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Abstract Hexavalent chromium [Cr(VI)] is a known carcin-
ogen when inhaled. However, inhalational exposure to Cr(VI)
affects only a small portion of the population, mainly by oc-
cupational exposures. In contrast, oral exposure to Cr(VI) is
widespread and affects many people throughout the globe. In
2008, the National Toxicology Program (NTP) released a 2-
year study demonstrating that ingested Cr(VI) was carcino-
genic in rats and mice. The effects of Cr(VI) oral exposure
are mitigated by reduction in the gut; however, a portion
evades the reductive detoxification and reaches target tissues.
Once Cr(VI) enters the cell, it ultimately gets reduced to
Cr(III), which mediates its toxicity via induction of oxidative
stress during the reduction while Cr intermediates react with
protein and DNA. Cr(IIl) can form adducts with DNA that
may lead to mutations. This review will discuss the potential
adverse effects of oral exposure to Cr(VI) by presenting up-to-
date human and animal studies, examining the underlying
mechanisms that mediate Cr(VI) toxicity, as well as highlight-
ing opportunities for future research.
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Introduction

Hexavalent chromium, Cr(VI), is widely used in numerous
industrial processes, including chrome pigment production,
chrome plating, stainless steel manufacturing, and leather
tanning [1, 2]. Numerous epidemiological studies have re-
ported a high incidence of lung cancer among workers
exposed occupationally to Cr(VI) by inhalation [3, 4].
The International Agency for Research on Cancer (IARC)
has classified Cr(VI) as a human carcinogen through the
inhalation route of exposure [5]. However, there are limited
human studies on the health effects of Cr(VI) when
ingested. Chromate is a very common contaminant in
drinking water. In the past, there was extensive discharge
to the environment and uptake via aquifers of chrome plat-
ing baths and water containing chromate as an antirust
agent. Individuals with wells are subject to chromate con-
tamination in their wells via aquifers. A study in China
reported an increase of stomach cancer mortality in the area
with elevated Cr(VI) concentrations in drinking water, but
in this study, there were some limitations with its statistical
power [6]. A meta-analysis of data on chromate workers
did not support the association between occupational
Cr(VI) exposure by inhalation and tumors in the digestive
system [7-9]. In 2008, The National Toxicology Program
(NTP) released a 2-year rodent study on oral exposure of
Cr(VD) in drinking water, indicating that Cr(VI) was a car-
cinogen when ingested [10, 11]. Since then, a series of
studies have been conducted to investigate the association
between oral exposure to Cr(VI) and gastrointestinal cancer
as well as to establish the modes of action (MOA) for
small intestinal tumors that occurred in mice in the NTP
study. In this review, we will focus on the recent progress
regarding the toxicity and carcinogenicity of oral exposure
to Cr(VI).
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Chemical Properties

Chromium is one of the most abundant elements in the Earth’s
crust, with an average concentration of 125 mg/kg [2]. Chro-
mium has multiple oxidation states, ranging from Cr(0) (ele-
mental chromium) to Cr(VI) (hexavalent chromium). The
most common as well as stable form of chromium is the tri-
valent form, Cr(IIl). Cr(IIl) occurs naturally in chromite ore
and is normally used for manufacturing chromium metal and
mono- or di-chromates [2]. The next most stable form is
hexavalent chromium. This form occurs rarely in nature and
is mainly produced from industrial activities [12]. Cr(VI) and
Cr(IID) differ not only in their oxidation states but also in their
chemical properties and toxicity. While Cr(IIl) serves as a
nutritional supplement, and may play a role in glucose and
lipid metabolism, Cr(VI) is very toxic inducing a wide variety
of injuries in cells such as DNA damage, chromosomal aber-
rations, alterations in the epigenome, and microsatellite insta-
bility [13—-15].

Another difference between Cr(VI) and Cr(Ill) is their abil-
ity to enter cells, which is the basis of the almost 1000-fold
difference in their toxicities. Cr(VI) is structurally similar to
sulfate and phosphate anions; therefore, cells readily take it up
via non-specific anion transporters [13]. Once inside the cell,
Cr(VI) undergoes a rapid metabolic reduction and is converted
ultimately to Cr(IIT) [13]. In contrast, Cr(III) compounds can-
not enter cells by any transport mechanism [16, 17].

