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Abstract: Chromium has two main valence states: hexavalent chromium (Cr[VI]) and trivalent
chromium (Cr[III]). Cr(VI), a well-established human carcinogen, can enter cells by way of a
sulfate/phosphate anion-transport system, and then be reduced to lower-valence intermediates
consisting of pentavalent chromium (Cr[V]), tetravalent chromium (Cr[IV]) or Cr(III) via cellular
reductants. These intermediates may directly or indirectly result in DNA damage or DNA—protein
cross-links. Although Cr(III) complexes cannot pass easily through cell membranes, they have
the ability to accumulate around cells to induce cell-surface morphological alteration and result in
cell-membrane lipid injuries via disruption of cellular functions and integrity, and finally to cause
DNA damage. In recent years, more research, including in vitro, in vivo, and epidemiological
studies, has been conducted to evaluate the genotoxicity/carcinogenicity induced by Cr(VI)
and/or Cr(IIT) compounds. At the same time, various therapeutic agents, especially antioxidants,
have been explored through in vitro and in vivo studies for preventing chromium-induced
genotoxicity/carcinogenesis. This review aims to provide a brief update on the carcinogenicity
of Cr(VI) and Cr(III) and chemoprevention with different antioxidants.

Keywords: hexavalent chromium, Cr(VI), trivalent chromium, Cr(III), genotoxicity,
carcinogenicity, chemoprevention, antioxidant

Introduction

Chromium is a naturally occurring heavy metal that is commonly used in industrial
processes and can cause severe health effects in humans.' In the environment, chromium
primarily occurs in two valence states: hexavalent chromium (Cr[VI]) and trivalent
chromium (Cr[I11]).>* Cr(VI) compounds are extensively used in diverse industries, and
Cr(III) salts can be used as micronutrients and dietary supplements. Cr(IIT) compounds
are considered to be approximately 100 times less toxic than Cr(VI).*

Although chromium can be released through natural forces, its major environmental
pollution is from industrial sources. In recent years, the use of chromium has expanded
around the globe as modern industries grow rapidly in developing countries, such
as China. As a result, more anthropogenic chromium is being released into the
environment.® Industries with the largest contribution to chromium levels include
chromate or chromium production and plating, commercial and residential fuel
combustion (natural gas, coal, and oil), leather-tanning industries, textile manufacturing
(effluents), pigment manufacturing, stainless steel production, welding, polishing, and
grinding.*” Chromium is also a global marine pollutant. Through seawater pollution,
chromium contaminates marine plants and eventually marine fauna that are consumed
as seafood. Chromium can exist in air, water, soil, and food. The primary route of
exposure is inhalation through contaminated air, while other additional potential routes
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include oral ingestion of contaminated water and food or
direct dermal contact with products containing chromium.®
Chromates have been known to be potent inducers of cancer
in exposed workers.” All soluble Cr(VI) compounds and the
chromates of potassium, sodium, calcium, and strontium are
classified as carcinogen to animals.!” Although both Cr(VI)
and Cr(III) are considered genotoxic, they are different in
terms of the molecular mechanisms involved in toxicity.

Cr(VI) compounds can enter the cell via the sulfate-
anion channel and then be subjected to reduction by a wide
variety of cellular reductants, such as glutathione (GSH) and
ascorbate, with the formation of highly reactive Cr(V/IV)
intermediates and finally Cr(IIl) products.''* During this
process, molecular oxygen is activated and reduced to super-
oxide anion (-O,"), which is further converted to hydrogen
peroxide (H,0,) via a dismutation process. The resultant inter-
mediates further react with H,O, to generate a spectrum of
reactive oxygen species (ROS) containing hydroxyl radicals,
singlet oxygen, superoxide, and hydrogen peroxide via the
Fenton pathway.'>'* Consequently, excessive ROS interac-
tion with these intermediates may give rise to oxidative stress
and DNA damage, including chromium—DNA adducts, DNA
strand breaks, and DNA—protein cross-links (DPCs), all of
which are unstable factors of mutagenic effects.!®!” There-
fore, the International Agency for Research on Cancer
(IARC) has classified Cr(VI) as a group I carcinogen.'®!"®
Moreover, exposure to Cr(VI) tremendously increases the
risk of respiratory tract cancer in occupational settings.'8%
Meanwhile, Cr(VI) may also exert carcinogenic effects in
other internal organs, such as the gastrointestinal tract.?!

Cr(III) salts have a long history as a nutritional supple-
ment. Cr(IIl) is an active component in the glucose toler-
ance factor (GTF), and plays a significant role in regulating
blood-glucose levels, involving the processes of carbohydrate
and lipid metabolism.?>* Furthermore, Cr(II) complexes
were previously used as insulin enhancers for the treat-
ment of type 2 diabetes.”* However, recently studies have
revealed that Cr(IIT) compounds can lead to DNA damage.?
Although Cr(IIT) complexes cannot easily pass through cell
membranes, they have the ability to accumulate around cells,
which could bring about surface morphological alteration.?
Therefore, Cr(IlT) complexes can then enter cells and react
with cellular biological reductants and finally be oxidized to
Cr(V).” The process of reduction induces oxidative stress,
and hydroxyl radicals, which may attack proteins, cause DNA
damage, and lead to membrane lipid injuries via disruption
of cellular functions and integrity.®** Therefore, Cr(IIl) is
considered a potential genotoxic agent.

In order to prevent the carcinogenicity induced by chro-
mium and its compounds, a growing number of in vitro
and in vivo experiments have been conducted to explore
therapeutic agents in recent years. Accordingly, this article
provides a brief update on the carcinogenicity induced by
chromium, including both Cr(VI) and Cr(III), and potential
chemoprevention agents.

Carcinogenicity of chromium

In vitro studies
Both Cr(VI) and Cr(III) can induce oxidative stress damage
in culture cells, but through different molecular mechanisms.
The propidium iodide fluorescence assay indicates that the
percentage of propidium iodide-permeable cells treated
with Cr(IIl) is almost five times greater than those treated
with Cr(VI) at the same concentration, whereas the lethal
rate indicates that Cr(VI) is more toxic than Cr(III) in yeast
cells. In addition, the GSH level in cells treated with Cr(VI)
significantly declines; nevertheless, there is little change
in GSH content after Cr(IIl) exposure, even at a very high
concentration, which suggests that the toxicity of Cr(VI) is
significantly higher than that of Cr(III).*"2

