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ABSTRACT

Relevance: According to the International Agency for Research on Cancer (IARC), hexavalent chromium Cr(VI) has been identified
as a Group I occupational carcinogen. There is ample evidence that Cr(VI) is associated with lung, nasal, and sinus cancers. A study
based on the Baltimore cohort, which consisted of 2357 participants, demonstrated a high positive correlation between cumulative
Cr(VI) exposure and lung cancer mortality rates. In the western region of Kazakhstan in the Aktobe region, an anthropogenic stablegenic
chromium biochemical province has been formed as a result of many years of activity of the enterprises of TNC Kazchrome JSC
(Donskoy GOK, Ferrochrome JSC) and AZKhS JSC, which has an impact on the health of the population of this region. In a survey of
workers at a ferroalloy plant in West Kazakhstan over 15 years, the mortality rate from cancer among plant workers was significantly
higher than among the general public: the excess among people aged 50-59 years was 3.3 times for men and 7.9 times for women. There
is a huge amount of material on the effects of hexavalent chromium on the body, which needs to be streamlined to reveal the role of
chromium in carcinogenesis.

The article aimed to highlight the role of hexavalent chromium in carcinogenesis.

Methods: Data from MEDLINE, Embase, Scopus, PubMed, and Cochrane Central Register of Controlled Trials were analyzed to
select and analyze relevant information over the past 10 years using keywords: hexavalent chromium, carcinogenesis, heavy metals,
oncogenesis. A total of 173 sources were found, and 50 were included in the analysis, considering the valency of the metal studied.

Results: Hexavalent chromium inside the human body can react with cellular agentsb reducing to form Cr(V), Cr(IV), and,
ultimately, Cr(Ill). The latter can lead to the formation of highly toxic Cr(I1l) DNA adducts in the cell nucleus. All of these intermediates can
cause DNA damage or DNA-protein cross-links. Several mechanisms have been proposed to explain chromium-induced carcinogenicity.
Cr-induced carcinogenesis is likely dependent on tissue, cell type, Cr(VI) concentration, exposure time and isoforms of certain heat
shock proteins, chromosomal instability, nuclear protein I (Nupr) induction, DNA adduction, and free radical formation; reactivity of
Cr(V) and Cr(IV) intermediates. Epigenetic gene expression changes are considered a key element of carcinogenesis.

Conclusions: Understanding the mechanisms of carcinogenesis is important for preventing and treating Cr(VI)-induced cancer.

Strategic developments are needed to prevent oncogenesis in the chromium biogeochemical province.
Keywords: hexavalent chromium, carcinogenesis, heavy metals, oncogenesis.

Introduction: According to the International Agen-
cy for Research on Cancer (IARC), hexavalent chromi-
um is recognized as a Group | occupational carcinogen
[1]. There is sufficient evidence in the scientific liter-
ature linking Cr *¢ with lung, nasal cavity, and parana-
sal sinus cancer [2]. A study on the Baltimore Cohort of
2,357 participants demonstrated a high positive corre-
lation between cumulative exposure to Cr(VI) and lung
cancer mortality [3]. In the EC assessment of socioeco-
nomic impact on human health, hexavalent chromium
and silicon dioxide were strongly associated with can-
cer death [4]. Exposure to Cr *occurs in many industries,
and workers are often exposed to it through inhalation
and skin contact [5]. Hexavalent chromium is contained
in car exhaust gases and tobacco products such as tra-
ditional electronic cigarettes and hookahs [6]. It is esti-
mated that 66% of existing or former hazardous waste
disposal sites included in the list of national priorities
also contain Cr [7]. In the Aktobe region of the Repub-
lic of Kazakhstan, a stable anthropogenic chromium bi-

ochemical province has formed [8] as a result of long-
term activities of the enterprises of JSC TNC Kazchrome
and JSC AZHS, which affects the health of the popula-
tion of this region and neighboring regions. A survey
of workers of the ferroalloy plant showed that over 15
years, mortality from cancer among plant workers was
higher than in the population: among people aged 50-
59 years, among men - 3.3 times, among women - 7.9
times. The largest share of all cancer deaths was stom-
ach cancer - 37% and lung cancer - 15.8% [9].

The article aims to highlight the role of hexavalent
chromium in carcinogenesis.

