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1 Abstract
Introduction. Genotoxicity of chemical compounds is primarily associated with the interaction with DNA, formation
of mutations, damage to chromosomes and initiating carcinogenesis processes. Currently, many compounds found in
the environment are considered to be genotoxic agents, among them chromium: trivalent (lll) and hexavalent (VI). The
genotoxicity of hexavalent (VI) chromium has been proven in numerous epidemiological, in vitro and in vivo studies. The
main source of Cr (VI) is environmental pollution associated with its use in various industries. On the other hand, the role of
chromium (I1l) as a microelement is widely discussed. Due to its beneficial properties, associated with maintaining adequate
blood glucose levels and supporting weight loss, it is widely used in the form of dietary supplements, often in doses
exceeding the daily requirement. However, the safety of chromium compounds is disputable. Data about the mechanism
of genotoxic effects are still incomplete.
Objective. The aim of this review is to present the current knowledge about the induction of genotoxicity from two forms
of chromium: trivalent (lll) and hexavalent (VI).
State of knowledge. Chromium (VI) is a carcinogen with proven mutagenic and genotoxic effects, but this issue is still
being investigated by scientists. In recent years, numerous studies have also been conducted on the genotoxic effect of
chromium (I1).
Conclusions. Due to the still unexplained mechanism of the genotoxic action and incomplete knowledge about the
transformation of chromium in the body, further research is needed, especially due to the growing popularity of Cr (lll)
compounds and their consumption in the form of dietary supplements and doubts as to the safety of its use, as well as

environmental exposure to Cr (VI).
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INTRODUCTION

The genotoxicity of different chemicals is generally identified
with respect to DNA or chromosomal damage and its fixation.
This damage can be manifested in different ways, e.g. as a
form of gene mutation, structural chromosomal aberration,
recombination and numerical changes. These changes are
responsible for heritable effects on germ cells and pose risks to
future generations. In addition, it is documented that somatic
mutations can also play an important role in mutagenesis
and carcinogenesis. Different chemicals have the potential
to be human carcinogens and/or mutagens [1, 2]. Cancer
diseases are one of the main problems of modern society
and an ongoing serious medicinal problem worldwide. The
morbidity and mortality they cause are constantly increasing,
as a result, among others, by the ever-growing number of
different factors (xenobiotics) present in the environment that
promote genotoxic changes and process of carcinogenesis [3].
Among them, a large group with such properties includes
metal ions, one of them being chromium compounds, which
are the major inorganic environmental pollutants connected

Address for correspondence: Karolina Jurkowska, Medical University, Wroctaw,
Poland
E-mail: k.jurkowska93@02.pl

Received: 02.09.2019; Accepted: 16.02.2020; First published: 10.03.2020

with occupational exposure. These ions are released into the
environment through various natural and anthropogenic
activities and exist mainly in two forms: trivalent [Cr (III)]
and hexavalent [Cr (VI)]. Hexavalent chromium compounds
are extensively applied in diverse industries, while trivalent
chromium salts are used as micronutrients and dietary
supplements [4, 5].

Chromium ions can be absorbed by the organism in three
ways: orally, percutaneously, or through inhalation, but the
efficiency of absorption depends mainly on the oxidation
grade of these compounds - chromium (VI) is much more
effectively absorbed than its trivalent form, which can be
associated with its genotoxic effect [6, 7]. Under physiological
conditions, it is not possible to oxidise the trivalent form
of chromium to hexavalent, whereas the inverse process of
reducing Cr (VI) to Cr (III) normally occurs in organism cells.
As a result of this process, many chromium intermediates
can be generated, such as chromium (V) and chromium (IV),
as well as reactive oxygen species (ROS) which damage cell
biomolecules. These naturally-occurring oxidation states of
chromium differ significantly in their mobility and toxicity.
Cr (III) and Cr (VI) are the most stable oxidation states of
chromium present in the environment [4, 7].

The description of properties, sources of origin, action and
influence of chromium compounds on the human body has
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been the subject of numerous studies [8, 9, 10]; therefore,
this issue will not be discussed in this review. However,
there are relatively fewer studies on the genotoxic effects of
the compounds of chromium, especially its trivalent form.

OBJECTIVE

The aim of this review is to present the current view and
knowledge concerning the two best known forms of
chromium - chromium (III) and chromium (VI), and their
role in the induction of genotoxic changes in the human
body. It is especially important from the point of view of the
growing popularity of Cr (III) as an essential trace element
in human and animal nutritional supplements, and the
presence of Cr (VI) in components of industry chemicals
and environmental pollution. Their role as genotoxic agents
is discussed especially from the aspects of increasing doubts
about the safety of chromium (III). In recent years, a lot of
research, including in vitro, in vivo and epidemiological
studies, has been conducted to evaluate the carcinogenicity
induced by Cr (VI) and Cr (III) compounds.

The presented review is based on literature research using
the PubMed and Google Scholar databases and includes
recent data which were published from 2000 onwards, mostly
in English, with the use of the following search terms or
their combinations: chromium compounds, chromium
(III), chromium (VI), toxicity, genotoxicity, DNA damage,
chromium supplements, environmental exposure. This
review included research on human and some animal and cell
models. Finally, 88 items from original papers and reviews
were selected, which seemed to be the most useful and fitting
in relation to this issue.