Cr(VI) is a well-known carcinogen, but the difference in
terms of water-solubility of Cr(VI) complexes may lead to
different carcinogenic potencies. Cr(VI) displays no ability
to damage DNA directly, and requires reductive activation
inside cells driven by such agents as ascorbic acid, GSH,
and cysteine,'®? the principal biological reducers of Cr(VI)
for its genotoxic activity.*3%3! Large amounts of reac-
tive intermediates, such as Cr(V) and Cr(IV), are gener-
ated through the activities of Cr(VI) reduction, and then
these intermediates are further reduced to a more stable
and kinetically inert Cr(III)-biomolecule complex.3? This
multitude of reactive intermediates is known to induce a
diverse array of DNA lesions, including single-strand breaks,
alkali-labile sites, DPCs, DNA—-amino acid cross-links,
and chromium—DNA adducts, as well as the formation of
protein—Cr(III)-DNA cross-links, the most likely cause of
mutations in Cr(VI)-treated cells.**3 In addition, intracel-
lular Cr(VI) binding to lysine- and arginine-rich peptide
sequences of histones or nuclear proteins in the cytoplasm
can be transported to the cell nucleus via the active protein-
transport mechanism. These bindings are reversible and can
be released into the vicinity of DNA, resulting in the forma-
tion of reactive Cr(V/IV) intermediates and finally leading to
highly genotoxic Cr(III)-DNA adducts in the cell nucleus.
This is considered a crucial pathway in Cr(VI)-induced DNA
damage in vitro.* Improper DNA repair may bring about
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chromosomal instability or mutation, which could evolve
into tumorigenesis.>’*®

Zinc chromate, a water-insoluble Cr(VI) compound,
seems to be the most potential carcinogen.® It causes DNA
double-strand breaks (DSBs) and chromosome aberrations
in WTHBF6 cells, a human bronchial fibroblast, in a dose-
dependent manner.** DSBs and incorrect DSB repair are
most likely to induce genomic and chromosomal instability,
which are hallmarks of Cr(VI)-induced tumors.’” Other
studies indicate that long-term exposure to zinc chromate
can cause increases in aneuploidy, resulting in centrosome
amplification, spindle-assembly checkpoint bypass, and G,
arrest, finally giving rise to chromosome instability, followed
by tumor formation in human lung fibroblasts.?**

Lead chromate, one kind of particulate form of Cr(VI)
compounds, can be partially dissolved in water, releasing
Cr® and Pb?, which can enter cells. Xie et al carried out an
experiment with WTHBF6 cells, and demonstrated that lead
chromate particles induced DSBs. After chronic exposure
to lead—chromate complexes, the ATM protein was auto-
activated and transmitted signals to SMC1. Then, y-H2AX
foci formation responded to such breaks, with a consequent
impediment of cell division and S-phase arrest. Unrepaired
or misrepaired DSBs might be a risk that results in chromo-
somal lesions, thus creating cell chromosomal instability or
gene mutations and further progressing to tumorigenesis.’’
v-H2AX foci formation is a pharmacodynamic marker of
DNA damage produced by DNA cross-linking agents.*
Another study conducted by Holmes et al proved that
prolonged exposure to lead chromium particulates may
initiate an increase of aneuploid metaphases and aberrant
centrosomes with the occurrence of mitotic catastrophe and
disorganized anaphase, which is potentially the mechanism
of lead chromium-induced carcinogenesis.* Wise et al
evaluated the cytotoxicity and genotoxicity of lead chromate
in hawksbill sea turtle cells and found lead chromate was
both cytotoxic and genotoxic to the cells. Concentrations of
0,0.1,0.5, 1, and 5 pg/cm? lead chromate induced damage
in 4%, 10%, 15%, 26%, and 36% of cells and caused four,
eleven, 17, 30, and 56 chromosome aberrations in 100 meta-
phases, respectively.*

MicroRNAs are a family of small, endogenous, noncoding
RNA molecules that control the expression of target genes by
interacting with the 3’-untranslated region of target mRNAs,
with a consequence of translation repression or mRNA degra-
dation, which exerts prominent impact on physiological and
pathological processes.**> Among them, miR21 is a predomi-
nant onco-miR involved in the process of developing cancer.*

Pratheeshkumar et al observed that chronic exposure to
Cr(VI) in human bronchial epithelial (BEAS2B) cells could
lead to the rising generation of miR21, as well as a drop in
expression of the tumor suppressor PDCD4, which might
be a new molecular marker for understanding the potential
mechanism of Cr(VI)-induced oncogenesis.*’

Compared to the properties of Cr(VI), Cr(I1I) has lower
water-solubility and can enter the cells through phagocytosis.*’
Initially, Cr(III) was considered relatively nontoxic and an
essential component of glucose-tolerance factors. However,
in recent years research findings have suggested that Cr(III)
may also be genotoxic.>® Novotnik et al tested the cytotoxic
and genotoxic potential of Cr(VI) and Cr(Ill) nitrate in
human hepatoma (HepG2) cells. They found that Cr(VI)
at =0.2 pug/mL and Cr(Ill) at =1 pg/mL induced DNA
damage, suggesting Cr(VI) is five times more toxic than
Cr(I1l) in genotoxicity.’' Similarly, Figgitt et al compared
the genotoxicity of physiological concentrations of Cr(III)
and Cr(VI) in an in vitro study of human fibroblasts. They
found that both Cr(IIT) and Cr(VI) at the lowest physiological
dose (2 ppb) caused a significant increase in total aberrations.
Cr(VI) was much more effective than Cr(IIl) in causing
chromosome fragmentation, which were only induced at
the highest doses (40 ppb).>? However, Fang et al obtained
conflicting results in a study involving yeast and Jurkat
cells.?? They found that both Cr(VI) and Cr(IIl) induced
genetic mutations in yeast cells and caused DNA damage in
both yeast and Jurkat cells. Furthermore, they found that the
effect of Cr(IlI) was greater than Cr(VI). They concluded that
Cr(IIT) and Cr(VI) caused DNA damage through different
mechanisms: Cr(VI) intercalates DNA, while Cr(III) inter-
feres with base-pair stacking. The in vitro results indicate
that both Cr(VI) and Cr(IIT) induce chromosome or DNA
damage in culture cells, while different mechanisms may
be involved.

