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Abstract

Chromium (VI) compounds are widely recognized as human carcinogens. Extensive studies in vitro and in model systems indicate
that the reactive intermediate, Cr (V), generated by cellular reduction of Cr (VI), is likely the candidate for the ultimate carci-
nogenic form of chromium compounds. Here we review our current understanding of the in vivo reduction of Cr (VI) and its
related free radical generation. Our results demonstrate that Cr (V) is indeed generated from the reduction of Cr (VI) in vivo,
and that Cr (V) thus formed can mediate the generation of free radicals. Cr (V) and its related free radicals are very likely to be
involved in the mechanism of Cr (VI)-induced toxicity and carcinogenesis. These studies also illustrate that in vivo EPR
spectroscopy and magnetic resonance imaging can be very useful and powerful tools for studying paramagnetic metal ions in
chemical and biochemical reactions occurring in intact animals. (Mol Cell Biochem 222: 41–47, 2001)
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Introduction

Chromium is a naturally occurring element found in rocks,
animals, plants, soil, and in volcanic dust and gases. Chro-
mium can exist in several oxidative forms, most commonly
as Cr (0), Cr (III), and Cr (VI). Cr (III) occurs naturally in
the environment and is an essential nutrient in humans. Chro-
mate (Cr (VI)) compounds, widely used in industry, have
been shown to have serious toxic and carcinogenic effects on
humans. Intensive epidemiological evidence has been pub-
lished on the high incidence of respiratory tract cancers in
workers occupationally exposed to Cr (VI) compounds [1,
2]. The mechanism of Cr (VI)-induced toxicity and carcino-
genesis is not well understood, although recent results sug-
gest the involvement of transient chromium intermediate
states, such as Cr (V) and Cr (IV), and their related free radi-
cals formation.

Cr (VI) has been demonstrated to induce a variety of DNA
lesions such as single-strand breaks, alkali-labile sites, and

DNA protein cross-links [3, 4]. In contrast, most Cr (III) com-
pounds, the final product in the reduction of Cr (VI), are rela-
tively nontoxic, noncarcinogenic, and nonmutagenic [3, 5].
Since Cr (VI) does not react with isolated DNA, the reduc-
tion of Cr (VI) to lower oxidation states after entering the
human system has been considered an important step in Cr
(VI)-induced carcinogenesis [5, 6]. While several studies
have shown that the chromium-induced DNA damage is
strongly dependent on the formation of Cr (V) intermediates,
recent studies have suggested that free radicals generated by
Cr (V) may also play an important role [7–9].

In this paper, we will review our current understanding of
the in vivo reduction of Cr (VI), based mostly on our previ-
ously published results. New experiments have since been
conducted, and are also included here. The goal of these stud-
ies is to demonstrate that upon administration into animals,
Cr (VI) is reduced to Cr (V) that can mediate the formation
of free radicals. These processes are likely important steps
in the mechanism of Cr (VI)-induced carcinogenesis.
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Materials and methods

Animal preparation

BALB/c mice weighing 18–20 g were obtained from Charles
River Laboratories (Wilminton, MA, USA). After the animals
were anesthetized with ketamine/xylazine (100/10 mg/kg
body wt, im), 100 µl of sodium dichromate or other chemi-
cal solutions were introduced into the animal either intrave-
nously, intraperitoneally, or intratracheally. Electron magnetic
resonance (EPR) or magnetic resonance imaging (MRI) meas-
urements followed immediately.

For the measurement of the reduction of Cr (VI) on the
skin, Wistar rats from Charles River Laboratories were used.
The hair on the back of the anesthetized rat was shaved, and
aqueous sodium dichromate solution was applied topically
to the exposed skin. The EPR spectra were collected using
an extended loop resonator positioned over the area of in-
terest.

In vivo EPR measurement of Cr (V) in living mice

In vivo EPR measurement were obtained using a custom-de-
signed EPR spectrometer equipped with a low frequency (1.2
GHz, L-band) microwave bridge and a cylinder-shaped loop
gap resonator. After administration of sodium dichromate, the
animal was immediately inserted into the resonator, which
was placed between the poles of the magnet. The thorax cav-
ity of the mouse was placed in the center of the resonator. For
kinetics studies, the EPR spectra were collected every 60 sec
to record the formation and decay of the Cr (V) signal. Typi-
cal settings for the spectrometer included magnetic field,
425 G; incident microwave power, 50 mW; modulation fre-
quency, 27 kHz; modulation amplitude, 1.6 G.