Materials and methods: An analysis of MEDLINE,
Embase, Scopus, PubMed, and Cochrane Central Regis-
ter of Controlled Trials data was performed to select and
analyze relevant information for the last 10 years using
the keywords “hexavalent chromium,” “carcinogenesis,”
"heavy metals,” and “oncogenesis.” Of 173 sources found,
50 were included in the analysis, considering the valence
of the metal under study.
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Results: Cr is a rare element; its most stable forms are
trivalent Cr(Ill) and hexavalent chromium Cr(VI). Due to
their stability in water and oxygen, they are considered
biologically and ecologically significant. Cr(lll) is an es-
sential trace element in the human diet; it supports glu-
cose metabolism and regulates blood glucose levels,
which synergizes with insulin. Conversely, Cr(Vl) is car-
cinogenic when inhaled and/or ingested in large quan-
tities. Cytotoxicity of Cr refers to its ability to cause dam-
age to living cells, especially at higher concentrations. In
its hexavalent form, Cr exhibits strong cytotoxic effects
due to its strong oxidizing properties. Cr(VI) can pene-
trate cell membranes and convert to Cr(lll) inside the cell
upon exposure. This conversion produces reactive inter-
mediates and free radicals, leading to oxidative stress
and subsequent cellular damage. Cr(Vl) interferes with
important cellular processes, disrupts DNA repair mecha-
nisms, and causes genotoxicity, which ultimately contrib-
utes to cancer development. In addition, Cr(VI) can pro-
duce reactive oxygen species, causing lipid peroxidation
and protein damage. Elevated levels of reactive oxygen
species cause oxidative stress, leading to lipid peroxida-
tion and cellular protein degradation. In addition, Cr(VI)
can directly act on DNA, disrupting DNA mismatch repair
and, as a result, causing genomic instability [10].

Chromium can exist in three different states: Cr(0),
Cr(Il1), and Cr(VI); only Cr(VI) is a known carcinogen. En-
vironmental and occupational exposure to Cr(VI) via wa-
ter, air, or landfills has become a major public health con-
cern and is associated with human lung cancer. Changes
in signaling pathways and oxidative stress are considered
causative factors in response to Cr(VI) exposure. Chromi-
um alters the epigenome; histone modifications and the
DNA methylation landscape alter the chromatin state.
Recently, dysregulation of microRNAs has been shown to
play an important role in Cr(VI)-induced cellular transfor-
mation, carcinogenesis, and angiogenesis. Interleukin-8
was induced by Cr(VI) treatment, a major inducer of an-
giogenesis upregulated by activating the IGF-IR/IRS1 axis
and ERK/HIF-1a/NF-kB signaling pathway. This result sug-
gests that miR-143/IL-6/HIF-1a signaling pathway plays a
vital role in Cr(VI)-induced malignant cell transformation
and carcinogenesis [11].

Ligand-bound Cr(lll) enters cells via a phagocytic mech-
anism or non-specific diffusion. Subcellular Cr(VI) is stored
as chromate oxyanion (CrO4), and chromate anions utilize
sulfate transporters on the cell surface to enter. Once Cr(-
VI) enters the cell, it becomes toxic because it is reduced
to Cr(lll) together with ascorbate and biological thiols such
as glutathione (GSH) or because cysteine aminoalkanoic
acid residues form reactive oxygen species. Cr(VI) remains
a major health problem, contributing to a wide range of
cancers: prostate, bone, leukemia, lymphoma, kidney, gas-
trointestinal, brain, and lung cancers [12].

Occupational exposure and environmental pollution
are common routes of exposure to toxic metals. Accumu-
lation of metals in the soil leads to their transfer to flora
and fauna. The main source of human exposure to toxic
elements is nutrition. There is an assumption about the
bioaccumulation of toxic metals in the colon and their in-
volvement in oncology development. A group of 104 pa-
tients with various diseases of the colon and rectum was
examined, of which 76 were diagnosed with cancer. A sig-
nificantly higher presence of Cr was observed in tumor
biopsies. Molecular data on the effect of Cr on the colon
were obtained in both in vivo and in vitro studies. Cr in-
duces centrosome amplification in HCT116 colon cancer
cells. It is known that the centrosome plays a role in on-
cogenesis and invasiveness of cancer cells. The authors
found that Cr(VI) can induce centrosomes and promote
cancer progression via the ROS-ATF6-PLK4 pathway [13].

Molecular studies have shown that Cr exposure re-
sults in decreased expression of p53 and RKIP, while an
increase in galectin and c-myc is observed. It should be
noted that Cr-induced disruption of p53 expression may
significantly affect the development of colorectal can-
cer. Decreased p53 expression disrupts cell cycle control,
leading to uncontrolled tumor proliferation and growth.
Impaired p53 function disrupts DNA repair mechanisms,
accumulating genetic aberrations and increasing tumor
aggressiveness [14].