In vivo studies
Based on the genotoxicity observed in in vitro studies, a
wide range of investigations in animals have been launched
to study chromium carcinogenesis. Potassium dichromate
(Cr[VI]) is a widely used material in industry. After oral
administration to Swiss mice for 1 and 5 days at 25, 50,
or 100 mg/kg body weight per day, Wang et al found that
potassium dichromate induced dose- and time-dependent
effects on DNA damage, hepatic oxidative stress, and hepa-
tocyte apoptosis.>

Lead chromate (Cr[VI]) is a yellow, orange, or red crys-
talline inorganic compound that emits toxic chromium fumes
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upon heating. Though we intensively searched PubMed, we
did not find any in vivo studies conducted on lead chromate
in the past 20 years. As early as 1976, Furst et al investigated
the carcinogenic potential of lead chromate in both Fischer
344 rats and Swiss albino mice via intramuscular and oral
administration. Both male and female rats developed fib-
rosarcomas and rhabdomyosarcomas at the injection sites,
and three male rats also generated renal tumors in the intra-
muscular group. Furst et al concluded that lead chromate
accounts for high carcinogenic activity in rats. Swiss albino
female mice could not tolerate the same high dosage as the
rats. However, at the lower dose administered to the mice,
no tumors were detected.**

Sodium dichromate dihydrate (Cr[VI]) is ideal for use
in many circumstances, including high-temperature applica-
tions, such as in ceramic glazes and colored glass. Chronic
exposure to high concentrations of Cr(VI) in drinking water
has caused small intestinal tumors in mice.*® In a 2-year life-
time study, Stout et al applied a low-dose concentration of
Cr(VI), similar to the human exposure dosage present in con-
taminated water, to male and female F344/N rats and B6C3F1
mice via oral administration. After chronic exposure to
Cr(VI), both male and female F344/N rats developed increas-
ing squamous-cell carcinoma and squamous-cell papilloma
or carcinoma (combined) of the oral mucosa at 516 mg/L,
some of which invaded the tongue, Harderian gland, and
soft tissues surrounding the nose. Excess incidence of small-
intestine adenoma or carcinoma (combined) occurred in
both male and female B6C3F1 mice at all sites, including
the duodenum, jejunum, and ileum, with a dose-response
relationship.* Another study showed that exposure to Cr(VI)
(K,CrO,) in the drinking water increased the number of
ultraviolet-induced skin cancer lesions in hairless mice in a
dose-dependent manner, supporting the concern about ingest-
ing Cr(VI) because of its carcinogenic properties.*

Cr(II) has been proposed to be an essential element.
Humans ingest Cr(III) as both a natural dietary constituent
and dietary supplements taken for weight loss and antidi-
abetic effects.”” In order to examine the potential for chro-
mium picolinate (CP; Cr[lII]) to induce carcinogenicity,
the National Toxicology Program conducted studies of CP
monohydrate (CPM; Cr[C,H,NO,],) in F344/N rats and
B6C3F1 mice exposed to concentrations of 0, 2,000, 10,000,
or 50,000 ppm for 2 years as a dietary supplement in feed.
Despite exposure to very high concentrations relative to
human exposure, there was very little evidence of any adverse
effect following dietary exposure of rats and mice to CPM
for 2 years. In male rats, there was equivocal evidence of
carcinogenic activity based on increased preputial gland

adenomas. There was no evidence of carcinogenic activity
in female rats or in male or female mice. In addition, CPM
exposure did not induce toxicity or increase nonneoplastic
lesion incidence.* To assess genotoxicity of a Cr(III) propi-
onate complex, a study was performed on female Wistar rats
exposed through a diet supplement, and the comet assay was
used to evaluate DNA damage in peripheral blood lympho-
cytes (PBLs). High doses (equivalent to 100 mg Cr/kg body
mass/day for 4 weeks) of supplementary Cr(I1I) did not affect
body mass, feeding-efficiency ratio, or internal organ mass.
Treatment of rats with the Cr(IIT)—propionate complex did not
significantly affect the comet-assay results in lymphocytes,
which suggests that the compound does not exert genotoxic
effects in rats. Most in vivo experiments have demonstrated
that Cr(V]) is carcinogenic, but the carcinogenicity of Cr(III)
in animals is uncertain.

Epidemiological studies

The epidemiological evidence for increased risk of cancers
of the lungs and sinonasal cavity is limited to conditions of
high exposure, as encountered in the chromate-production,
chromate-pigment production, and chromium-plating
industries.’® Occupational exposure to high concentra-
tions of Cr(VI) compounds is a well-documented cause of
respiratory cancers.*> Absorption of Cr(VI) compounds by
human lung cells can bring about bulky DNA adducts and
oxidative DNA damage in the p53 gene, and both adenine
and guanine mutations have also been seen in the p53 gene
in Cr exposure-related lung cancer.”

Davies compared lung cancer mortality among workers in
three English chromate pigment factories. She found that lung
cancer mortality of workers exposed to both lead and zinc
chromate with medium- or high-grade exposure as operators
lasting more than 1 year was greater than that of workers with
low-dose exposure lasting less than a year. However, mortality
of workers in a factory exposed only to lead chromate was
normal (observed:expected death ratio 7:6.45), indicating
that exposure to lead chromate might not contribute to lung
cancer, while zinc chromate is carcinogenic.*

Langérd and Vigander conducted a follow-up study
on the incidence of lung cancer in 133 workers producing
zinc chromate pigments. A total of 24 of 133 workers
employed in pigment production for more than 3 years before
January 1973 were included. Six cases of lung cancer in this
subcohort were detected prior to December 1980, three of
which were highly differentiated epithelial carcinoma. Based
on national figures, the expected number of cases of lung
cancer in this subcohort was calculated to be 0.135, while the
observed number of cases was six. The observed:expected
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ratio was 44:1 in this subcohort. These findings proved that
zinc chromate was a potent carcinogen, and indicated that
exposure to Cr(VI) compounds could lead to lung cancer.?®

Welling et al used relative risk (RR) to estimate the
association between stomach cancer and Cr(VI) exposure in
56 cohort and case—control studies. When all studies were
combined, the summary RR was 1.27 (95% CI 1.18-1.38).
When analysis was limited to studies identifying increased
risks of lung cancer, the summary RR for stomach cancer was
higher (1.41,95% CI 1.18-1.69). According to these results,
they suggested that Cr(VI) is also a stomach carcinogen in
humans, which is consistent with the tumor results reported
in in vivo animal studies.®’

Occupational exposure to Cr(VI) has long been a public
health concern, despite improvements in working conditions.
However, many people are exposed to Cr(VI) compounds
and particles not through occupational exposure, but via
chronic, low-level inhalation from ambient air pollution
or ingestion from contaminated water.®* Exposure through
drinking water may cause greater toxicity than occupational
exposure, due to its long-term exposure. However, due to
multiple heavy metals existing in water, it is difficult to
evaluate how much Cr(VI) contributes to the development
of human cancers.

Information about the carcinogenicity of Cr(I1l) is limited.
As early as 1990, Langard evaluated the carcinogenesis of
Cr(VI) and Cr(IIl) through a review of epidemiological
evidence and selected case reports. He concluded that all
Cr(VI) compounds should be considered carcinogenic among
exposed populations, and that no evidence has been presented
indicating that human exposure to Cr(III) is associated with
increased cancer risk.®* Nurminen reviewed evaluations
and studies on the carcinogenicity in humans of metallic
chromium and Cr(III). He concluded that evaluations of the
potential carcinogenicity of metallic chromium and Cr(III)
by international and national organizations and individual
scientists were in agreement that the evidence on carcinoge-
nicity was inadequate in humans.** Chromium compounds
may contribute to lung cancers. Recent epidemiological evi-
dence shows that Cr(VI) may also be a stomach carcinogen
in humans. The carcinogenicity of Cr(VI) and Cr(III) is
summarized in Table 1 and Figure 1.