Magnetic resonance imaging of Cr (V) in mice

The MRI measurements were undertaken using a S.M.I.S.7.0
Tesla MR imager. Anesthetized mice were placed inside the
6 cm bird cage coil, and the tail vein was cannulated so that
chromium compounds could be administered without mov-
ing the animal out of the magnet. A series of pre- and post-
injection T1 weighted gradient echo MR image were col-
lected with TR/TE/α = 100 msec/7 msec/70°, FOV = 4 cm,
a slice thickness of 2 mm and a pixel resolution of 312 µm.
There were four averages, resulting in an acquisition time of
51 sec.

Results and discussion

Detection of in vivo formation of Cr (V) intermediate
species by EPR

When a mouse was intravenously injected with sodium di-
chromate (Cr (VI)), the in vivo EPR spectrometer recorded a
signal from the thorax cavity of the mouse a few minutes after
the administration (Fig. 1). Based on the spectral character-
istics of the EPR spectra, including g-value (g = 1.9798),
linewidth, splitting, and satellite peaks of Cr53 (Fig. 1D), the
EPR signal in Fig. 1A was assigned to CR (V) [10, 11]. Ad-
ministration of CR (VI) to mice by intraperitoneal or intrat-
racheal injection produced identical EPR signal (Figs 1B and
1C), albeit at reduced signal intensity, due to delayed uptake
and redistribution process. Since Cr (VI) is EPR silent, the
observation of Cr (V) signal indicates that Cr (VI) is rapidly
reduced to Cr (V) upon administration.

The formation of Cr (V) through the reduction of Cr (VI)
is supported by conventional EPR experiments using isolated
tissues after treatment in vivo [12]. In agreement with our in
vivo experiments, liver and kidney have been reported to be
the organs with the highest chromium accumulation in treated
rats [13], and therefore is the target organ of many studies.
Rats were intraperitoneally injected with Cr (VI), the liver
and kidney tissue was collected immediately after sacrific-
ing the animal, and then the EPR signals were recorded at
liquid nitrogen temperature using conventional X-band EPR
spectrometer. Again, Cr (V) species was found in both liver
and kidney (Fig. 2). Here both of the in vivo EPR (L-band,
1.2 GHz) and conventional EPR (X-band, 9.6 GHz) are uti-
lized to their full advantage. The in vivo EPR provides real
time, localized formation of Cr (V) in living animals, while
the conventional EPR, with higher detection sensitivity, can
afford much lower administered concentrations of Cr (VI) to
the animal, as well as more detailed spectral information
about the Cr (V) species. Combination of the results from
both types of EPR measurements shows unequivocal evi-
dence that Cr (V) is formed through the reduction of Cr (VI)
in vivo.

In addition to oral ingestion and inhalation as the main
routes for occupational and accidental exposure, skin repre-
sents another possible route for chromium to enter into hu-
mans and exert its carcinogenecity. Application of an aqueous
dichromate solution to the skin of a living rat resulted in an
EPR signal which was identical to that of Cr (V) observed in
vivo [14]. Removing the stratum corneum increased the rates
of both formation and decay of Cr (V) (Fig. 3), indicating its
important role as a protective skin barrier. Together with re-
sult from administration of Cr (VI) through intravenous, in-
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In all above studies, the intermediate species Cr (V) is rela-
tively short lived, as shown in the case of skin (Fig. 3). The
kinetics of the formation and decay of Cr (V) are well demon-
strated in Fig. 4, where the signal intensity of Cr (V) reached
a maximum approximately 10 min after intravenous injec-
tion of Cr (VI), and then decayed slowly with an observed
lifetime of about 30 min. It is expected that Cr (V) will be
further reduced to Cr (IV), and eventually to the stable Cr
(III). Therefore, the time course in Fig. 4 represents the steady
state concentration of Cr (V) over time, due to its continu-

Fig. 2. X-band EPR spectra from liver and kidney of rats treated with Cr
(VI). (A) Liver and (B) kidney was removed 30 min after intraperitoneal
injection of sodium dichromate (10 mg/kg). Tissue Cr (V) was measured
at 77 K in a finger Dewar fill with liquid nitrogen using a conventional X-
band EPR spectrometer. From ref. [12] with permission.

Fig. 3. The time course of the formation and decay of Cr (V) in the skin of
a mouse after topical treatment with Cr (VI). Time zero is the time of ap-
plication. (O) Skin was shaved and stripped 10 times with surgical tapes;
(�) shaved skin without stripping. From ref. [14] with permission.

Fig. 4. The time course of the formation and decay of Cr (V). The EPR
signal of Cr (V) was scanned every minute immediately following intrave-
nous injection of 100 µl of 100 mM sodium dichromate into a mouse. Time
zero is the time of injection. From ref. [10] with permission.