A meta-analysis of Cr(VI) exposure and gastrointesti-
nal cancer showed an increased risk of gastric cancer in
workers exposed to chromium and an increased mortal-
ity rate from gastric cancer in chromium-contaminated
regions. Exposure to Cr *®increased the risk of brain can-
cer and malignant lymphoma and mortality from lung,
bladder, and pancreatic cancer among tanners.

A meta-analysis based on published epidemiological
cohort studies showed that hexavalent chromium causes
cancer of the respiratory system, oropharynx, prostate,
and stomach and increases the risk of developing can-
cer of the larynx, bladder, kidney, testicles, thyroid, and
bone [15].

Currently, chromium exposure is associated with a
wide range of diseases, from cutaneous exposure that
causes sensitization to haptens via the mechanism of in-
flammatory cell activation to carcinogenicity through
various exposure modes and mechanisms, including
genomic instability or epigenetic changes [16], as well
as respiratory, hepatic, renal and reproductive problems
and neurological disorders [17]. This brief review sum-
marizes the most relevant results in Cr(VI) carcinogene-
sis, emphasizing molecular and epigenetic mechanisms.

Epithelial cells can transdifferentiate into motile
mesenchymal cells through a dynamic process known
as epithelial-mesenchymal transition (EMT). EMT is criti-
cal for embryonic development and wound healing but
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also contributes to human diseases such as organ fibro-
sis and cancer progression. Hexavalent chromium has a
dual effect on epithelial-mesenchymal transition, some-
times stimulating and sometimes inhibiting the EMT
process. [18].

Initially, only inhalation exposure to Cr(VI) was of ma-
jor concern, but it was subsequently noted that absorp-
tion from the gastrointestinal tract can also lead to car-
cinogenic activity. Although the effects of oral exposure
are reduced by chemical reduction of Cr(VI) in the intes-
tine, this phenomenon does not prevent chromium up-
take into target tissues, allowing disease to develop [19].
Epidemiological studies conducted in populations con-
suming contaminated water and meta-analyses of ep-
idemiological cohort studies have shown an increased
risk of developing several types of cancer, including
gastric, gastrointestinal, renal, genitourinary, bone, leu-
kemia, lymphoma, brain, nose, and lung. Cr(VI) induces
a wide range of DNA damage and promotes the induc-
tion of neoplasia in several organs other than the res-
piratory system due to its ability to biotransform in all
types of cells [20].

The toxicity and carcinogenicity of Cr(VI) is due to its
ability to readily enter cells through isoelectric and iso-
structural anion transport channels, which are used to
transport HPO 2, SO 2 ions [21]. Although Cr(VI) com-
pounds do not bind directly to DNA, intermediates and
byproducts of Cr(VI) metabolism can cause a wide range
of damages through DNA adducts and cross-links. No-
tably, the formation of reactive oxygen species (ROS)
through detoxification is mainly responsible for Cr(VI)-in-
duced cellular damages such as DNA damage, cytotox-
icity, and tumor development [22]. Cr(lll), (IV), (V), and
(V1) species are known to produce intracellular ROS. Dur-
ing intracellular reduction of Cr(VI), hydroxyl radicals are
generated through Fent-like reactions in the presence of
hydrogen peroxide [23]. Endogenous superoxide anions
and hydrogen peroxides produce hydroxyl radicals via
Haber-Weiss-like reactions in the presence of Cr(VI) [24].
Reactive oxygen species scavengers ascorbic acid and
glutathione can detect and reduce Crto Cr but pro-
duce free radicals, hydroxyl radicals, and DNA-damaging
intermediates such as Cr*>and Cr™[25].

ROS, including hydroxyl radicals, singlet oxygen, per-
oxides, and superoxides, can be important second mes-
sengers and activators of various pathways, including
apoptosis, cell signaling, and homeostasis [26]. Cr(VI)
has been shown to induce the activation of NF-kB, AP-
I, and Nrf 2, which are important in cancer development
[27]. Hydroxyl radicals can react with guanine residues to
form radical adducts such as 8-hydroxydeoxyguanosine
(8-OH-dG), an important marker of oxidative damage in
cancer [28]. ROS accumulation can lead to oxidative stress
and promote chronic inflammation, metabolic repro-

gramming, genetic instability, and cancer development
[29]. Adducts formed by conjugating Cr and ROS scaven-
gers, including GSH-Cr-DNA, can generate bulky adducts
and block proper DNA replication and repair [30]. Hex-
avalent chromium damages DNA by intracellular reduc-
tion as apurinic/apyrimidinic sites and by interacting with
proteins, amino acids, or directly with DNA, causing DNA
breaks [31]. Upon intracellular reduction, Cr(VI) can form
bulky binary Cr(lll) adducts (Crlll-DNA) as well as terna-
ry adducts, i.e., Cr(lll)-ligand-DNA, the latter being more
mutagenic than the binary Cr(lll)-DNA analogs and 90%
of mutagenic damage occurs in ternary complexes [32].
The literature data on changes in chromatin structure in
response to acute and chronic Cr(VI) exposure suggest
that the mechanisms governing the transcriptional re-
sponse induced by Cr(VI) often differ in a dose-depend-
ent manner, and this may influence the molecular mecha-
nisms leading to carcinogenesis, since structural changes
in chromatin do not correlate with changes in the global
transcriptional response, but do influence gene expres-
sion levels in target regions, which vary in a Cr(VI) con-
centration-dependent manner [33].