Source of Oral Exposure

The primary source of oral exposure to Cr for non-
occupational human populations comes from food and drink-
ing water. Cr levels in the food range from <10 to 1300 pg/kg,
with the highest amount in meat, fish, fruits, and vegetables
[18]. The concentration of Cr in uncontaminated water is very
low, about 1-10 pg/L in rivers and lakes and 0.2-1 pg/L in
rainwater, with an average concentration of 0.3 pg/L in ocean
water [2, 19].

Increased industrial applications, however, lead to a large
amount of Cr released into soil, ground water, and air. In 2009,
the estimated releases of Cr compounds to surface water from
domestic manufacturing and processing facilities were 486,
063 1bs [19]. The contamination of Cr(VI) in drinking water
was first made known to the public in the Erin Brockovich
(Film in 2000), depicting a southern California town of
Hinkley. The elevated level of Cr(VI) in drinking water (usu-
ally several oob) has been reported in more than 30 US cities
[20], posing an important question as to the health effect of
Cr(VI) exposure in drinking water. The current drinking water
standard established by the US Environmental Protection
Agency (EPA) for total chromium is 0.1 mg/L or 100 ppb
[21]. However, there is no specific drinking water standard
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for hexavalent chromium. The California public health goal
for Cr(VI) is 0.02 ppb which is a very low level and is often
exceeded in public drinking water.

Chromium Metabolism and Reduction

After Cr(VI) enters the cell via anion transporters, it undergoes
a series of metabolic reductions and forms intermediate Cr
species, Cr(V) Cr(IV), and is finally reduced to Cr(IlI) [12,
13]. At physiological pH, intracellular reduction of Cr(VI) is
facilitated by a number of non-enzymatic and enzymatic anti-
oxidants. Ascorbate (Asc), reduced glutathione (GSH), and
cysteine (Cys) are three non-enzymatic reducing agents for
Cr(VD) [12, 14]. The primary reducing agent depends on the
cellular availability as well as reaction rate. Although Asc and
GSH have a similar concentration in vivo (~1-3 mM), early
studies showed that Asc was the kinetically favored reducing
agent and accounted for 80-90 % of in vivo Cr(VI) reduction
[22-24]. At a concentration of 1 mM in vitro, Asc-mediated
reduction was more rapid (7},=1 min), as compared to
60.7 min for GSH and 13.3 min for Cys [25]. However, the
amount of Asc in vitro (<50 uM in culture medium) is much
less compared to its concentration in vivo (~1-3 mM). There-
fore, the reduction of Cr(VI) in cultured cells is primarily
facilitated by GSH [12].

Depending on the nature of the reducing agents in the cell,
Cr(VI) undergoes either one- or two-electron reductions [13,
14, 26]. Asc reduces Cr(VI) via a two-electron reaction
forming the reduction intermediate, Cr(IV). Reduction of
Cr(VI) by GSH can be either by one- or two-electron reactions
which produce Cr(V) or Cr(IV). Reduction by Cys is almost
exclusively a one-electron reaction. A combined activity of
Asc, GSH, and Cys in cells reduced more than 95 % of Cr(VI)
into Cr(IIT) [12]. Other intracellular reducing agents include
cytochrome P450 reductase, mitochondrial electron transport
complexes, glutathione reductase, aldehyde oxidase, etc.
Mitochondrial electron transport complexes are potent Cr(VI)
reducing agents; however, they only reduce Cr(VI) in the
mitochondria. P450 reductase reduces Cr(VI) only in the
absence of oxygen. These enzymes are only minor players
in the intracellular Cr(VI) reduction [14].

Cr(VI) reduction occurs both inside and outside the cell.
Due to its weak membrane permeability, the final metabolite
Cr(III) is normally retained in the same place it was produced.
For example, intracellular Cr(VI) reduction leads to a massive
intracellular accumulation of Cr(Il) ranging from 10- to 20-
fold after 3 h up to about 100-fold after 24 h of exposure [27,
28]. High levels of Cr(II) in cells react with DNA, which is
the principle mechanism underlying Cr(VI) genotoxicity
[13—15]. In contrast, Cr(IIT) generated from extracellular re-
duction cannot enter the cell and poses little or no toxic and
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carcinogenic activity, rendering the extracellular reduction
process as a detoxification mechanism.