STATE OF KNOWLEDGE

Chromium toxicity. High levels of exposure to Cr (VI)
are present in chromate manufacturing, chrome plating,
ferrochrome production and stainless-steel welding.
Occupational exposure to Cr (VI) compounds is the cause
of respiratory cancers, and Cr (VI) is a proven toxin, mutagen
and carcinogen. Cr (VI) is considered to be more toxic
than Cr (III) due to its high solubility and mobility. The
hexavalent form is mainly used in industry and in 1990 it
was recognised by the International Agency for Research on
Cancer (IARC) as a carcinogen with a proven carcinogenic
effect on humans (class I). It is a known carcinogen absorbed
through inhalation and associated with lung, nasal, and sinus
cancers [11, 12]. Numerous critical reviews have evaluated
the exposure to toxic and carcinogenic hexavalent chromium
from a number of pathways, including workplace air, cement
and packaging materials [13]. Many types of structural genetic
lesions induced by Cr (VI) have been observed in vivo and in
vitro, including inter-strand cross-links, DNA protein cross-
links, strand breaks and the creation of Cr-DNA adducts.
Association with the phosphodiester backbone of DNA
(chromium-DNA adduct) is one of the most abundant genetic
lesions induced by chromium in mammalian cells and is
thought to be a primary cause of Cr (VI) mutagenicity [14].

Recently, the importance of chromium to the human body
raises more and more controversy due not only to the known
toxic and pro-carcinogenic effects of its hexavalent form,

but also the adverse effects of trivalent compounds revealed
in recent years. Lastly, the status of Cr (III) as an essential
micronutrient for humans is under question; yet, an increase
in the number of purchased products containing chromium
is currently observed [5, 15]. For years, chromium in the
trivalent form has been recommended as a trace element
necessary for the proper functioning of the organism. It
is present in food in the form of an organic and inorganic
mixture and is widely used in dietary supplements [16, 17].
Nearly 60 yearsago, chromium, asatrivalention, was proposed
to be an essential element, but the results of recent studies
indicate that at present chromium can only be considered
pharmacologically active and not an essential element [18].
Chromium (III), as an insulin-mimetic agent, is often present
in the form of nutritional supplements, such as chromium
(III) picolinate [Cr(pic),] or chromium chloride. Although
the use of large doses of Cr (III) supplements may lead to
improvements in glucose metabolism in type 2 diabetes,
there is a growing concern over the possible genotoxicity
of these compounds, particularly of Cr(pic),. A possible
way of action of Cr (III) is indicated: (i) presence of partial
hydrolysis products of Cr (III) nutritional supplements,
which are capable of binding to biological macromolecules
and altering their functions; and (ii) highly reactive Cr (VI/V/
IV) species and organic radicals, formed in reactions of Cr
(IIT) with biological oxidants. Naturally-occurring oxidation
states differ significantly in their mobility, bioavailability
and toxicity [6, 19].

Considering the fact that chromium supplements are
currently the second most often sold in the market of
vitamin and mineral supplements in the United States, and
that a growing trend of buying preparations containing
chromium compounds is also observed in Poland, the
problem of its genotoxicity is current and important [5,
20]. Attention should be paid to the possibility of adverse
reactions associated with the use of compounds containing
chromium (III). In general, chromium (III) supplementation
is considered safe for humans; however, high dietary doses
of Cr (III) can probably limit the absorption of iron and
zinc ions, as well as affect calcium metabolism in bones [21,
22]. The results of studies on animals indicate a potentially
beneficial effect of chromium (III), e.g. on the prevention of
diabetic microvascular complications in kidneys or on the
prevention of atherosclerosis and heart disease, on glycaemic
normalization, or as weight loss supplements [5, 23, 24, 25].
However, other data do not support these results [21, 26, 27].
Cr (III), as a metalloestrogen, is associated not only with
interaction with DNA through estrogen receptors but also
through the induction of oxidative stress (OS) associated with
the excessive production of ROS [27, 28, 29, 30].

The molecular mechanism of chromium (III)
carcinogenicity is still unclear and data in this respect are
incomplete. Evaluation of the genotoxic effect of trivalent
chromium requires further research, particularly regarding
the estimation of its content in food [31, 32, 33]. Assessing
the genotoxic risk of trivalent chromium as an essential
trace element and a widely-used human and animal
nutritional supplement is especially important. Reports of
the induction of genetic damage in cultured cells exposed to
Cr (ITI) compounds in vitro have heightened concerns that Cr
(III) compounds may exert genotoxic effects under certain
conditions, raising the question of the relative risk-benefit
ratio of dietary and feed supplementation practices [34, 35]. In
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vitro data show that Cr (III) can potentially react with DNA
and cause DNA damage in cell culture systems. This will be
described in detail in the section concerning the genotoxicity
of chromium (III) compounds.

Genotoxicity. The pathological impact of the action of
genotoxic compounds is distant toxic effects, which become
evident after an indefinite latent time. Xenobiotics causing
such changes in the organism are known as genotoxic, and
the result of their action as genotoxicity. The activity of
these compounds may concern not only the host organism
on which a biologically-active substance acts but also their
offspring [36]. All compounds that have the ability to bind
DNA in cells, affecting its structure and function, and DNA
repair systems are considered genotoxic. Their action then
leads to mutations and permanent changes in the genetic
material, including, for example, changes in the structure
and number of chromosomes or in the transformation of
cells. Such modifications can be divided into four groups
depending on the changes that they trigger. These are:
modification of one base, change of two bases, breaking the
DNA chain and cross-linking. These modifications can affect
somatic or reproductive cells [37]. Xenobiotics can react with
DNA directly or indirectly. The majority of indirect damage
is attributed to the production of ROS and, simultaneously,
it is a faster way of their genotoxic action. Being especially
reactive, hydroxyl radicals are examples. On the other
hand, direct action may be caused by radiation, exogenous
alkylating agents or aromatic amines, which can react with
genetic material in cells [38, 39].