Several mechanisms have been proposed to explain
chromium-induced carcinogenicity. Cr-induced carcino-
genesis probably depends on tissue, cell type, Cr(VI) con-
centration, exposure time, and isoforms of some heat
shock proteins, chromosomal instability, nuclear protein
I (Nupr) induction, DNA adduction, and free radical for-
mation; reactivity of Cr(V) and Cr(lV) intermediates [34].
Epigenetic alteration of gene expression is considered a
key element in carcinogenesis.

More than the valence stability of chromium, Cr(VI)
and Cr(lll) are recognized as carcinogens in vitro experi-
ments using Cr-induced DNA-protein complexes; in vivo
experiments did not prove the Cr(lll) carcinogenicity [35].
Although the mechanism of chromium carcinogenicity is
not fully understood, it is generally accepted that it main-
ly occurs through DNA damage/genomic instability and
ROS generation. Cr(VI) has been shown to alter the epi-
genetic profile of cells through DNA methylation, his-
tone modification [36], and inhibition of the recruitment
of DNA mismatch repair proteins, which facilitates the in-
duction of g-H2AX foci leading to DNA breaks and ini-
tiation of p-53 mediated apoptosis [37]. Results such as
these suggest a link between chromium-induced epige-
netic changes and carcinogenesis [38]. Compared with
DNA methylation and histone post-translational modifi-
cations, less is known about the effects of Cr(VI) on miR-
NAs. MiRNAs regulate broad transcriptional pathways;
Cr(VI) disrupts specific transcriptional pathways by di-
rectly deregulating the miRNA expression profile [39].

Recently [40], it was reported that Cr(VI) induces per-
sistent and heritable chromosome translocations, ane-
uploidy and polyploidy, centrosome amplification, and
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DNA repair defects. The regulatory phenotype favored
cancer cell growth due to the imbalance caused by he-
redity and the persistent nature of chromosomal translo-
cations. In recent years, an increasing number of studies
have shown that both short-term and long-term expo-
sure to Cr(VI) causes global changes in epigenetic modi-
fications and non-coding RNA (microRNA) expression in
cells, the latter being important regulators of gene ex-
pression and have been recognized as important partici-
pants in tumor formation, development, and metastasis.

Metabolic reprogramming of key energy metabo-
lism pathways is important for the survival and growth
of cancer cells and tumors. All Cr(VI)-transformed cells
had no changes in their mitochondrial respiratory func-
tions compared to passenger control cells. However, al-
though mitochondrial dysfunction does not occur dur-
ing Cr(VI)-induced lung cell transformation, it does occur
during tumor development [41].

The carcinogenic effects of Cr(VI) have been mainly
studied in lung cancer since the lung is the main target
of Cr(VI). Cr(VI) is well known for transforming normal hu-
man lung epithelial cells such as BEAS-2B and 16HBE cells;
the transformed cells exhibit cancer and cancer stem cell
(CSC)-like properties. Multiple mechanisms have been
identified that contribute to Cr(VI)-induced lung carcino-
genesis, including oxidative stress, DNA damage, abnor-
mal signal transduction, and inflammatory responses.
Although Cr(VI)-induced genotoxicity and mutagenici-
ty are considered to be the main mechanisms of Cr(VI)
carcinogenesis, an increasing number of studies indicate
that altered epigenetic modifications and dysregulation
of non-coding RNAs contribute to induced tumorigene-
sis in the subsequent years [42].

DNA methylation as a major type of epigenetic mod-
ification has been extensively studied in the context of
Cr( V1) exposure. Fundamental changes in DNA meth-
ylation status have been found in blood and lung can-
cer tissues from Cr(VI)-exposed workers and in Cr(VI)-ex-
posed and transformed lung epithelial cells. Since DNA
damage is one of the major genotoxic effects of Cr(VI),
some studies have investigated the role of DNA methyl-
ation in Cr(VI)-induced DNA damage and dysfunction of
the DNA repair system. Cr(VI) exposure causes increased
DNA damage and decreased p16INK4a expression in
16HBE cells [43]. Reduced p16INK4a expression and ab-
errantly increased p16INK4a promoter methylation were
also found in workers with lung cancer and long-term
(=15 years) Cr(VI) exposure, suggesting that p16INK4a hy-
permethylation is involved in Cr(VI) carcinogenesis [44].