The major extracellular reduction of Cr(VI) occurs in the
gastrointestinal system. After ingestion, Cr(VI) can be re-
duced to Cr(IIl) by bodily fluids including saliva and gastric
juice and further sequestered by intestinal bacteria [29, 30].
The main reducing agent, gastric juice, has a relatively high
reducing capacity, ranging from ~8 mg/L (fasting) to 31 mg/L
(Fed). Considering the large amount of fluids secreted in the
stomach daily, about 1000—-1500 ml/day (fasting) plus 800 ml/
meal (Fed), the body has a large capacity to convert Cr(VI) to
Cr(IlT) (~80 mg/day) [29]. Thus, extracellular Cr(VI) reduc-
tion, primarily in the stomach, has been considered a protec-
tive mechanism accounting for the low genotoxicity and car-
cinogenicity in animals exposed to Cr(VI) via drinking water
[30, 31]. However, recent animal studies by NTP and others
demonstrated the systemic intracellular presence of Cr in
many tissues and organs, indicating that a portion of Cr(VI)
is able to escape detoxification by the gastrointestinal system
[10, 32-34, 35¢].

Toxicity and Carcinogenicity of Cr(VI) in Drinking
Water

Epidemiological Studies

Until now, there have been only a few human studies address-
ing oral exposure to chromium and its adverse health effects.
A study in China reported an increase of stomach cancer mor-
tality in the residents of small villages in the Liaoning prov-
ince of China where the drinking water was heavily contam-
inated with Cr(VI) (>0.5 mg/l) [6]. The same investigator
published another paper where they reported no risk of cancer
mortality; this was retracted in 2006 due to the failure to dis-
close financial support from industry. A re-analysis of the
same data confirmed the increased incidence of stomach can-
cer in the exposed villages compared to the unexposed, con-
trol population in the whole province [36]. However, analyz-
ing the same data using a smaller number of controls from
nearby areas with no Cr(VI) in ground water, the association
between Cr(VI) exposure and cancer mortality was not
replicated [37].

Several areas of Greece have also suffered the conse-
quences of drinking Cr(VI)-contaminated water. An ecologi-
cal mortality study in the Oinofita region of Greece, where
water was contaminated with Cr(VI) (maximum levels rang-
ing between 41 and 156 ug/L), indicated that there was a
significantly increased incidence of liver cancer mortality
(»<0.001) as well as lung cancer (p=0.047), cancers of the
kidney, and other genitourinary organs among women (p=
0.025) [38]. A more recent study from Greece reported an

association between chromium exposure in drinking water
and some hematological and biochemical parameters [39].

A study in India evaluated adverse health effects on a pop-
ulation exposed to high concentrations of Cr(VI) (~20 mg/L)
[40] and reported a slightly increased incidence of gastroin-
testinal and dermatological complaints in an area with Cr(VI)-
contaminated ground water. Although data from human stud-
ies are quite limited, the results from all four studies suggest
that there were adverse health effects from oral exposure to
Cr(VI).

Animal Studies

There were a number of studies conducted in rodents to ex-
amine various genotoxic endpoints in target organs. These
studies involve short-term Cr(VI) exposure, and no tumor
formation would have been observed given the short exposure
interval (summarized and discussed in two review articles [41,
42]). The following discussion focuses on the studies associ-
ated with carcinogenic endpoints (Table 1).

In 1968, a study reported stomach cancer in mice orally
exposed to Cr(VI) in drinking water [43]. In this study, 120
female and 10 male NMRI mice were exposed to 500 ppm of
potassium chromate in drinking water for their lifetime. Ex-
posed mice were mated during the exposure. The treatment
time was about 880 days and covered three generations. At the
time of termination, 2 carcinomas and 9 benign tumors were
observed in the forestomach among 66 mice over the com-
bined 3 generations exposed to Cr(VI) [43]. This was statisti-
cally significant in comparison to 2 benign tumors in 79 con-
trol mice. This result indicated an increased incidence of stom-
ach tumor in Cr(VI)-exposed mice. However, an unexpected
outbreak of mousepox virus resulted in high mortality rates of
parental mice, and a subsequent mousepox vaccination given
to the mice may have compromised the findings.