There are many methods to assess genotoxicity. A number
of tests to assess genotoxicity have been developed in recent
decades. The basic criterion for distributing tests is the type of
parameter being tested. Genotoxicity tests include the study
of gene mutations, e.g. a primary mutation test in Salmonella
typhimurium or gene mutation testing in mammalian cells
in vitro. In addition, chromosomal aberrations are studied,
e.g. in vivo cytogenetic bone marrow testing in mammals
(chromosome analysis), a micronucleus test or a dominant
lethal mutation test. Apart from this, the effect of OS action
on DNA, e.g. 8-oxy-2’-deoxyguanosine (8-oxy-dG) and its
tautomeric form - 8-hydroxy-2’-deoxyguanosine (8-OHdG),
may be examined [40, 41, 42].

It seems that the most commonly used methods in scientific
studies include the examination of DNA damage through
visible genotoxic action. One of them is the single-cell gel
electrophoresis (SCGE), also known as the comet assay. This
name stems from the image obtained by electrophoresis and
observed under a fluorescence microscope, which resembles
a comet in shape. A correlation between the content of
DNA in the comet’s “tail” and the amount of DNA damage
caused by xenobiotics has been demonstrated [43, 44]. The
comet assay enables the detection of single-strand breaks,
double-strand breaks, chemical modifications (occurrence of
apolar sites or unstable adducts), as well as enzymatic DNA
changes (oxidative damage), depending on the conditions of
performing the experiment [43]. Holton at al. [45] described
an innovative method called Repair Assisted Damage
Detection (RADD), which is able to detect DNA nuclear
changes in cells as well as damage in various species and types
of tissues. DNA repair enzymes that are used in this method
can be adjusted depending on the DNA changes tested, and
thelabelled nucleotide can also be selected depending on the

desired reading. The RADD method provides high-content
screening capable of monitoring a wide spectrum of DNA
damage without the need for DNA isolation.

Some authors indicate that DNA deletions (DEL assay)
occurring as a result of intrachromosomal homologous
recombination are a useful endpoint for studying chromium
genotoxicity [46]. Additionally, monitoring chromium
toxicity and remediation processes — combining a whole-cell
bioreporter and Cr isotope techniques — can be applied [47],
as well as the use of a whole-cell bioreporter, Acinetobacter
baylyi, to estimate the genotoxicity and bioavailability of
chromium (VI)-contaminated soils [48]. To identify Cr (VI)
reduction pathways, metal-mineral-microbe interactions
and stable isotope fractionation factors can be applied [49].
A detailed literature review of the genotoxicity of chromium
(VI) will be discussed below.

Genotoxicity of various chromium compounds. Increasingly
more attention is paid to the fact that the toxic and mutagenic
action of chromium refers not only to the element at higher
oxidation levels, i.e., Cr (VI), Cr (V), but also to Cr (III)
and probably Cr (II). Information about the carcinogenic
effect of chromium (III) as well as data on its genotoxic
potential have also been revealed in recent years. Evidence
is growing that metabolites of Cr (III) dietary supplements
are partially oxidised to carcinogenic Cr (VI) and Cr (V)
in vivo [50]. Stearns et al. [51] reported that samples of
CrPic tested in an acetone suspension were mutagenic and
clastogenic to Chinese hamster ovary (CHO)-A A8 cells, and
the coordination of Cr** with picolinic acid may be more
genotoxic than other Cr** forms. The ability of Cr(pic), to form
free peroxide radicals appears to be due to the presence of
an aromatic bidentate ligand in the structure. For chromium
complexes with amino acids (arginine, aspartic acid, glycine,
hydroxyproline and lysine), such as glycinate and propionate,
mutagenic properties have not been confirmed [52, 53, 54].

In industry, it is possible for employees to contact
chromium compounds, in which it occurs at various levels
of oxidation. Metallic and chromium (II) do not occur
under physiological conditions in the environment, are very
unstable and quickly oxidise to chromium (IIT) compounds,
which are the most durable form of this element. Chrome
in the form of chromates (VI) and dichromates (VI) was
considered to be carcinogenic and mutagenic [55]. Wakeman
et al. [56] demonstrated that MLH1 repair protein (human
mutL homolog 1) with DNA mismatch is required for
DNA damage caused by indirect tetravalent chromium. In
addition, chromium gets into water resources and, as a result,
into the food chain. It has been confirmed that hexavalent
chromium compounds that can be found in the diet can cause
gastrointestinal cancer. They can also interact directly with
the DNA of gastric mucosa cells, obtained by gastroscopy, as
confirmed by alkaline gel electrophoresis in a single cell [57].
Supplies of drinking water in many geographic areas also
contain chromium (III) and (VI). The unfavourable action
of Cr (VI) is well documented, it has high environmental
mobility and can come from anthropogenic and natural
sources. Acidic environments with a high content of organic
substances favour the reduction of Cr (VI) to non-toxic Cr
(III). There is also the reverse process of formation of Cr
(VI) from Cr (III), especially in the presence of common
minerals containing manganese oxide (Mn (IV) oxides:
birnessite, cryptomelane, todorokite and hausmannite) [58].
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The Cr (ITI) cytotoxicity depends on the coordinated ligand,
its concentration and time of exposure. For example, the
complexes of Cr (III) with histidine or oxalate as ligands
are not carcinogenic, but such properties are indicated for
the three-core Cr (III) complex with an acetate anion and a
complex with a picolinate anion, which are associated with
high-concentration chromium as well as with the presence
of ascorbate and hydrogen peroxide [30, 59].