Cr(Vl) induced gene-specific histone modifica-
tions that altered gene expression. Altered global and
gene-specific histone modifications and resulting gene
expression changes, such as inhibition of the MLH1 tu-
mor suppressor, contribute to Cr(VI) carcinogenesis.

Chronic low-dose hexavalent chromium exposure has
been shown to transform cells with precancerous cell-
like properties. Disruption of the histone DNA modifica-
tion machinery contributes to the development of gen-
otoxic effects, leading to the onset or progression of
the cancer process [45]. Glycolytic shifts and the devel-
opment of glycolysis play an important role in maintain-
ing the malignant phenotypes of Cr(VI)-transformed cells
since reversal of the glycolytic shift by glucose depletion
significantly inhibited the growth, tumor-like properties,
and tumorigenicity of transformed cells. Involvement of
nuclear proto-oncogene-mediated histone hypoacetyla-
tion in Cr(VI)-induced lung carcinogenesis [46].

Dysregulation of microRNA expression plays an im-
portant role in Cr(VIl)-induced cellular transformation,
carcinogenesis, and angiogenesis. Cr(VI) exposure al-
tered global microRNA expression in the human bronchi-
al fibroblast cell line WTHBF-6. In silico pathway analysis
revealed that these altered microRNAs were enriched in
pathways involved in carcinogenesis [47].

Quercetin (antioxidant flavonoid) inhibited Cr(VI)-in-
duced activation of miR-21/PDCD4 pathway in BEAS-2B
cells by reducing ROS generation. Quercetin inhibited
Cr(VI)-induced malignant transformation and suppressed
xenograft tumor growth from Cr(VI)-transformed cells,
indicating the preventive and therapeutic role of querce-
tin in Cr ** induced lung cancer[36].

Cr(VI) exposure has been shown to induce DNA dam-
age and subsequent activation of DNA repair genes. Ex-
posure of human B lymphoblast HMy2. CIR cells to Cr(VI)
induced global changes in miRNA expression. Mecha-
nistic studies showed chronic Cr(VI) exposure increased
c-Myc expression by downregulating miR-494. This sug-
gests that inhibition of the miR-494/c-Myc pathway con-
tributes to lung cancer initiation by chronic Cr(VI) expo-
sure. [48].

However, most processes of carcinogenesis remain
poorly understood, and an in-depth discussion of these
studies is beyond the scope of this review.

Discussion: Chronic Cr(VI) exposure upregulates
the expression of the proto-oncogene c-Myc, which sig-
nificantly contributes to Cr(VI)-induced cell transforma-
tion, cancer stem cell (CSC) property, and tumorigene-
sis. c-Myc is a master regulator of abnormal metabolism
in cancer cells, and accumulating evidence suggests that
metabolic dysregulation plays an important role in both
cancer development and progression. However, little is
known about the role of metabolic dysregulation in Cr(-
VI) carcinogenesis. It was found that Cr(VI)-transformed
cells exhibited a glycolytic shift that was dependent
on c-Myc activation. The glycolytic shift in Cr(VI)-trans-
formed cells increased acetyl-coenzyme A (acetyl-CoA)
production and enhanced histone acetylation. This, in
turn, increased the expression of acetyl-CoA, which pro-
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duces the key enzyme ATP-citrate lyase, and c-Myc, form-
ing a positive feedback loop between increased c-Myc
expression, glycolytic shift, and increased histone acetyl-
ation [27].

Glucose depletion reverses the glycolytic shift in
Cr(VI)-transformed cells and significantly reduces their
growth, tumor-like properties, and tumorigenicity.
These data indicate that the glycolytic shift plays an im-
portant role in maintaining the malignant phenotypes
of Cr(VI)-transformed cells, suggesting that metabolic
dysregulation plays a critical role in Cr(VI) carcinogen-
esis [49].

Although it is well known that Cr(VI) is one of the most
common environmental carcinogens causing lung cancer
and other cancers, the mechanism of Cr(VI) carcinogene-
sis is not clearly defined. Studies have shown that met-
abolic dysregulation plays a critical role in the develop-
ment and progression of cancer. However, little is known
about whether chronic Cr(VI) exposure causes metabol-
ic dysregulation and whether metabolic reprogramming
plays an important role in Cr(VI) carcinogenesis [38].