In 2008, NTP initiated a 2-year rodent study to examine the
possible effect of chronic oral exposure to Cr(VI) in their
drinking water [10]. The groups of 50 males and 50 females
of F344/N rats and B6C3F1 mice were exposed to 0, 14, 57,
172, and 516 mg/L sodium dichromate dehydrate (SDD)
[equivalent to 0, 5, 20, 60, and 180 mg/L Cr(VI)] in drinking
water. The study was completed after 2 years, and multiple
endpoints including both neoplastic and non-neoplastic le-
sions were assessed. There was clear evidence of carcinogenic
activity of Cr(VI) in both rats and mice. Both female and male
F344/N rats that were exposed to the highest concentration of
Cr(VI) in drinking water developed cancer in the oral cavity.
B6C3F1 mice of both sexes, that were exposed to the two
highest doses of Cr(VI), developed tumors in the small intes-
tine (duodenum and jejunum) [10, 11]. In addition to tumor
formation, increased incidence of histiocytic cellular infiltra-
tion in several tissues was observed in both rats and mice. An
exposure-related microcytic hypochromic anemia occurred in
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rats, but only a mild erythrocyte microcytosis was seen in
mice. Diffused epithelial hyperplasia was only observed in
the duodenum and jejunum of mice but not rats. These data,
which are consistent with many in vitro studies, further sup-
ported the notion that Cr(VI) is a carcinogen when ingested. A
more detailed discussion on the major finding and conclusions
from the NTP study was provided in a recent review article
[35¢].

Prior to the NTP study, Davidson et al. reported a study
using a hairless mouse model to assess the toxic and carci-
nogenic effect of Cr(VI) in drinking water [32, 33]. The
hairless mice were treated with low doses of ultraviolet ra-
diation in the absence and presence of various doses of
potassium dichromate (0.5, 2.5, and 5 ppm) in drinking wa-
ter for 6 months. While ingestion of Cr(VI) alone in drink-
ing water did not produce any skin tumors, co-treatment
with a low dose of UVR displayed a synergistic effect on
skin tumor formation [32]. A dose-related increase of tumor
numbers was observed with the increased concentration of
Cr(VD) in drinking water. The results indicated that, while
Cr(VI) alone was not sufficient to induce tumor formation in
the skin in a relative short exposure duration and at low
doses that have occurred in human exposure scenarios,
Cr(VD) in drinking water can promote UV-induced tumori-
genesis at a site that was distant from its entry point (inges-
tion). Most importantly, this study demonstrated the ability
of ingested Cr(VI) to evade reduction in the stomach and
distribute to multiple tissues including the skin, liver, kidney,
and bone [1, 32, 33]. Later, another study using a mouse
colitis-associated colorectal cancer model showed that expo-
sure to Cr(VI) and arsenic in drinking water for 20 weeks,
alone or in combination, promoted azoxymethane/dextran
sodium sulfate (AOM/DSS)-induced tumorigenesis. The au-
thors further showed that tumor promotion activity of Cr(VI)
and arsenic was mediated through ROS-induced Wnt/beta-
catenin signaling pathway [47].

Mechanisms of Chromium Toxicity
and Carcinogenicity

Oxidative Stress Cr(VI) is able to induce oxidative stress
via multiple pathways [26]. First, the metabolic intermedi-
ates and ultimate products generated during Cr(VI) reduction
can participate in Fenton-type reactions to generate hydroxyl
radicals in the presence of hydrogen peroxide. Alternatively,
in the presence of endogenous superoxide anion and hydro-
gen peroxide, Cr(V) and Cr(VI) can produce hydroxyl rad-
icals via Haber-Weiss-like reactions. Moreover, by forming
Cr-Asc, Cr-GSH, and Cr-cys crosslinks, reduction of Cr(VI)
depletes cellular antioxidants and disrupts the redox balance
in the cell [26].

Depending on the levels of ROS production, Cr(VI)-induced
oxidative stress may lead to cell death (cytotoxicity) or tumor
formation (carcinogenicity). High levels of ROS production
directly target lipid and DNA to generate lipid peroxidation
and DNA damage as well as many other cellular injuries,
leading to cell death by both apoptosis and necrosis. Medium
to low levels of ROS in cells may disrupt the cellular redox
balance and accelerate cell proliferation, leading to tumor for-
mation and progression. 8-oxo-dG, a marker for oxidative
DNA damage, has been detected in vitro in Cr(VI) exposed
cells in many studies. However, the levels of 8-0xo-dG were
not induced in the intestine of mice following Cr(VI) exposure
in drinking water for 9 months [44] or 3 months [45¢]. It is
possible that a majority of ingested Cr(VI) was reduced to
Cr(II) by gastric juice, and the small amount of Cr(VI)
absorbed by cells could not induce detectable 8-0xo-dG. It is
worth noting that 8-oxo-dG has a relative short lifetime in
cells [12], and there is high background when measuring
8-0x0-dG suggesting some technical problems in assessing
this DNA adduct.