Fig. 1. In vivo EPR spectra of Cr (V) from a mouse. The L-band EPR spectra
were obtained from mice 8 min after treatment with 100 µl of 100 mM so-
dium dichromate: (a) intravenous injection; (b) intraperitoneal injection; (c)
intratracheal injection; and (d) 9.6 GHz X-band EPR spectrum of Cr (V)
from the blood of a mouse. The blood sample was drawn from the tail vein
of the same mouse as in (a). The arrows indicate Cr53 satellite peaks.

traperitoneal, and intratracheal injection, these studies lead
to the conclusion that regardless of the route of administra-
tion, Cr (VI) will be reduced to Cr (V) once absorbed in the
animal.
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ous formation and decay. The actual lifetime of Cr (V) could
be significantly shorter than shown in the figure. In order to
estimate the real value, a Cr (V) model compound, K

3
CrO

8
,

was synthesized [15, 16], and was intravenously injected to
a mouse. The lifetime of the EPR signal of Cr (V) was found
to be less than 1 min, suggesting that under in vivo condi-
tions, Cr (V) is indeed very short lived [11].

Detection of in vivo formation of Cr (V) and Cr (III) by
MRI

In spite of the transient nature of Cr (V), EPR is the technique
of choice for characterizing the formation of Cr (V) species,
and has been proved to be a valuable tool in chromium stud-
ies. On the other hand, the noninvasive magnetic resonance
imaging (MRI) technique provides a much needed compli-
mentary method on the in vivo localization and distribution
of Cr (V). Because of their paramagnetic properties, Cr (V)
and its final product Cr (III), can alter relaxation time of pro-
tons, hence Cr (V) and Cr (III) formed in vivo in the reduc-
tion of the non-paramagnetic Cr (VI) could act as contrast
agents for proton MRI [17]. To test this idea, feasibility stud-
ies were carried out to record the MRI images of the liver and
kidney of a mouse before and after administration of Cr (VI).
High contrast was observed in the kidney cortex and in the
liver (Fig. 5), indicating that Cr (VI) was rapidly reduced to
Cr (V) and Cr (III) upon administration to a mouse, and that
chromium accumulated at high concentrations in the liver and
kidney. These results are consistent with, and further confirm,
those findings obtained by EPR, suggesting that MRI could
potentially be a very useful tool for chromium studies and
produce certain information that are not obtainable by any
existing methods. Experiments are currently underway to
distinguish the contribution of contrast enhancement from
each of the two chromium species, i.e. Cr (V) and Cr (III).

Effect of antioxidants and chelators on Cr (V) formation

Results presented above, and other evidence reported in the
literature [18–25], indicate that the intermediate species Cr
(V) is involved in the mechanism of chromium induced tox-
icity and carcinogenesis. Some of the approaches to attenu-
ate the deleterious effects of Cr (V) include the treatment of
the animal with agents that either prevent the reduction of Cr
(VI) to Cr (V), or that would accelerate the reduction of Cr
(VI) to the final product, Cr (III). Metal chelators are the first
type of these agents [10, 23, 26, 27]. When the animals were
pretreated with chelators EDTA, DETAPAC, or 1,10-phen-
anthroline before the administration of Cr (VI), a significant
reduction in the yield of Cr (V) was observed (Fig. 6). The
second type of agents are the antioxidants, or reductants,

which can affect the reduction process of Cr (VI) metabolism
[11, 20, 26–31]. Figure 7 shows the effect of glutathione,
ascorbate, and NADH on the signal intensity of Cr (V). Pre-
treatment of the animal with ascorbate or glutathione signifi-
cantly reduced the Cr (V) signal, while NADH increased the
signal. Ascorbate and glutathione results can be easily under-
stood because at higher concentrations, these cellular anti-
oxidants would reduce Cr (VI) rapidly to the final product
Cr (III), yielding lower steady state concentration of Cr
(V). The increased EPR signal of Cr (V) when treated with
NADH, however, is likely because NADH serves as a co-
factor for the enzymes responsible for the one-electron re-
duction of Cr (VI), and the formation of a Cr (V)-NAD(P)H
complex that enhance the stability of Cr (V) in vivo [11, 32–
34]. Treatment with NADH therefore would increase produc-
tion of Cr (V) and enhance Cr (V) stability, leading to higher
steady state concentration of Cr (V)-NAD(P)H complex.

These results indicate that to prevent or attenuate Cr (VI)
induced cellular damage, either proper chelation to inhibit the
formation of Cr (V), or treatment with antioxidants, could be
used as viable strategies.