Chromium-carcinogenicity
chemoprevention

In vitro chemoprevention

Intracellular Cr(VI) might be reduced to intermediate
products, such as Cr(V), Cr(IV), and Cr(IIl). During this
process, ROS are generated and then react with chromium

intermediates, which cause a spectrum of cytotoxicity,
genotoxicity, chromosomal aberrations, and DNA lesions.
These products would then further lead to abnormal apoptosis
and gene instability, or eventually carcinogenesis.

ROS-mediated oxidative stress is believed to play an
important role in chromium-induced carcinogenesis.> Expo-
sure to Cr(VI) can cause several types of DNA lesions and
gene mutations. In recent years, various antioxidants have
been tested for prevention of the carcinogenesis caused by
chromium compounds. It is of great importance to adopt
therapeutic agents that enhance intra- and extracellular anti-
oxidant levels and block Cr(VI)-mediated generation of ROS
to prevent or attenuate Cr(VI)-induced genotoxicity.

Vitamin C plays an important role in controlling oxidative
stress as a strong free-radical scavenger and protects DNA
against damage induced by ROS.%¢” GSH plays a major role
in protecting cells against stress caused by oxidants and heavy
metals. When chromium compounds enter the human body
orally, a series of organism-relevant reactions take place that
attenuate their cytotoxicity and carcinogenicity.

Shi and Jiang checked the chemopreventive effects of
apple juice against Cr(VI)-induced oxidative stress in human
lung epithelial A549 cells. Results showed that apple juice
efficiently scavenged hydroxyl radicals generated by Cr(VI)
reduction catalyzed by GSH reductase/NADPH, and reduced
Cr(VI) induced lipid peroxidation (LP), DNA damage, cell
apoptosis, and NFkB activation in A549 cells.®® These results
indicated that apple juice can prevent Cr(VI)-induced cellular
injury and may help to reduce the carcinogenic potential of
Cr(VI) through antioxidant properties.

Quercetin is one of the most abundant dietary flavonoids,
with potent antioxidant and anticancer properties.®” MiR21
is a key onco-miR significantly elevated in the majority of
human cancers that exerts its oncogenic activity by targeting
the tumor-suppressor gene PDCD4.*” Pratheeshkumar
et al examined the effect of quercetin on the inhibition of
Cr(VI)-induced malignant cell transformation and the role of
miR21-PDCD4 signaling involved in BEAS2B cells. They
found that quercetin decreased ROS generation induced by
Cr(VI) exposure in BEAS2B cells. Chronic Cr(VI) exposure
induced malignant cell transformation, increased miR21
expression, and caused inhibition of PDCD4, which was
significantly inhibited by quercetin treatment in a dose depen-
dent manner.* Pratheeshkumar et al examined the inhibition
of luteolin on Cr(VI)-induced malignant cell transformation
in BEAS2B cells. They concluded that Iuteolin also pro-
tected BEAS2B cells from Cr(VI)-induced carcinogenesis
by scavenging ROS and modulating multiple cell-signaling
mechanisms that are linked to ROS.™
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Table | Summary of carcinogenicity for Cr(lll) and Cr(VI)

Category Cr(lll) Cr(VI)
In vitro e Causes DNA damage and genetic mutations e Causes DNA damage and genetic mutations in cells, different
studies in cells? mechanisms than Cr(lll)?"
e Less toxic than Cr(VI) in HepG2 cells and e Cannot damage DNA directly: requires reductive activation in cells?*
human fibroblasts;*"*? more toxic than Cr(VI) e Chronic exposure to Cr(VI):
in yeast and Jurkat cells? o Induces DNA lesions (SSB, alkali-labile sites, DPCs, DNA—-amino acid
cross-links, chromium—DNA adducts, formation of protein—Cr[lll]-
DNA cross-links)®-3
o Increases generation of miR21, decreases expression of PDCD4 in
BEAS-2B cells*7#
o Cytotoxic and genotoxic to hawksbill sea turtle cells, causes
chromosome aberrations in metaphases®
o Zinc chromate/lead chromate causes DNA DSBs, chromosome
aberrations, aneuploidy in WTHBF6 cells (also in human bronchial
fibroblasts for ZnCrO,), resulting in chromosome instability, gene
mutations, progression toward tumorigenesis®’~042
In vivo e Carcinogenicity in animals is uncertain e Chronic exposure to potassium dichromate, lead chromate, SDD
studies e Chronic exposure provides little evidence of accounted for high carcinogenic activity in animal models:
adverse effects, did not induce in-life toxicity o DNA damage®
or increase in nonneoplastic lesion incidence* o Hepatic oxidative stress/hepatocyte apoptosis®
o Development of fibrosarcomas or rhabdomyosarcomas®
o Renal tumors®*
o Small intestinal adenoma/carcinoma®=¢
o Squamous-cell papilloma or carcinoma of oral mucosa®
Epidemiology e Evidence inadequate to indicate human e Cr(Vl) exposure can occur at:
studies exposure associated with increased o High concentrations occupationally (chromate production, chromate-

cancer risk®3¢*

pigment production, chromium-plating industries)380¢!
o Chronic low concentrations via inhalation from ambient air pollution
or ingestion from contaminated water®?
Occupational exposure to high concentrations increases risk of
lung and sinonasal cavity cancers in humans, may also be stomach
carcinogen®®®!
Absorption into human lung cells brings about BDAs, ODD in P53 gene,
and adenine/guanine mutations®
Zinc chromate is potent carcinogen®
Exposure to lead chromate may not contribute to lung cancer®

Abbreviations: Cr(VI), hexavalent chromium; Cr(lll), trivalent chromium; SSB, single-strand breaks; DPCs, DNA—-protein cross-links; DSBs, DNA double-strand breaks;
SDD, sodium dichromate dehydrate; BDAs, bulky DNA adducts; ODD, oxidative DNA damage.