Recently, Thompson et al. reported a dose- and time-
dependent decrease in the reduced-to-oxidized glutathione ra-
tio (GSH/GSSG) in the duodenum of B6C3F1 mice exposed
to various doses of Cr(VI) in drinking water for 7 or 90 days
[45+], indicating that chronic low-dose exposure of Cr(VI) in
drinking water can induce oxidative stress in target tissues.
Subsequent gene expression analysis revealed that 3 out of
16 genes that satisfy the dose-dependent differential expres-
sion criteria with EC(50) <10 mg/L SDD are Nrf2 down-
stream genes [48]. Nrf2 is a transcription factor that can be
activated by ROS. Genes downstream of Nrf2 are normally
involved in oxidative stress responses. There is clear evidence
of villous cytotoxicity and focal or diffused hyperplasia in the
small intestine in both the NTP study and the 90-day animal
study [10, 45<], which is likely the consequence of increased
oxidative stress. It is possible that low doses of Cr(VI) expo-
sure via drinking water induced chronically elevated levels of
ROS, which subsequently contributed to initiate tumor forma-
tion by inducing mutations in DNA, increasing cell prolifera-
tion, altering the epigenome, inhibiting cell apoptosis, and
promoting tumor progression.

DNA Damage and Cr(VI) Mutagenicity

Cr(V]) itself does not bind to DNA or other macromolecules
in cells. Instead, its metabolic intermediates Cr(V) and Cr(IV)
and the final product Cr(Ill) are highly reactive and readily
form Cr-DNA adducts. Cr(Ill)-induced DNA adducts can be
either binary (Cr-DNA) or ternary (ligand-Cr-DNA), where
the ligand can be Asc, GSH, cysteine, histidine, or other
cysteine-containing proteins [13]. Binary Cr-DNA adducts
can be repaired rather efficiently, within minutes after expo-
sure by nucleotide excision repair (NER) in cells. NER-
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deficient human cells are hypersensitive to Cr(VI) toxicity
with a massive accumulation of Cr-DNA adducts [49], sug-
gesting that DNA repair plays an important role in antagoniz-
ing Cr(VID)-induced DNA damage. Ternary Cr-DNA adducts
are strong inhibitors of DNA replication and transcription.
Interestingly, replication inhibition of ternary Cr-DNA ad-
ducts requires the presence of mismatch repair (MMR) pro-
teins [50]. MMR-null mice and human cells were resistant to
cytotoxicity induced by Cr(VI) [S0-52].

In addition to binary and ternary Cr-DNA adducts, Cr(VI)
reduction can generate several other DNA or chromosome
lesions, including abasic sites, single- and double- strand
breaks, protein-Cr-DNA crosslinks, DNA inter/intrastrand
crosslinks, etc [12, 14, 15]. DNA single- or double- strand
breaks have been detected in animals that were orally ex-
posed to Cr(VI) by gavage [41, 42]. DNA-protein crosslinks
were detected in liver cells but not lymphocytes from F344
rats that were exposed to potassium chromate via drinking
water for 3 weeks [53]. However, DNA-protein crosslink
was not induced in mice exposed to Cr(VI) for 9 months
via drinking water [44]. The ability of these DNA lesions to
induce DNA mutations has been extensively studied in vitro
using the shuttle-vector system [12, 14] and in vivo using
the Big Blue Mouse model [54]. P53 point mutations have
been reported at higher frequencies in lung tumors from
chromate workers than lung samples from non-chromate
workers [55]. Very few studies have examined DNA muta-
tion in animals orally exposed to Cr(VI). In one study, K-
Ras codon 12 GAT mutations were observed in both Cr(VI)-
treated and Cr(VI)-untreated mice, without a clear treatment-
related trend [56].