In addition, recent studies have shown that mRNA
levels of several genes involved in the glycolytic pathway
and lactate production increase in Cr(VI)-transformed
cells. Cr(VI)-transformed cells exhibit abnormal metab-
olism as evidenced by increased glycolysis or glycolytic
shift. Subsequent mechanistic studies have determined
that the glycolytic shift in Cr(VI)-transformed cells de-
pends on increased c-Myc expression [22, 50].

Importance of the glycolytic shift in Cr(VI) carcinogene-
sis. Increased glycolysis is thought to support some can-
cer features. The glycolytic shift is crucial for malignant
phenotypes of Cr(VI)-transformed cells, suggesting an
important role of the glycolytic shift in Cr(VI) carcinogen-
esis. However, further studies are needed to determine
whether the glycolytic shift occurs early in the course
of Cr(VI) exposure and whether it plays a causal role in
Cr(VI)-induced malignant cell transformation, tumor-like
properties, and tumorigenesis [19, 36].

Cr(VIl) exposure also induces epigenetic dysregula-
tion, which may be important in carcinogenesis. The ex-
istence of cross-regulation between metabolism and
epigenetics suggests that, on the one hand, metabol-
ic dysregulation may lead to epigenetic dysregulation.
On the other hand, epigenetic dysregulation, such as in-
creased histone acetylation, may increase the expression
levels of key metabolic enzymes, causing metabolic re-
programming [41, 48].

Activation of c-Myc in Cr(VI)-transformed cells pro-
motes a glycolytic shift that increases acetyl-CoA levels
and subsequent activation of histone acetylation and
non-histone protein acetylation. Upregulation of acetyl-
ation increases ACLY and c-Myc expression, forming a
positive feedback loop to further promote the glycolyt-

ic shift in Cr(VI)-transformed cells. The glycolytic shift in
cells explains the epigenetic dysregulation induced by
Cr(VI) exposure but also offers additional evidence sup-
porting its important role in carcinogenesis [16, 24].

Conclusion: Thus, it is likely that chronic Cr(VI) expo-
sure induces c-Myc expression, which in turn enhances
the expression of several important glycolytic regulato-
ry enzymes, causing a metabolic shift towards glycolysis.

Cells transformed by chronic Cr(VI) exposure exhib-
it a glycolytic shift. Studies have shown that the glyc-
olytic shift in Cr(VI)-transformed cells depends on the
upregulation of the proto-oncogene c-Myc. It was fur-
ther found that the glycolytic shift in Cr(VI)-trans-
formed cells results in increased acetyl-CoA produc-
tion and enhanced histone acetylation, which in turn
enhances the expression of the key acetyl-CoA-produc-
ing enzyme ACLY and c-Myc expression. This results in
a positive feedback loop between increased c-Myc ex-
pression, glycolytic shift, and histone acetylation. More-
over, glucose depletion reversed the glycolytic shift in
Cr(VI)-transformed cells and significantly ameliorated
their malignant phenotypes. These data together sug-
gest that metabolic dysregulation plays an important
role in Cr(VI) carcinogenesis.

Further animal and human studies are needed to
evaluate their role as biomarkers for early diagnosis and
to develop prevention methods and treatment options
for human cancers induced by carcinogenic chromium
in the future. Understanding the mechanisms of carcino-
genesis is important for the prevention and treatment of
Cr(VI)-induced cancer and the development of appropri-
ate tumor strategies for both prevention and treatment
of malignant tumors caused by exposure to various chro-
mium compounds.
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XPOM-UHAYKIUAJTAHFAH KAHIEPOI'EHE3:
9JEBUETKE HIOJY
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'«Mapat OcnaHoB aTbiHAafbl baTtbic KasakcTaH megnumHa yHusepeuteTin KeAK, AkTebe, Kasakctan Pecnybnukacs!
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Oszexminizi: Xanvikapanvik Kamepai icikmepoi sepmmey acenmmiciniy (IARC) monimemmepi 6otivinwa anmul éarenmmi xpom Cr(VI) 1
monmaawvl kKocinmix kanyepozen peminoe anvikmanovl. Cr(VI) exnenin, MypolHHbIY JHCOHE CUHYCMbLY Kamepii iciiMer Oatllanblcmbl eKeHoiel
mypanwl Kenmezen oonendep obap. 2357 xamvicyuvioan mypamein barmumop kocopmuina HecizOencen zepmmey dwcunakmanzan Cr(VI)
IKCROZUYUACHL MEH OKNe ICI2iHeH 6ONamblH OIM-HCIMIM KopcemKiumepi apacelHOA2bl JHco2apbl OH KOppeaayusnbl kopcemmi. Kazaxcmanuviy
bamvic eyipinoe Akmobe obavicvinoa «Kasxpom» TYK» AK ([lonckoii I'OK, «@eppoxpom» AK) scone « Akmeobe xpom KoCbIHObLIAPbL 34 bLMbLY
AK rocinopwinoapuiibily KOn JHcbLi0bIK Kbl3MEMIHIK HOMUICECIHOe MypaKnvl AHMpPONno2eHOIK XpOM OUOXUMUSALLLK NPOGUHYUACHL KAILINMACHbL,
Oyn 03 ocepin mueizyoe. ocbl AUMAK MmypeblHOAPbIHbIY 0eHCAYIblebl mypasl. bamulc oyipindezi heppoKopeimna 3ayeimviHblly HCYMbICULLLIADbL
apaceinoa Jcypeizineen cayainama 15 dcoln iwinoe 3aybim JCyMblCUbLIAPbL APACLIHOA OHKOIOSUSILIK, AVPYLapOaH OONamult OniM-Jcimim
XATLIKMbIY KaAl2aH OONIIMEH CAnblCmblp2anod aumapablkmai xcozapel ekeHin kopcemmi: 50-59 swcac apanviavbinoazvl aoamoap apaceiHod,
epaep apacvinoa — 3,3 ece, ouendep yuiin — 7,9 ece. Anmol 6anenmmi XpomHwlly azsaed ocepi mypaivl Mamepuaioaposly yaKeH Kkoiemi oap, oHol
pemKe Keimipy JcoHe COH2bICLINbIY KaHyepozene30e2i ponin auly Kaxicem.