Eugenia dysenterica extract (EDE; leaf, hydroalcoholic)
is a phytochemical constituent associated with antioxidant
properties. Pretreatment of AMJ2C11 cells with EDE pro-
tected cells against the cytotoxicity and oxidative stress
induced by Cr(VI).”! N-acetylcysteine (NAC) is widely
used for the assessment of the role of ROS in various
biological processes.”” Luczak and Zhitkovich checked
chemoprotection by the antioxidant NAC against Cr(VI)
in human lung H460 cells. They found that NAC displayed
significant chemoprotective activity against Cr(VI)-induced
cell suppression of cytotoxicity, apoptosis, p53 activation,
and HSP72 and HIFlo upregulation. However, cyto-
protection by NAC seems to be independent of cellular
GSH. A loss of Cr(VI) accumulation by cells was caused

by NAC-mediated extracellular reduction of chromate to
membrane-impermeable Cr(III). Therefore, the chemopro-
tective activity of NAC on Cr(VI)-induced oxidative stress
damages might be completely through a ROS-independent
pathway.” However, a similar study conducted by Lee et al
concluded that HaCaT cells pretreated with NAC prevented
ROS-mediated cell death and cytokine expression induced
by Cr(VI).” Chen et al explored the antagonistic effect of
NAC on Cr(VI)-induced apoptosis in L02 hepatocytes.
They found that Cr(VI) significantly induced cell apoptosis
at a dose of 20 uM/L for 6 hours. However, NAC signifi-
cantly decreased the rate of cell apoptosis and alleviated
the damage to mitochondria and DNA caused by Cr(VI) in
L02 hepatocytes.”
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Figure | Possible mechanisms of Cr(VI)- and Cr(lll)-induced carcinogenicity and chemoprevention of antioxidants.
Abbreviations: Cr(Vl), hexavalent chromium; Cr(lll), trivalent chromium; GSH, glutathione; ROS, reactive oxygen species; EGCG, epigallocatechin-3-gallate; NAC,

N-acetylcysteine; MCE, methanolic Carum copticum extract (seeds).

Xiao et al tested the chemoprevention of vitamin C
against Cr(VI)-induced genotoxicity in cultured PBLs from
Sprague Dawley rats. They found that vitamin C cotreatment
had a significant protective effect against the Cr(VI)-induced
increase in DPCs. The mechanistic investigation revealed that
cellular ROS levels were positively correlated with Cr(VI)-
induced mitochondrial damage and that p53 expression was
correlated with Cr(VI)-induced increase in DPCs.” Little
et al screened several drugs for their potential to protect two
cell types against the cytotoxic effects of Cr(VI), specifically
the reducing agents vitamin C, cysteine, and GSH and two
Cr(VI) cellular uptake inhibitors. All five drugs showed dose-
dependent protection against Cr(VI)-induced cytotoxicity,
but only vitamin C offered complete protection.”” Capellmann
et al found that vitamin C reacted much faster with Cr(VI) at

physiological pH than GSH did, suggesting an influence of
the reaction velocity of the redox reaction between Cr(VI)
and the reducing compounds on the toxification of Cr(VI)
and formation of DPCs.”

Research has shown that Lawsonia inermis fruit extracts
can protect the liver from oxidative stress induced by carbon
tetrachloride (CCl,).” Guha et al explored antioxidant activity
of L. inermis extracts for preventing Cr(VI)-induced DNA
damage. They found that the extracts showed significant
potential in scavenging free radicals (DPPH® and ABTS"")
and Fe*" and in inhibiting LP. DNA damage caused by
exposure of pPBR322 plasmid DNA to Cr(VI) was markedly
inhibited by the extracts. A distinct decline in Cr(VI)-induced
cytotoxicity was noticed in MDAMBA435S (human breast
carcinoma) cells with an increase in the dosage of extracts.%
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This study indicated L. inermis extracts might also be a
potent therapeutic drug against Cr(VI)-induced oxidative
cell damage. Guha et al also tested the ability of Phyllanthus
amarus aqueous extract to inhibit Cr(VI)-induced toxicity
in MDAMB435S cells, and found that the extract had high
antioxidant potential (by virtue of its phenolic constituents)
to inhibit Cr(VI)-induced oxidative toxicity in these cells.®'
Lewinska et al found that Tempol, a nitroxide antioxidant, had
inhibitory effects on Cr(VI)-induced cyto- and genotoxicity
in human lymphocytes in vitro.®

Epigallocatechin-3-gallate (EGCG), one major kind of
polyphenol extracted from green tea, has been identified to
have protective properties against oxidative stress, inflam-
matory diseases, and neoplasms.®3-% It has also been proven
to be a scavenger for ROS. Wu et al observed that EGCG
protects BEAS-2B cells from Cr(VI)-induced genotoxicity,
presumably by scavenging ROS and modulating a subset of
genes.” Shi et al used electron spin-resonance spin trapping
to investigate scavenging effects on hydroxyl radicals and
superoxide radicals by EGCG. Their results showed that
EGCG achieved a protective effect against DNA damage,
as well as inhibiting activation of the nuclear transcription
factor NFxB induced by Cr(IV).}” These studies suggest an
anticarcinogenic property of EGCG on Cr(VI).

Melatonin is an antioxidant that can easily cross cell
membranes and the blood—brain barrier. Susa et al investi-
gated the potent protective effect of melatonin on Cr(VI)-
induced DNA single-strand breaks, cytotoxicity, and LP in
primary cultures of rat hepatocytes. They concluded that
melatonin protects cells from Cr(VI)-induced DNA-strand
breaks, cytotoxicity, and LP, possibly through its ability to
increase cellular levels of vitamins E and C and catalase
activity and/or to scavenge toxic hydroxyl radicals directly
in cells.®® Deb et al tested preventive effects of methanolic
extract of methanolic Carum copticum extract (MCE; seeds)
against Cr(VI) induced cytotoxicity, genotoxicity, apoptosis,
and oxidative stress on BEAS2B and isolated human PBLs.
Treatment of BEAS2B and PBLs with MCE prior to Cr(VI)
treatment exhibited an increase in cell viability and decrease
in DNA damage compared to Cr(VI) treatment alone. Further,
MCE administration 1 hour prior to graded doses of Cr(VI)
significantly decreased ROS levels. These results indicate
that MCE may be beneficial in preventing Cr(VI)-induced
toxicity in BEAS2B and PBL cells.*

Compared to Cr(VI), there are fewer Cr(III) chemopre-
vention studies. As previously cited, Lewinska et al found
that the nitroxide Tempol has not only inhibitive effects on
Cr(VI) but also on Cr(Ill)-induced cyto- and genotoxicity

in human lymphocytes in vitro.*> Sankaramanivel et al
investigated whether zinc pretreatment can protect human
PBLs from apoptosis induced by Cr(III). Results from cyto-
toxicity studies showed that pretreatment of cells with zinc
inhibited Cr(I1I)-induced cell apoptosis. The amount of ROS
produced by Cr(IIT) was reduced with zinc pretreatment. Cell-
signaling events, such as mitochondrial membrane potential,
ATP levels, and activation of caspase 3 induced by Cr(III),
were also reversed by pretreatment with zinc.”