Cr(VI) exposure also induced genomic changes in a larg-
er scale than the DNA damage described above. The micro-
satellite instability and chromosome aberrations were ob-
served in many Cr(VI)-exposed biological systems, both
in vitro and in vivo [4, 57]. More than 15 studies analyzed
micronucleus formation as the genotoxic endpoint in ani-
mals exposed to Cr(VI) via oral administration at various
doses and exposure durations; however, the results from
these studies are mixed. In most studies, micronucleus for-
mation was analyzed in normochromatic erythrocytes which
are not the target cells for oral Cr(VI) exposure. Recently, a
significant increase of aberrant nuclei were reported at villi
tips in the mouse exposed to Cr(VI) via drinking water for
90 days, but none was detected in the crypt area of the same
mouse [56].

Mode of Action Analysis in 90-Day Study
The results from the NTP 2-year study clearly indicated that
Cr(V]) is a carcinogen when administrated via the oral route.

However, several questions and data gaps remain that re-
quire further investigation [58¢]. A separate 90-day animal
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study was conducted to investigate the mode of action
(MOA) underlying tumor formation using the same Cr(VI)
concentration from the 2-year NTP bioassay but included
two additional lower doses: 0.3 and 4 mg/L SDD (equiva-
lent to 0.1 and 1.4 mg/L Cr(V]) in drinking water) [45¢].
Although there was no neoplastic effect observed in this
study due to the short duration of exposure, analysis of this
study provided insights into potential mechanisms underly-
ing Cr(VI)-induced tumor formation. First, the ratio of
reduced-to-oxidized glutathione (GSH/GSSG), which is an
indicator of oxidative stress, was decreased in both rats [46]
and mice [45¢], suggesting Cr(VI) exposure caused oxida-
tive stress in both species and also indicating that a substan-
tial portion of Cr(VI) was not reduced in the GI tract. While
total Cr levels were comparable in the rat and mouse, the
reduced GSH/GSSG ratio was only observed in rat oral
mucosae and mouse duodenum, the sites that formed tumors
in the NTP 2-year study [45¢, 46]. Subsequent gene expres-
sion analysis revealed that 3 out of 16 identified genes are
Nrf2 downstream genes [48], which further support Cr(VI)
induced oxidative stress in the duodenum of mice. Second,
pathological analysis observed a number of intestinal lesions
including villous cytoplasmic vacuolization, atrophy, and ap-
optosis. Crypt hyperplasia was also observed in the small
intestine [42, 45¢]. Third, a further analysis of micronucleus
in the mouse duodenum revealed an increased incidence of
aberrant nuclei in the villi, a place of tissue damage, but not
in the crypt compartment where cell proliferation occurs
[56]. Recent analysis of -H2AX by immunostaining obtain-
ed similar patterns, with elevated levels in villi but not the
crypt compartment [59]. Lastly, high spontaneous K-Ras
mutations and lack of treatment-related trend in K-Ras mu-
tation frequency were found in the duodenum of mice [56].
Taken together, the results from the 90-day study suggested
a non-mutagenic MOA that involves chronic wounding of
intestinal villi and crypt cell hyperplasia, both of which
might contribute to tumor formation [42, 59]. However, a
relative short-term exposure is a shortcoming of this study.
The changes associated with tumor formation may not have
occurred yet or be detected at the early time period chosen
for this study. The results cannot represent or predict the
later changes that may have driven tumor formation.

Reduction Capacity of the Gastrointestinal System

The lowest dose of Cr(VI) (60 mg/L) that induced tumor for-
mation in the 2-year NTP study was much higher than the
EPA standard for drinking water (0.1 mg/L total chromium
standard), which raises a series of questions regarding how the
conclusions of this study can be extrapolated to human expo-
sure. Extracellular reduction of Cr(VI) to Cr(IIl) in the gastro-
intestinal system has been considered a major detoxification
process that attenuates the toxicity and carcinogenicity of
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Cr(VI) via oral exposure [29, 30, 60, 61]. It was hypothesized
that ingested Cr(VI) may only induce tumors at doses that
exceed the reduction capacity of mouse gastrointestinal sys-
tem, and there is limited risk of ingested Cr(VI) in humans at
environmentally relevant doses. However, others argue that
the reduction of Cr(VI) to Cr(IlI) outside of cells and absorp-
tion of Cr(VI) by cells via non-specific anion transporters
occur almost simultaneously and both processes compete with
each other for substrate [12, 62]. This competition combined
with other factors including gastric emptying time, food con-
tent, and interspecies difference in reduction result in a portion
of ingested Cr(VI) (10-20 %) escaping gastric detoxification
and being absorbed into cells of target tissues even at very low
concentrations [12, 62]. This fact was well supported by the
tissue distribution analysis of ingested Cr(VI) in both human
and animal studies [32-34]. However, many questions still
need to be addressed, including the reduction capacity of gas-
tric fluid, the rates and capacities for Cr(VI) reduction along
the GI tract, the rate of Cr(VI) absorption in the GI tract, and
the factors that potentially affect Cr(VI) reduction or
absorption.