3epmmeyoin maxcamol — kanyepoeeneszoe2i aimvl AIEHMMI XPOMHbIY PONLIH KOpcemy.

Aoicmepi: MEDLINE, Embase, Scopus, PubMed, Cochrane 6axuvlianamuin ColHakmapObly Opmanslk mi3iiiMiHeH aiblHeaH Oepekmep CoHabl
10 dicrn0azbl Maybl30bl AKNAPAMNbL MAKOAY JHCOHE MANOAY YULIH: ANMbl GALEHNMI XPOM, KAHYEPO2eHe3, ayblp Memaiodp, OHKO2eHe3 CUAKMbl
Hezizel co30epdi natidarana omuvipein mandanovl. bapavievr 173 0epexkoz mabwviiovl, onviy 50-i 3epmmenemin Memanobly 8aieHMMINIcIH
eckepe omvlpbln Manodayaa en2iziioi.

Homuosicenepi: anmol 8aneHmmi Xpom adam a23acbiHod 6012aH Ke30e Hcacyuarblk momulKcovl30anovipaviiumapmen opexkemmecin, Cr(V),
Cr(1V) scone, cativin kenzenoe, Cr(lll) myzeoi. Conavicol scacywa sopocvinoa eme yormmol Cr(I1) THK KocwvinObiiapeiisiy my3inyine okenyi
mymkin. Ocvl apanvik enimoepoiy 6apavievl JJHK 3axbimoanyvin nemece [JHK-akysi30biy aukacnaisl 6aiianblcmapuli myowvipybl MyMKiH.
Xpomnviy kanyepozenoinicin mycindipyoiy Oipnewe mexanuzmoepi ycoiHoliobl. [lvin moninde, Cr-unOyKyusianean KawyepozceHes minee,
orcacywa mypine, Cr(VI) konyenmpayusceina, ocep emy yaKblmulHa dcone 6eneini Oip Jcoly COKKbLCbIHbIY 0eI0KMAPbIHbIY U30(OpMAlapbina,
XPOMOCOMANBLK MYPAKCHI30bIKKA, 0poblk akyels I (Nupr) unoykyuscet, JJHK adoykyusicul scone 60¢ padurxandapoviy my3iLyine OauiaHbicmol
oonyvt mymkin,; Cr(V) scone Cr(IV) apanvik enimoepiniy peakmusminiei. I'en 5KCnpeccusicblHbIY InuceHemUuKaiblK 032epicmepi KaHyepozeHe30iH
nezizei anemenmi 606N CaHAIAObl.

Kopvimuinowi: Kanyepozenes mexanuzmoepin myciny Cr(VI)-unoykyuananzan Kkamepni icikmiy an0blH aiy dHcoHe emMoey YUiH MAKbl30bl.
Xpom 6uoceoxumusiblk npoOSUHYUACHIHOA OHKO2EHE30iH aN0bIH ANy YUH CIMPAMeSUsIbIK o3ipiemenep Kajicen.

Tyuinoi co3oep: anmoi saneHmmi Xpom, KaHyepozeHes, aybip Memandap, OHKO2eHe3.