In summary, more and more therapeutic agents have
been explored to prevent chromium-induced genotoxicity/
carcinogenesis, especially by Cr(VI) in culture cells. Evi-
dence indicates that many antioxidants have potential chemo-
preventive effects against chromium-induced genotoxicity/
carcinogenesis. These antioxidants include apple juice,
quercetin, luteolin, EDE, NAC, vitamin C, zinc, L. inermis
extracts, P. amarus aqueous extract, Tempol, EGCG, mela-
tonin, and MCE.

In vivo chemoprevention

In recent years, many in vivo experiments have also been
conducted to search for therapeutics for chemoprevention of
chromium genotoxicity/carcinogenesis. As previously cited,
Pratheeshkumar et al examined the effect of quercetin on
the inhibition of Cr(VI)-induced malignant cell transforma-
tion and the role of miR21-PDCD#4 signaling involved in
BEAS2B cells. In this study, there was reduced incidence of
tumors in nude mice injected with BEAS2B cells chronically
exposed to Cr(VI) in the presence of quercetin compared to
cells treated with Cr(VI) alone. Cr(VI) exposure increased
malignant transformation and tumorigenesis in BEAS2B
cells, but was suppressed with a knockdown of miR21 and
an increase in PDCD4 or catalase. These results suggest that
quercetin may target the miR21-PDCD4 pathway to decrease
Cr(VI)-induced carcinogenesis in BEAS2B cells.*

In an in vivo study, de Avila et al found that the survival
rate of mice exposed to Cr(VI) could be extended if they
were treated with EDE for 10 days prior to exposure. EDE
prevented pathological liver and kidney damages, corre-
sponding to a reduction in chromium levels found in these
organs and plasma. The antioxidant capability of EDE might
be due to the presence of polyphenols, especially flavonoids
and tannins, as confirmed by high-performance liquid chro-
matography photodiode array.”

Lee et al observed that dermal injection of Cr(VI) activated
phospho-Akt, phospho-p65, phospho-IkBa, phospho-ERK,
phospho-p38, and phospho-JNK in the epidermis of albino
Hartley strain guinea pigs. They found that 5 weeks of NAC
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administration through gavage or intraperitoneal injection
significantly inhibited activation of these signal proteins.™

Kart et al evaluated the effects of intraperitoneal admin-
istration of Cr(VI) and GSH on total oxidant status, total
antioxidant capacity, oxidative stress index, and oxidative
DNA damage by evaluating the level of 8-hydroxy-2’-
deoxyguanosine (8-OHdG) in Swiss albino mice. They con-
cluded that Cr(VI) given intraperitoneally caused increased
oxidative stress and oxidative DNA damage in the blood of
Swiss albino mice. It is possible that intraperitoneal admin-
istration of GSH acts as protection from oxidative stress and
DNA damage.”!

Garcia-Rodriguez et al investigated the relationship
between modulation of genotoxic damage and apoptotic
activity in Hsd:ICR male mice treated with EGCG intra-
venously and Cr(VI) intraperitoneally. They concluded
that EGCG protected against genotoxic damage induced
by Cr(VI), which might contribute to elimination of DNA-
damaged cells when EGCG is administered prior to Cr(VI).”
In another study, Garcia-Rodriguez et al examined the
modulating effects of the flavonoids EGCG, quercetin, and
rutin on the genotoxic damage induced by Cr(VI) in poly-
chromatic erythrocytes (PCEs) of CD1 mice. Treatments
were administered intraperitoneally, and genotoxic damage
was evaluated based on the number of micronucleated PCEs
(MN-PCEs) obtained from the caudal vein at 0, 24, 48,
and 72 hours after treatment. They found that if cells were
treated with flavonoids prior to Cr(VI) exposure, there was a
decrease in MN-PCE induction compared with Cr(VI) only.
Effects of EGCG, quercetin, and rutin against genotoxic
damage induced by Cr(VI) were observed. The magnitude
of the potency of flavonoids was in the following order:
rutin (82%) > quercetin (64%) > quercetin—rutin (59%)
and EGCG (44%).”

Curcumin is a well-known direct and indirect antioxidant.**
Molina-Jijén et al examined the role of mitochondria on the
protective effects of curcumin against renal oxidant damage
induced by Cr(VI) in rats given by gavage. They found that
both direct and indirect antioxidant effects were involved in
the protective effects of curcumin. Preservation of mitochon-
drial function plays a very important role in the protective
effects of curcumin pretreatment against Cr(VI)-induced
renal oxidant damage.”

As an antioxidant, selenium (Se) has been shown to
prevent cancer in numerous animal models.”® Soudani et al
investigated the protective effect of Se on oxidative damage
induced by Cr(VI) in rat erythrocytes. They found that rats
exposed to Cr(VI) showed an increase in malondialdehyde

and protein carbonyl levels and a decrease in sulfhydryl
content, GSH, nonprotein thiol, and vitamin C levels, as
well decreased enzyme, eg, catalase, GSH peroxidase, and
superoxide dismutase activities. These parameters were
restored to normal or near-normal values when Se was given
with Cr(VI). These results suggest that Se might be useful in
preventing Cr(VI)-induced erythrocyte damage.’’

Kumar and Gangwar divided Wistar strain rats into five
categories and administered a predetermined dose of Cr(VI),
as well as antioxidants, including GSH, Se, and a-tocopherol,
respectively. They studied how these three nonenzymatic
antioxidants protected against LP and oxidative stress.
Increased malondialdehyde and a significant depletion in
GSH status were observed in the liver and kidneys of the
Cr(VI)-fed rats. However, administration with antioxidants
inhibited LP and oxidative stress and restored the GSH cycle
in liver and kidneys of Cr(VI) treated rats.*

Krim et al evaluated the protective effect of ginger against
toxicity induced by Cr(VI) in rats. Their results indicated that
chromate (Cr[VI]) decreased reduced GSH levels in different
tissues. Moreover, administration of ginger revealed a reduc-
tion of the intensity of oxidative stress induced by Cr(VI),
demonstrating that ginger has potent antioxidant activity
toward Cr(VI)-induced damage.”®

Vitamin E is a fat-soluble vitamin that plays a role as an
antioxidant in the body. Chandra et al explored vitamin E
supplementation to protect Cr(VI)-induced spermatogenic
and steroidogenic disorders in testicular tissues of rats.
Simultaneous oral supplementation of vitamin E (50 mg/kg
body weight/day) in Cr(VI)-exposed rats showed less oxi-
dative damage and restored altered testicular activities and
epididymal sperm numbers, indicating vitamin E might be a
protective agent against Cr(VI)-induced spermatogenic and
steroidogenic alteration.”