Epigenetic Modulation

In the past decade, a growing body of evidence has suggested
that Cr(VI)-induced changes to the epigenetic landscape may
contribute to its carcinogenicity [63, 64]. Epigenetic refers to
the reversible but inheritable changes in gene expression that
occur without alterations in the DNA sequence [65]. DNA
methylation, histone modification, and microRNA are major
components of epigenetic regulation.

DNA methylation is a covalent modification in which a
methyl group is added to the 5'-carbon of cytosine. An inves-
tigation by Klein et al. presented the first evidence that Cr(VI)
could aberrantly induce DNA methylation and silenced the
gpt transgene [66]. Lung cancers from chromate workers ex-
posed to Cr(VI) via inhalation displayed increased DNA
methylation in the promoter of the tumor suppressor gene,
P16, leading to P16 gene silencing [67]. Silencing of the mis-
match repair gene, MLHI, in lung cancers of the chromate
workers was associated with high replication error and micro-
satellite instability [68]. Ali et al. reported hypermethylation
of the APC, MGMT, and hMLH1 gene promoters in chromate
lung cancers compared with those in non-chromate lung can-
cer [69]. Recently, our group analyzed the promoter methyla-
tion of 22 tumor suppressor genes in workers from a chromate
factory and referent subjects using EpiTect Methyl I PCR
array. Among 22 tumor suppressor gene promoters whose
hypermethylation was frequently observed in many human
cancers, three genes (WIF1, APC, and MLH1) exhibited ele-
vated promoter DNA methylation in chromate workers com-
pared to referent subjects [70]. Other than gene-specific
changes, Wang et al (2012) reported global hypomethylation

in chromate workers that have not developed any tumor symp-
toms [71]. A recent in vitro study also reported that global
DNA hypomethylation was observed in less than 2 h of
Cr(VI) exposure in two human cell lines [72].

In addition to DNA methylation, posttranscriptional mod-
ification of histone tails and microRNA expression are also
the targets of Cr(VI) exposure. It has been reported that Cr(VI)
exposure in vitro resulted in decreased histone acetylation and
increased histone biotinylation [73, 74], and increased or de-
creased histone methylation in both global and gene-specific
manner [75, 76]. Moreover, miR-143 was decreased in a
chromium-transformed cell line [77], and plasma miR-3940-
5p levels were negatively associated with Cr(VI) exposure in
chromate workers [78].

Given the capacity of Cr(VI) to modulate epigenetic com-
ponents, it is possible that epigenetic mechanisms may medi-
ate, at least partly, the carcinogenic effects of oral Cr(VI) ex-
posure. It would be interesting and important to investigate the
epigenetic changes in future human or animal studies on
Cr(VI) oral exposure.

Conclusion

The carcinogenic potential of oral exposure to Cr(VI) in hu-
man is supported by a number of new studies discussed in this
review. However, due to extracellular reduction of Cr(VI) to
Cr(IID) in the gastrointestinal system, oral exposure results in a
lower amount of Cr(VI) that gets into target cells compared to
inhalation exposure. According to the US EPA, mutagenic
carcinogens have no threshold. This may be one reason that
industry has sponsored a number of studies that support a non-
mutagenic mode of action for Cr(VI), so that the concept of a
safe dose can be applied by the regulatory agencies. A portion
of ingested Cr(VI) may enter cells by evading extracellular
reduction in the stomach. Any amount of Cr(VI) entering cells
has the potential to initiate tumor formation. Therefore, Cr
levels in drinking water must be set at levels that protect the
entire population (young and old) and they should be based on
the hexavalent form and not total Cr.
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