIY 3Ha-
YUTEIBHOIO TOKCHYECKOro JEHCTBHS Ha opra-
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MIPUBOANT B KOHEYHOM MTOI'€ K aroNnTo3y U ruoeiu
KJICTKH.
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