Acharya et al compared the potential role of vitamins C
and E in Cr(VI)-induced spermatogenesis in Swiss mice. The
possible antioxidative role of both vitamins were studied for
a significant decrease in LP associated with marked elevation
in sperm count and significant decrease in the percentage of
abnormal sperm formation in Cr(VI)-treated mice. Of the
two vitamins tested in this study, vitamin C was found to be
more effective in ameliorating germ cells from degeneration
and from mutation to abnormal sperm.'®

Hamida et al checked the protective effect of propy-
Ithiouracil against hepatotoxicity induced by Cr(VI) in
adult mice. Animals received Cr(VI) via drinking water
ad libitum and propylthiouracil by intramuscular injection
at a dose of 2.5 mg/100 g body weight. Exposure of mice
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to Cr(VI) promoted oxidative stress, with an increase in
malondialdehyde, protein carbonyl, and advanced oxidation
protein-product levels. They found coadministration of
propylthiouracil with Cr(VI) restored these parameters to
near-normal values. Histological findings confirmed these
biochemical results.'!

Consumption of green tea, due to its antioxidant prop-
erties, has been associated with beneficial health effects.
Garcia-Rodriguez et al investigated green tea and chemopre-
vention in vivo on genotoxic damage induced by carcinogenic
Cr(VI). The green tea was administrated via an intragastric
tube every 12 hours over 2 days (four doses of 0.25 mL infu-
sions of 1.6 g/7.5 mL) and ad libitum (5.6 mL/day for 10 days,
infusions of 3.2 g/100 mL), while Cr(VI) was administrated
intraperitoneally (20 mg/kg). Blood samples were obtained
from the caudal vein, and the number of micronuclei in
PCEs was assessed at 0, 24, 48, and 72 hours after treatment.
Their results suggested that green tea had a chemopreventive
effect on Cr(VI)-induced genotoxic damage. The fact that
the largest decrease in the frequency of micronuclei was
observed at 72 hours and ad libitum treatment suggested that
the protective effect depends on the bioavailability, pharma-
codynamics, and pharmacokinetics of the active ingredient
in green tea. Therefore, the administration of green tea for a
long time before the exposure to Cr(VI) might have a more
consistent preventive effect.'”® Garcia-Rodriguez et al found
that polyphenol extracted from green tea played a pronounced
role against Cr(VI)-induced genetic damage by reducing the
amount of MN-PCEs in CD1 mice.!®

Susa et al found that thiol compounds containing
L-cysteine ethyl ester, 2,3-dimercaptosuccinic acid, or 2,3-
dimercapto-1-propanesulfonic acid ameliorated lethality
in Cr(VI)-treated male ddY mice under the condition of
injection of Cr(VI) and thiol admixtures simultaneously.
In addition, thiol compounds boosted urinary chromium
excretion, which showed protective effects against chro-
mium toxicity.'%

a-Lipoic acid (a-LA), a disulfide derivative, as well as
an intramolecular disulfide bond in its reduced state, dihy-
drolipoic acid (DHLA), serve as biological antioxidants in
both hydrophilic and lipophilic environments.!%>!% Both LA
and DHLA directly scavenge a variety of ROS. In addition,
LA-DHLA coupling has the capability of altering the redox
status of cells and interacting with thiols and other antioxi-
dants. Evidence has shown that both play an effective role
in attenuating chromium-induced DPCs by counteracting
oxidative stress. Budhwar and Kumar demonstrated that
intraperitoneal treatment with a-LA through pre-, co-, and

post-Cr(VI) exposure cut down the generation of DPCs under
the circumstance of oxidative stress formation in the PBLs
of Swiss albino mice.'*

Very few in vivo investigations related to chemopre-
vention on Cr(IIl)-induced carcinogenicity can be found.
Schrauzer examined the interactive effects of Cr(IIl) and Se
on the appearance of mammary tumors by exposing female
virgin C3H mice infected with the murine mammary tumor
virus to subtoxic levels of Cr(III) and Se in the supply water.
Results showed that by decreasing the inhibitory effect of Se
on tumor development in a dose-dependent manner, Cr(III)
increased tumor-growth rates and shortened tumor latency. Se
levels in the liver and kidneys of the mice were also altered
after exposure to Cr(IIl), indicating that Cr(III) interacted
with Se and affected organ distribution. They suggested that
Cr(IIT) must be added to the list of Se-antagonistic elements
that weaken or abolish the antitumorigenic effects of Se.!”’

In summary, antioxidants with potential chemopreventive
effects against Cr(VI)-induced genotoxicity/carcinogenicity
evaluated by in vivo studies include EDE, NAC, GSH,
EGCQG, quercetin, rutin, curcumin, Se, o.-tocopherol,
ginger, vitamin C, vitamin E, propylthiouracil, green-tea
polyphenol extracts, and thiol compounds, including LA.
Se was the only agent investigated for prevention of Cr(III)-
induced genotoxicity/carcinogenesis. Chemoprotective
activity of NAC on Cr(VI)-induced oxidative stress damage
was considered probably to be through ROS-independent
cellular reduction of chromate to membrane impermeability
Cr(IIT). EDE was found to prevent Cr(VI)-induced liver and
kidney pathological damage, in parallel with reduction in
chromium levels in these organs and plasma. In addition,
thiol compounds can boost urinary chromium excretion in
animals. Chemoprevention studies for Cr(IIl) and Cr(VI)
carcinogenicity, including in vitro and in vivo experiments,
are summarized in Table 2 and Figure 1.

Conclusion

Chromium occurs mostly in Cr(VI) and Cr(III) states in
the environment. Cr(VI) compounds are used extensively
in industry, while Cr(III) salts are used as micronutrients
and dietary supplements. Cr(VI) species are considered
much more toxic than Cr(III) species. In vitro studies
indicate that both Cr(VI) and Cr(III) induce genotoxicity
in culture cells, although mechanisms between them may
be different. Cells exposed to chromium complexes, espe-
cially Cr(VI) species, can generate a diverse array of DNA
lesions, including SSB, alkali-labile sites, DPCs, DNA—
amino acid cross-links and chromium-DNA adducts, as
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Table 2 Summary of chemoprevention for Cr(lll) and Cr(VI) carcinogenicity

Category  Cr(lll) Cr(VI)
In vivo e Few chemoprevention investigations ¢ Antioxidants with chemopreventive effects against Cr(VI) cyto/genotoxicity:
studies o Selenium in C3H mice with © EDE in Swiss mice: prevents pathological liver and kidney damage’'
MMTV: Cr(lll) weakens © NAC in albino Hartley strain GPs: inhibits activation of phospho-Akt, phospho-p65,

antitumorigenic effects of Se,
counteracts inhibitory effect on
tumor development, shortens
tumor latency period, and

accelerates tumor-growth rates'"’

phospho-lkBo., phospho-ERK, phospho-p38, and phospho-JNK in epidermis”

GSH in Swiss albino mice and Wistar rats: protects against LP, oxidative stress, and
DNA damage, restores GSH cycle in liver and kidney*?'