Genotoxicity of chromium (III). In the scientific literature,
there are increasing doubts about the safety of consuming
particularly high doses of Cr (III) supplements, especially
those containing Cr(pic), [34, 60]. Cr (III) compounds are
considered about 100 times less toxic than Cr (VI) [61].
Chromium (IIT) used to be considered non-toxic, but it was
found that it is capable of generating hydroxyl radicals.
Its toxicity has recently been demonstrated by decreasing
the plasma’s ability to reduce iron ions or to induce lipid
peroxidation. In addition, Cr (III) has a well-documented
ability to bind DNA [62]. These features are associated
with a lower penetration of Cr (III) by biofilms because -
unlike Cr (VI), which is an anion and is transported by
anion transporters — Cr (III) does not have such properties.
Although Cr (IIT) complexes cannot penetrate cell membranes
easily, they have the ability to accumulate around cells
to induce morphological changes on the cell surface and
cause damage to cell membrane lipids by disrupting the
function and integrity of the cell, ultimately causing DNA
damage [63]. According to the IARC, trivalent chromium
has no carcinogenic effect on the human organism, thus
it is classified under group 3. Although chromium (III) is
not considered a direct carcinogen, it plays a major role in
chromium (VI)-induced chromogenesis, which results from
“chain” reduction reactions on Cr (II) occurring in the cell
nucleus [64, 65].

Available in vivo evidence suggests that genotoxic effects
are unlikely to occur in humans or animals using Cr (III)
supplementation in proper doses. However, an excessive
consumption of Cr (III) supplements does not seem justified
at present. The potential for genotoxic side-effects of Cr
(IIT) complexes may outweigh their possible benefits as
insulin enhancers, and the recommendations for their use
as either nutritional supplements or antidiabetic drugs need
to be reconsidered in the light of some studies and should
ultimately be limited [34, 63, 66].

The genotoxicity of Cr (III) is indirectly connected with the
reduction of Cr (V1) inside cells to trivalent chromium, which
displays an affinity for both DNA bases and the phosphate
backbone. A diverse array of genetic lesions is produced by Cr
including Cr-DNA monoadducts, DNA inter-strand cross-
links (ICLs), DNA-Cr-protein cross-links (DPCs), apurinic/
apyrimidinic site (also known as an abasic site), DNA strand
breaks and oxidised bases [67]. Cr (III), the product of Cr
(VI) reduction, forms six bonds that enable intermolecular
cross-linking. The ability of Cr (VI) to cause ICLs, whose
formation mechanisms and presence in human cells are
still uncertain, was studied. Morse et al. [68] suggest that
the generation of ICLs by chromate is probably an in vitro
phenomenon occurring under conditions permitting the
formation of Cr (III) oligomers. The authors found that
the in vitro reduction of Cr (VI) with glutathione showed a
sublinear production of ICLs, the yield of which was less than
1% of total Cr-DNA adducts under optimal conditions. They

additionally indicated inhibitory effects of ligand-Cr (III)
binding on the formation of cross-linking species. Cr (III),
considered a non-toxic form of chromium, has the ability to
form complexes with DNA and takes part in the induction of
oxidative stress and generating hydroxyl radicals, which can
be a potential mutagenic factor [62]. The ability of chromium
(IIT) to form Cr (III)-DNA complexes and cross-links through
the interaction of Cr (III)-DNA complexes with glutathione,
histidine or cysteine, the adducts of which have a mutagenic
effect, was demonstrated. Cr (III)-DNA and histidine-Cr(III)-
DNA adducts induce the passage of nitrogenous bases: G: C
> A: T (where G - guanine, C - cysteine, A — adenine and
T - thymine) and the transversion of nitrogenous bases: G:
C > T: A with a similar frequency, while the glutathione-
Cr (III)-DNA adduct is mainly responsible for G: C > T: A,
G: C > T: A transversion. Both changes in the structure of
DNA promote the formation of mutations in cells, inhibition
of replication, consequently leading to programmed cell
death, i.e. apoptosis [69].

Figgitt et al. [70] investigated whether Cr (III), Cr (VI),
Co (IT) and their interactions can induce chromosomal
aberrations in human fibroblasts in vitro. They used the
same concentrations found in the peripheral blood of exposed
people (in industry, the environment, and after replacement
surgery of the CoCr alloy in the implant) using 24-colour
M-FISH, which is a sensitive way to detect translocations
and aneuploidy, and they examined the effects of a 24-hour
exposure and its impact up to 30 days after exposure to record
genomic instability and/or repair. As representing levels
of these metals found in the blood of patients with worn
implants, higher physiological doses: 20 and 25 ppb or 40
and 50 ppb (parts per billion) were applied respectively. The
metals were examined individually and in combination to
investigate a potential synergy between cobalt and chromium.
The authors showed that physiological doses of these metal
ions mainly induced numerical aberrations rather than
structural aberrations. In addition, they revealed that Co was
the least reactive, while Cr (VI), especially in combination
with Co, was the most reactive. All metals ions at the highest
physiological doses (40 and 50 ppb) caused simple (a gain or
loss of three or fewer chromosomes) and complex (over 49
chromosomes) aneuploidy. In addition, both metal ions at
the lowest physiological dose caused a significant increase
in total aberrations. The authors concluded that these metal
ions can cause chromosomal aberrations in peripheral blood
lymphocytes at the above doses [70].