AHHOTALIUA
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OB30P JIMTEPATYPbI
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Axmyanvnocms: Co2iacHo 0aGHHbIM MeHCOYHAPOOHO20 azeHmcemea no usydenuto paxka (IARC), wecmusanenmuuiii xpom Cr(VI) npusnan
npogpeccuonanvrvim kanyepozenom I epynnut. JJokasarno, umo Cr(VI) céazan c pakomiecKux, ROIOCMUHOCA U OKOIOHOCO8bIX na3YX. Hccnedosanue
na banmumopckou xocopme (2357 uenogex) npoOeMOHCMPUPOBANO NOLOHCUMENLHYIO KOPPENAYUIO MEHCOY KYMYIAMUBHBIM 8030€licmeuem
Cr(VI) u yposnem cmepmuocmu om paka iezkux. B sanaonom pecuone Kazaxcmana 6 Akmiobunckoil oonacmu cpopmuposanace ycmouuueas
AHMPONOMEXHOLEHHASA XPOMOBASL OUOXUMUYECKAs NPOBUHYLUS, 8 pe3Yabmame MHoz2oemHell Oeamenvrocmu npeonpusmuii AO THK «Kaszxpomy
u AO «AxmobuncKuil 34600 XPOMOBbIX COCOUHEHULLY, KOMOPAs OKA3bIEAeM GIUAHUE HA 300PO8be HACeLeHUs. 0aHH020 pecuona. O6caedosanue
pabouux 3ae00a gheppocnnasos (sozpacm 50-59 nem) nokasano, umo 6 meverue 15 rem cmepmHocms cpeou HUX ObLIA CYUeCMBEHHO Bblille,
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Yem y 0CmanbHo20 Hacenenus. y myacuun — 6 3,3 pasa, y scenwun — 7,9 pasza. Umeemcs o2pommblii mamepuan no 6030eicmseuio Ha opeanusm
WeCmuBaIeHmHO20 Xpomd, KOMOopblil HyJcOaemcsi 6 YnopsioOUUGAHUY U PACKPLIMUL POIU NOCIEOHE20 8 KAHYEPOeHe3e.

Heny cmamvu — oceewenue ponu wecmusaieHmHo20 Xpoma 6 KaHyepo2eHese.

Memoowi: [Iposeden ananus oannvix MEDLINE, Embase, Scopus, PubMed, Cochrane Central Register of Controlled Trials o1 ombopa u
ananusa peaeeanmuoll ungopmayuu 3a nocreonue 101em no KaouebiM cio8am: WMeCmusaieHmHblil Xpom, KAHYepo2eHe3, MAdiCeable Memaiibl,
onkozenes. Bceeo natioeno 173 ucmounuxa, exaoueno 6 ananus 50.

Pesynomamoi: B mene uenosexa Cr(VI) modxcem ecmynamo 6 peakyuio ¢ Kiemounvimu eoccmanosumensmu ¢ oopazosanuem Cr(V), Cr(1V)
u, 6 koneunom cueme, Cr(lll). ITocneonee moacem npusecmu k 0bpazosanuio gvicokomoxcuunvlx aooykmos Cr(lll) JHK 6 saope kiemxku.
IIpomesicymounvlie coeOurenus moeym @vlzvieams nogpedcoenus JJHK umu nepexpecmusvix cesaszeu /[HK-benox. Ilpedrazaemcs neckonvko
Mexanuzmos kanyepoeennocmu xpomd. Cr-uHOYYuUpoSannvlil KAHYEPO2eHe3, 6ePOIMHO, 3A6UCUM OM MKAHU, MUNA KAeMOK, KOHYeHmpayuu
Cr(VI), epemenu 6o30eticmeus, XpOMOCOMHOU HecmaduibHocmu, a0eproco deika I unoykyuu, adoykyuu JJHK u obpazosanus c60000HbIX
paouxanos; peaxyuonnoli cnocobrocmu npomescymounvix coeounenuii Cr(V) u Cr(lV). Dnucenemuueckoe usmenenue sKCnpeccuu 2eHos
paccmampueaemcs Kaxk K1ouesoul djieMeHm Kanyepozetesd.

3axniouenue: Ilonumanue mexanusmos Kanyepozenesa 6axdcHO Ol Npoguiakmuxu u jeuenus paka, unoyyuposannozo Cr(VI).
Heobxooumbl cmpamezuueckue pazpadomku no npo@puiakmuke OHKO2eHe3d 6 XpOMOBOU DU02eOXUMULECKOU NPOBUHYUU.

Knrouesvte cnosa: wecmusaienmubiil Xpom, KAHYEPOLeHe3, MANCENbLe MEMALIbl, OHKOLEHE3.
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