EGCG in Hsd:ICR and CDI mice: protects against genotoxic damage, contributes to
elimination of DNA-damaged cells®>®

o Quercetin in nude mice with BEAS-2B and CD| mice: reduces tumor incidence,
targets miR2|1-PDCD4 signaling, protects against genotoxic damage*
© Rutin in CDI mice: protects against genotoxic damage®
© Curcumin in Wistar rats: direct and indirect antioxidant effects against renal oxidant
damage, preserves mitochondrial function™
© Selenium in Wistar rats: prevents against Cr(Vl)-induced erythrocyte damage, inhibits
LP and oxidative stress, restores GSH cycle in liver and kidney**’%
O o-tocopherol in Wistar rats: inhibits LP and oxidative stress, restores GSH cycle in
liver and kidney*
© Ginger in Wistar rats: reduces intensity of oxidative stress”
© Vitamins C and E in albino rats and Swiss mice: reduce oxidative damage and decrease
LP and sperm mutations and germ cells degenerated”
© Propylthiouracil in mice: reduces oxidative stress and protects against hepatotoxicity'®'
© Green-tea polyphenol extracts in CD| mice: reduces amount of MN-PCEs'%2!%
Thiol compounds (including LA and DHLA) in ddY and Swiss albino mice: reduce oxidative
stress and generation of DPCs, scavenge ROS, alter cell-redox status, boost urinary
chromium excretion'®*'%
In vitro

e Few chemoprevention studies ¢ Antioxidants with chemopreventive effects against Cr(VI) cyto/genotoxicity:

studies conducted © Apple juice in A549: scavenges hydroxyl radicals, reduces lipid peroxidation,
e Antioxidants with chemopreventive DNA damage, cell apoptosis, NFkB activation®®
effects against Cr(lll) cyto/ © Quercetin in BEAS2B: decreases ROS generation, inhibits cell transformation,
genotoxicity: increases miR2| expression, and inhibits of PDCD4%
o Tempol in human lymphocytes: © Luteolin in BEAS2B: scavenges ROS*
inhibits cyto/genotoxicity® © EDE in AMJ2-Cl |: protects against cytotoxicity and oxidative stress’'
© Zinc in PBL: inhibits apoptosis, © Tempol in human lymphocytes: inhibits cyto- and genotoxicity®
reduces ROS production, © NAC in LO2 hepatocytes, H460, HaCaT: inhibits suppression of apoptosis, p53

reverses changes in mitochondrial
membrane potential, ATP levels,
activation of caspase 3%

activation, HSP72 and HIF| o upregulation, prevents ROS-mediated cell death and
cytokine expression, decreases rate of cell apoptosis, alleviates mitochondrial and
DNA damage”"®

© Vitamin C: inhibits increase in DPCs, complete protection against cytotoxicity’®

© Lawsonia inermis extract in MDA-MB-435S: scavenges free radicals, inhibits lipid

peroxidation®
© Phyllanthus amarus aqueous extract in MDA-MB-435S: inhibits Cr(VI)-induced oxidative

toxicity®'

© EGCG in BEAS2B: scavenges ROS, protects against DNA damage, inhibits activation

of NFxB’

© Melatonin in rat hepatocytes: protects against DSBs, cytotoxicity, lipid peroxidation®
© MCE in BEAS2B, PBL: increases cell viability, decreases DNA damage and ROS level®

Abbreviations: Cr(Vl), hexavalent chromium; Cr(lll), trivalent chromium; EDE, Eugenia dysenterica extract (leaf, hydroalcoholic); NAC, N-acetylcysteine; MMTV, murine
mammary tumor virus; GPs, guinea pigs; GSH, glutathione; EGCG, epigallocatechin-3-gallate; MN-PCEs, micronucleated polychromatic erythrocytes; LP, lipid peroxidation;
LA, o-lipoic acid; DHLA, dihydrolipoic acid; ROS, reactive oxygen species; PBL, peripheral blood lymphocyte; DPCs, DNA—protein cross-links; DSBs, double-strand breaks;

MCE, methanolic Carum copticum extract (seeds).

well as the formation of protein—Cr(III)-DNA cross-links,
the most likely cause of mutations in Cr(VI)-treated cells.
In vivo experiments have demonstrated that Cr(VI) is
carcinogenic, but the carcinogenicity of Cr(IIl) is uncertain.
Epidemiology has identified inhalation of Cr(VI) species
as a great risk for lung cancer. Oral ingestion of Cr(VI)

species through contaminated water and food may result in
gastrointestinal tumors, such as stomach cancer. However,
evidence of carcinogenicity of Cr(IIl) species in humans
is inadequate.

In recent years, a growing number of therapeutic agents
have been tested for prevention of chromium harm, especially
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Cr(VI)-induced genotoxicity/carcinogenesis through in vitro/
in vivo studies. In vitro and in vivo experiments show that
therapeutic agents with potential chemopreventive effects
against chromium-induced genotoxicity/carcinogenesis are
mostly antioxidant-related chemicals or compounds, such
as apple juice, quercetin, luteolin, EDE, NAC, vitamin C,
vitamin E, zinc, L. inermis extracts, P. amarus aqueous
extract, Tempol, EGCG, melatonin, MCE, GSH, rutin,
curcumin, Se, a-tocopherol, ginger, propylthiouracil, green-
tea polyphenol extracts, and thiol compounds, such as LA.
Furthermore, most of these agents have been explored for
chemoprevention against the genotoxicity/carcinogenesis
induced by Cr(VI) instead of Cr(III).

It is worthy of note that chromium is hard to be degraded
or reduce in the human body. Chemoprevention effects of
antioxidants are mainly through direct or indirect inhibition
of oxidative stress induced by chromium. Only the chemo-
protective activity of NAC on Cr(VI)-induced oxidative
stress damages was found probably to be through cellular
reduction of chromate to membrane-impermeable Cr(III),
an ROS-independent pathway. EDE was found to prevent
Cr(VI)-induced pathological liver and kidney damage, in
parallel with reduction in chromium levels in these organs
and plasma. In addition to having antioxidative effects,
thiol compounds were found to boost urinary chromium
excretion in animals. Antioxidative activities are mostly a
temporary action, instead of a permanent cure for chromium
species’ toxicities. New therapeutic agents with additional
abilities, such as increasing the human body’s ability to clear
chromium through chelating, metabolizing, or degradation,
should be explored in future research. Furthermore, any
in vitro or in vivo studies in future, while evaluating preven-
tive effects on toxicity and genotoxicity/carcinogenicity,
should also include examination of chromium levels in cells,
organs, and tissues at the same time.
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