El-Yamani et al. [71] examined chromium compounds
(hexavalent sodium chromate and trivalent chromium
chloride) in human lymphoblastoid line cells (TK6). Both
compounds were genotoxic using the comet assay, although
the percentage of tail DNA obtained after treatment with
Cr (VI) was significantly higher than that obtained for Cr
(ITI) at higher tested concentrations: 0.8 mM and 1 mM.
Further, treatment with formamidopyrimidine (FPG) and
endonuclease III (EndolII) showed a greater degree of DNA
damage, indicating that the induction of oxidised bases
is a significant part of the damage caused by chromium
compounds. In addition, kinetic repair studies have shown
that the generated DNA damage is removed after about eight
hours, with the damage caused by Cr (III) repairing faster
than the damage caused by Cr (VI). These data indicate
that a large proportion of chromium-induced DNA damage
is correlated with oxidative damage and that both Cr
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compounds interfere with the repair mechanisms involved
in the repair of DNA damage caused by gamma radiation [71].

The Novotnik group [72] recently pointed to the possibility
of the formation of chromium chelates with EDTA
(ethylenediaminetetraacetate) at high concentrations in
surface waters as common environmental pollutants. Their
presence can lead to the occurrence of Cr chelation with
EDTA, thus a stable Cr (III)-EDTA complex was formed.
The cytotoxic and genotoxic activity of Cr (III)-EDTA was
evaluated in comparison to the activity of Cr (VI) and Cr (IIT)
nitrate in a human haepatoma cell line (HepG2) at cytotoxic
(0.04 pg/mL - 25 pg/mL after 24-hour exposure) and non-
cytotoxic concentrations. The authors revealed that Cr (VI)
at concentrations > 0.2 pg/mL and Cr (III) at > 1.0 ug/mL
resulted in DNA damage, whereas after exposure to Cr (III)-
EDTA no crack was determined in the DNA strand. This is
evidence that Cr (IIT)-EDTA does not induce DNA damage
and does not affect the genomic stability of HepG2 line cells,
it should therefore not pose an environmental or health
problem.

Fang et al. [14] compared the effect of Cr (VI) (i.e. CrO,)
and Cr (III) (i.e. CrCl,) on DNA damage both in vivo and
in vitro. They conducted studies in cell-free systems and
demonstrated that Cr (III) does bind to DNA, leading to a
decrease in the fidelity and an increase in the processivity of
DNA polymerases, which may ultimately lead to increased
mutations. The authors found that the compounds increase
the rate of mutation and cause DNA degradation and showed
that both forms can induce genetic mutations in yeast cells.
Surprisingly, they observed that CrCl, is more genotoxic
than CrO, in both yeast and animal cells. Additionally, it
was found that these two compounds interact with DNA
differently. CrO, binds to DNA in an intercalative manner
and irreversibly destroys the DNA configuration. In contrast,
CrCl, interferes with the base pairing mode. These results
suggest that both trivalent and hexavalent chromium
compounds are genotoxic and cause DNA damage, but the
ability of CrCl, to generate DNA damage is significantly
greater than that of CrO, However, it remains unclear
whether Cr (III) and Cr (VI) act on DNA through the same
or different mechanisms [14].

The studies carried out by the National Toxicology Program
(NTP) [73] revealed that during the standard screening assays
conducted by the NTP, Cr(pic), monohydrate showed no
clear evidence of genotoxicity. It was not mutagenic in the
majority of genotoxicity tests used: Salmonella typhimurium
strains TA98 or TA100 or Escherichia coli strain WP2 uvrA/
pKM101. No increase in the frequency of micronucleated
normochromatic erythrocytes (MNEs) was observed in male
B6C3F1 mice fed with Cr(pic), monohydrate for three months.
Additional genotoxicity testing was conducted using Cr(pic),
(not the monohydrate form of the compound) - the results
were also negative. No induction of gene mutations after
Cr(pic), was observed in two independent studies conducted
in several strains of S. typhimurium. On the basis of these
two-year feed studies, there was equivocal evidence of the
carcinogenic activity of chromium picolinate monohydrate
in male F344/N rats given an increase in the incidence of
preputial gland adenoma. There was no evidence of the
carcinogenic activity of chromium picolinate monohydrate
in female F344/N rats or in male or female B6C3F1 mice
[73]. Estimating the genotoxicity of chromium (III)
propionate complex in rat’s peripheral blood lymphocytes

by the comet assay, the team of Staniek et al. [74] carried
out research on eighteen 12-week-old female Wistar rats,
which was supplemented by Cr (III) and Cr (VI) in different
combinations (but equivalent to 100 mg Cr/kg body mass/
day, for four weeks) in the daily diet. The authors found
that high doses of supplementary Cr (III) did not affect
body mass gain, feeding efficiency ratio or internal organ
masses. Treating rats with the Cr (III) propionate complex,
in contrast to Cr (VI), did not affect the comet assay results in
lymphocytes significantly, which suggests that the compound
does not exert genotoxic effects in rats [74].

Ateeq et al. [75] revealed that occupational exposure to
trivalent chromium can lead to oxidative stress and DNA
damage in tannery workers. They showed that blood
chromium, DNA damage, superoxide dismutase (SOD) and
malondialdehyde (MDA) levels were significantly higher,
while the glutathione (GSH) level was significantly lower
in workers (exposed group) compared to the control group.
Correlation analysis demonstrated a significant relationship
between the blood chromium level with oxidative stress
parameters and DNA damage. The results of the comet
assay showed that the mean tail length of the exposed
group was significantly higher compared to the control.
The authors underline that the chromium concentration
in erythrocytes is a sensitive indicator of a recent exposure
to Cr. Furthermore, lymphocytes, due to their relatively
long life span (ranging from several months to years), are
indicated as good chromium exposure markers. They are
also capable of great uptake, intracellular reduction and
accumulation of chromium (VI). Their chromium content
represents the amount accumulated over a long period of
time and more accurately may express the blood cell body
burden. The authors concluded that DNA damage and the
blood chromium level may serve as an efficient biomarker in
tannery workers exposed to trivalent chromium [75].

Genotoxicity of chromium (VI). As already mentioned, Cr
(VI) is classified under group 1 of human carcinogenic agents
by IARC (International Agency for Research on Cancer)
because there is sufficient evidence of the carcinogenicity
of these compounds in humans. In addition, the European
Union (EU), Environmental Protection Agency (EPA) and
World Health Organization (WHO) included chromium
(VI) compounds as carcinogenic to humans. Chromium (VI)
compounds in in vitro and in vivo studies caused: damage
to DNA, mutation of genes, increased frequency of sister
chromatid exchange and chromosome aberrations [76, 77].

Most of Cr (VI) compounds in the EU are classified under
category 1B according to the CLP classification (classification,
labeling and packaging) due to the initiation of the process
of carcinogenesis in animals. CLP is a EU regulation from
200, which aligns the EU system of classification, labelling
and packaging of chemical substances and mixtures to the
Globally Harmonised System (GHS). Classification and
labelling identify hazardous chemicals and inform users
about their hazards through standard symbols and phrases.
The most important substances containing hexavalent
chromium can include: chromium (VI) oxide, chromate
(VI), dichromate (VI) and chromium dioxide dichloride,
commonly known as chromic chloride [13]. Chromium
(VI) oxide, chromate (VI) and nickel (II) dichromate and
zinc chromates (VI) are marked with the 1A symbol, which
refers to a carcinogenic substance detected on the basis of
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epidemiological studies. Chromium (VI) compounds in
the form of alkali metal salts and ammonium salts, as well
as chromium trioxide with chromyl chloride, are classified
under category 1B due to mutagenic effects on reproductive
system cells [78].

Chromium (VT) is arecognised human carcinogen, can get
into the cells with the anionic sulfate/phosphate transport
system, and can then be reduced to lower-valency semi-
products consisting of pentavalent chromium, tetravalent
chromium or Cr (III) by cell reducers [63]. Hexavalent
chromium is associated with occupational lung cancer and
poses a significant public health concern. When exposed
to Cr (VI), cells rapidly internalise this compound and
metabolise it to Cr (III). By-products of Cr (VI) metabolism
include unstable Cr (V) and Cr (IV) intermediates that
are believed to be directly responsible for the genotoxicity
and carcinogenicity caused by Cr (VI) exposure. However,
the carcinogenic potential of the Cr intermediates and the
mechanisms of Cr-induced carcinogenesis remain to be
further defined [79]. Wakeman et al. [56], utilising synthetic
Cr (IV) and Cr (V) compounds, demonstrated that exposure
to both compounds induces DNA double-strand breaks;
however, of the two compounds, mammalian cells only
respond to Cr (V)-induced DNA damage.

Strong oxidation-reduction properties of chromium
(VI) are indicated as a basis of its toxicity. The genotoxicity
of Cr (VI) is rather caused by the products of its down-
regulating metabolism. Semi-finished products - ROS
and Cr [(Cr (V) and Cr (IV)] - are potential sources of
oxidative damage induced by Cr (VI) [80]. Cr (VI) does
not interact directly with DNA and thus its genotoxicity is
attributed to its intracellular reduction to Cr (III) via reactive
intermediates. The resulting DNA damage can be divided
into two categories: (i) oxidative damage to DNA and (ii)
Cr (IIT)-DNA interactions [46]. In general, literature data
provide evidence for a three-step cross-linking mechanism
involving: (i) reduction of Cr (VI) to Cr (III), (ii) Cr (III)-DNA
binding, and (iii) protein capture by DNA-bound Cr (III)
generating protein-Cr (III)-DNA cross-links. It is known
that hexavalent chromium is an inducer of the creation of
DNA-protein cross-links that contributes by the repression
of inducible genes and the genotoxicity of this metal, whereas
lymphocytic DPCs have also shown potential usefulness as
biomarkers of human exposure to Cr (VI). In vitro reactions
of Cr (VI) with one-electron reducing thiols (glutathione
and cysteine) or two-electron donating ascorbate were all
efficient in DPC production, indicating a dispensable role
of Cr (V) [81]. Cr (VI) transforms with the participation
of cytochrome P450, as well as vitamin B5 and glutathione
with a genotoxic superoxide or hydroxyl radicals, as well as
hydrogen peroxide production. The first reduction stage is the
reaction of chromium (VI) with glutathione, resulting in a
thiol radical of glutathione that reacts with other compounds
containing the thiol group, resulting in the formation of a
superoxide anion radical. Both the primary substrate - Cr
(VI) - and the final product - Cr (III) - take part in the Fenton
reaction, contributing to the formation of hydroxyl radicals,
and Cr (VI) also catalyses the formation of superoxide anion
radicals with H,O, [46, 69]. O'Brien et al. [82] revealed that
hypoxia hinders the formation of chromium DNA adducts.
They found that although hypoxia lasting two hours does
not inhibit the reduction of Cr (VI) by ascorbic acid, the
binding of Cr-DNA under these conditions was reduced

to 70% by hypoxia. Previously, Quievryn et al. [83] showed
that in human fibroblasts the reduction of carcinogenic Cr
(VI) by vitamin C at a physiological concentration, produces
cross-links of ascorbate-Cr (III)-DNA, binary adducts of Cr
(ITII)-DNA, and can potentially cause DNA oxidative damage
through intermediate reaction products. It turned out that
the crosslinks of Cr (III)-DNA ascorbate were significantly
more mutagenic than the smaller Cr (III)-DNA adducts and
accounted for over 90% of Cr (VI) mutagenicity. Ternary
adducts were also several times stronger in inhibiting
replication than binary complexes.

In the study on the WTHBE-6 cell line (human lung cells),
evaluating the effect of Cr (VI) on DNA damage and using
the comet assay, it was shown that the exposure of cells to
zinc chromate (II) and sodium chromate (VI) significantly
increases double-strand breaks of the DNA strand, compared
to cells not exposed to such compounds [84, 85]. However, in
the study on A549 cell lines (human lung cancer cells) and
BEAS-2B (human bronchial epithelial cells) using the comet
assay, it was revealed that sodium chromate significantly
increases the amount of DNA damage [86]. Cavallo et al.
[85] found that Cr (V1) at concentrations of 0.5 M, 1.0 M, 1.0
uM also caused DNA damage, but it was also demonstrated
that in the case of Cr (VI) at concentrations of 0.5 uM and
10 uM, the number of DNA breaks was dependent on the
time of exposure to this xenobiotic.

The ability of Cr (VI) to induce inter-strand DNA cross-
links between chains (ICLs), whose mechanisms of formation
and presence in human cells are not fully understood, was
examined. Morse et al. [68] found that chromium (VI)
cross-links DNA between chains in vitro, but does not
show hypersensitivity in human cells lacking cross-link
repair. They suggest that the generation of ICLs (cross-links
between DNA chains) by chromate is probably an in vitro
phenomenon under conditions that allow Cr (III) oligomers
to be formed. Xie et al. [86] explored whether Cr (VI) particles
induce double-strand breaks (DSB) in human bronchial
cells, and showed that this major chemical carcinogen can
induce both DNA double-strand breaks and alter their repair.
Chromate, the predominant form of Cr (VI) at neutral pH,
is taken up by all cells through sulphate channels and is not
enzymatically activated by ubiquitous ascorbate and small
thiols. The most common form of DNA damage caused
by Cr (VI) is Cr-DNA adducts that cause chromosomal
mutations and cracks. Emerging evidence points to bi-
directional interactions between DNA damage and epigenetic
changes that collectively determine the spectrum of genomic
rearrangements and gene expression profiles in tumours.
The extensive formation of DNA adducts, pronounced
positivity in genotoxicity tests with high predictive values for
carcinogenicity, the shape of tumour-dose responses in mice,
and a biological signature of mutagenic carcinogens (multi-
species, multi-dependent and transgenic carcinogenesis)
strongly support the importance of mutagenic mechanisms
responsive to DNA in the carcinogenic activity of Cr (VI). The
results of bioavailability and kinetic considerations suggest
that 10-20% of a low dose of Cr (VI) consumed, escapes
human gastric inactivation [58]. Recently, Krawic et al. [87]
made an interesting observation concerning interactions
between chromate — Cr (VI) - and three other metal ions
[Fe (III), Mn (II), Ni (II)] that are typically released from
stainless-steel welding particles. In human lung epithelial
cells (with physiological levels of ascorbate and glutathione),
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the authors showed that Cr (VI) was by far the most cytotoxic
metal in single exposures, but co-exposure with Fe (III)
suppressed the cytotoxicity and genotoxicity of Cr (VI),
which resulted from a severe inhibition of chromium uptake
by cells and required extracellular ascorbate/glutathione. In
chemical terms, the detoxification of Cr (VI) occurred via
its rapid extracellular reduction by Fe (II) that primarily
originated from ascorbate-reduced Fe (III). Glutathione was
a significant contributor to the reduction of Cr (VI) by Fe
only in the presence of ascorbate.

These findings established an important case when
exposure to mixtures causes the inactivation of a potent
human carcinogen. What is more, they showed that the
variability in Cr (VI) metabolism among common cell
culture media was caused by their different Fe content. Ni (II)
and Mn (II) had no detectable effects on the metabolism,
cellular uptake or cytotoxicity of Cr (VI). This was confirmed

Table 1. Summary of genotoxic effects of Cr (lll) and Cr (VI)

in three human lung cell lines, including stem cell-like and
primary cells [87]. Gaddameedi et al. [66] examined the role
of insulin in Cr (VI)-mediated genotoxicity. They applied a
wall-less mutant of Neurospora crassa (FGSC Stock No. 4761),
known to possess an insulin receptor in its cell membrane,
and hence a good model for chromium toxicity research.
The authors explored the toxicity of Cr (VI) and the possible
impact on a simultaneous exposure to insulin in Neurospora
crassa. The comet assay of N. crassa cells treated with 100
pmol IX' Cr (VI) showed up to a 50% reduction in comet tail
lengths when incubated simultaneously with 0.4 U insulin.
The authors concluded that the insulin-mediated protection
from DNA damage by Cr (VI) is the result of scavenging
free radicals liberated during Cr (VI) exposure. In general,
Cr (VI) toxicity is dependent on available insulin, showing
that Cr (VI) toxicity can be a serious problem in people with
diabetes who have insufficient insulin [66].

Cr (V1)

Mechanism of genotoxicity Compound

Material Author

Binding to DNA in an intercalative manner, irreversibly

destroying the DNA configuration CrO

3

Chromium trioxide

SJR576-p yeast cells;

human T cell leukemia Jurkat cells Fang etal, 2014

Directly interaction with the DNA of gastric mucosa cells

Potassium dichromate K,Cr,0,

Human peripheral blood lymphocytes,

) Trzeciak et al., 2000
human gastric mucosa cells

Zinc chromate
ZnCrO,

WTHBF-6 human lung cells,

h-TERT immortalized clonal cell line Qinetal, 2014

Double strand breaks formation
Lead chromate

PbCro,

WTHBF-6 human lung fibroblasts, Xie et al., 2005

Human lung cancer cells

Sodium chromate (A549);
Increased amount of DNA damages Na,CrO, human bronchial epithelial cells Cavallo etal., 2010
(BEAS-2B)
Cr (Il Human fibroblasts Lo
Crvl) invitro Figgitt et al.,, 2010

Sodium chromate
Na,CrO,

Mutation of genes, exchanges of sister chromatids and
chromosomes aberrations

Human lung cancer cells (A549),
human bronchial epithelial cells
(BEAS-2B)

Cavallo et al., 2010

Lead chromate
PbCrO,

WTHBF-6 human lung fibroblasts Xie et al., 2005

Potassium chromate

K,Cro,

K,CrO, (Cr[V]) Cr(diethylenetriamine)

(0,)2.H,0 (Cr{IV])

Hela cells Wakeman et al., 2017

Reduction of Cr (VI) to Cr (lll)-damage by ROS Cr (V1)

Yeast Saccharomyces cerevisiae Sobol et al., 2012

Sodium chromate
Na,CrO,

chromium chloride

Crcl,

Human lymphoblastoid cells (TK6) El-Yamanietal,, 2011

Potassium chromate

DNA-—protein cross-links (DPCs) generation KCro,

Human lung A549 cells Macfie et al.,, 2010

[«(ID)

Cr (1)

Tannery workers Ateeqetal., 2016

Excessive production of ROS

Cr(lll) peptide (triglycine, tetraglycine
and pentaglycine) complexes

Spectroscopic characterization Headlam etal, 2016

Ability to accumulate around cells to induce morphological

changes on the cell surface (DNA damage). Crai

Shewanella oneidensis MR-1 Wang et al., 2017

Cr-DNA monoadducts, DNA interstrand crosslinks (ICLs), DNA-
Cr-protein crosslinks (DPCs), apurinic/apyrimidinic site; DNA

. CrCl
strand breaks creation 3

Chromium chloride

Human and rodent cells QO’Brien et al., 2006

Binding to DNA, leading to a decrease in fidelity and an
increase in the processivity of DNA polymerases;

|
interference with the base pairing mode ¢,

chromium chloride

SJR576-p yeast cells;

human T cell leukemia Jurkat cells Fang etal, 2014
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Estimation of the mutagenicity and genotoxicity of Cr (VI)
in accordance with the National Toxicology Program (NTP)
in male and female mice and rats revealed clear evidence
of its carcinogenicity, and confirmed its mutagenicity in
numerous in vitro assays, in animals (mice and rats) and in
humans In addition to the association with the occurrence
of respiratory cancers (lung, nasal, larynx, sinus cancers)
and exposure to chromium compounds, some meta-analyzes
provided data on the relationship between this exposure and
the occurrence of other human cancers such as: stomach,
brain, malignant lymphoma, myeloid leukemia, bladder
and panreatic cancers [88].The studies postulated key steps
in tumour formation, which included the interaction of
DNA with Cr (VI) and reduction to Cr (III), mutagenesis, or
cell proliferation. Within the timeframe and tumourigenic
dose range for early events, genetic changes in mice (single/
double-stranded DNA breaks) commence within 24 h.
Mechanistic evidence was also found for oxidative damage
and DNA adduct formation contributing to tumour response.
Therefore, the weight of evidence supports the plausibility
that Cr (VI) may act through a mutagenic mode of action
[89]. Table 1 summarizes the genotoxic effects of Cr (III)
and Cr (VI).

CONCLUSIONS

Human exposure to heavy metals has been reported and
requires further research. Although some of these heavy
metals are essential elements for humans, they may also
be toxic at low concentrations due to various mechanisms
of action. Genotoxic studies of both Cr (VI) and Cr (III)
were reviewed based on the literature data. Evaluation of
the genotoxicity of Cr (VI) - a chromium compound -
and mainly trivalent chromium, requires reconsideration,
especially towards the estimation of Cr (III) action which
is present at higher concentrations in food and dietary
supplements. The literature data indicate that the safety of
use of Cr (III) compounds has recently provoked controversy.
Their use in dietary supplements is undetermined and an
excessive intake of Cr (III) supplements does not appear
to be justified at present. As with other agents of nutrients
exhibiting genotoxic effects in vitro under high-exposure
conditions, nutritional benefits thus appear to outweigh the
theoretical risk of genotoxic effects in vivo only at normal or
slightly elevated physiological intake levels.

Even though the mechanisms of Cr (VI) genotoxic action
is known, the issue with Cr (III) is still under discussion and
remains not clearly explained. It is evident that scientific
papers on the genotoxicity of chromium (III) are very diverse,
some of them being aware of the genotoxic effect of this metal
ion, while others deny it. Thus, research on the genotoxic
effects of chromium compounds, especially trivalent
compounds, should be continued and their reasonable use
should be recommended.
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