Fig. 5. Tissue localization of chromium based on T1 weighted MR imaging.
Gradient echo images were collected before (left) and 10 min post (right)
injection of 100 µl of 100 mM sodium dichromate. Increased intensity in-
dicates an increased concentration of Cr (V) and Cr (III). Acquisition pa-
rameters are described in the Materials and methods.
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Formation of Cr (V) and free radical in cells

The intermediate Cr (V) has been demonstrated in chemical
solutions to be capable of generating free radicals, such as

superoxide and hydroxyl radicals, commonly referred to re-
active oxygen species (ROS) [7, 8, 20, 24, 26, 27, 35–41]. It
is believed that these free radicals, mediated by Cr (V), are
largely responsible for the observed Cr (VI) toxicity and
carcinogenicity. Although attempts have been made to detect
these Cr (V)-mediated free radicals directly in living animals
by EPR techniques, to date, the effort has largely failed, due
to the very short lifetime of the radicals, and low concentra-
tion of the radicals being formed. On the other hand, a sig-
nificant amount of evidence, both direct and indirect, has
been obtained in cellular studies, unambiguously demonstrat-
ing that free radicals are indeed formed through Cr (V)-me-
diated reactions. Figure 8 is a typical example of these studies
in which characteristic EPR signal of Cr (V) was recorded
when Jurkat cells were incubated with Cr (VI). Addition of
glutathione reductase, which catalyzed the Cr (VI) reduction,
enhanced the Cr (V) formation. If the Cr (VI) was incubated
with the cells in the presence of the spin trap DMPO, the EPR
signal of DMPO-OH is formed. At the same time, a reduc-

Fig. 6. Effect of metal ion chelators on the intensity of Cr (V) EPR signal.
Three minutes before the intravenous injection of 100 µl of 100 mM sodium
dichromate, the animals were injected intravenously with 200 µl of 200 mM
EDTA, 100 µl of 200 mM DETAPAC, or 50 µl of 200 mM 1,10-phen-
anthroline, respectively. The values represent means ± S.E. (n = 3). From
ref. [10] with permission.

Fig. 7. Effect of glutathione, ascorbate, and NADH on the signal intensity
of Cr (V). Three minutes before the intravenous injection of 100 µl of 100
mM sodium dichromate, the animals were injected intravenously with 100
µl of 250 mM glutathione, 250 mM ascorbate, or 500 mM NADH. The
values represent means ± S.E. (n = 3). From ref. [11] with permission.

Fig. 8. Generation of hydroxyl radical through Fenton-like reaction. (a) An
EPR spectrum recorded from a phosphate buffer solution containing 2 mM
K2Cr2O7 and 2 × 106/ml Jurkat cells. The spectrum was recorded 4 min af-
ter reaction initiation. (b) Same as (a) but with 2.5 units/ml glutathione re-
ductase added. (c) Same as (a) but with 100 mM DMPO added. From ref.
[26] with permission.
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tion in the signal intensity of Cr (V) is noticed, as shown at
the right side of Fig. 8c. These studies firmly establish that
Cr (V) can generate hydroxyl radicals through a Fenton-like
reaction, as in the following:

Cr (V) + H
2
O

2
 → •OH + Cr (VI) + OH–

The great advantage of EPR to study free radicals and Cr (V)
is well demonstrated here. Both of these species are paramag-
netic (i.e. EPR active) and can be recorded simultaneously
in a single scan, making it possible to study the causal rela-
tionship of the two types of species. Perhaps because of the
unique capability of EPR to both measure chromium inter-
mediates and related free radicals, EPR has been one of the
popular methods for chromium studies.

Extensive studies conducted recently have shown that the
free radicals mediated by Cr (V) can cause DNA damages [8,
20, 24, 27, 39, 42–45], and play an important role in Cr (VI)-
induced cell responses, including apoptosis, cell growth ar-
rest, and activation of nuclear transcription factors, NF-κB,
AP-1 and p53 [26, 46–49]. It has become increasingly clear
that Cr (V) and its related free radicals are involved in the
mechanism of Cr (VI)-induced toxicity and carcinogenesis.

Conclusion

The results presented above, and those from the literature lead
to the following conclusions: (a) When entered into biologi-
cal systems, Cr (VI) is reduced to the transient intermediate
species Cr (V). Cr (V) is further reduced to the final stable
product Cr (III); (b) Cr (V) is capable of generating hydroxyl
radicals through a Fenton-like reaction; (c) The free radicals
mediated by Cr (V) can cause DNA damage, as well as acti-
vate a variety of signal transduction pathways, leading to
toxicity and carcinogenicity. These overall mechanism of Cr
(VI) is summarized in Fig. 9; and (d) EPR is a valuable tool

to study both Cr (V) and its related free radicals, while MRI
could potentially provide the complementary results on the
localization of chromium intermediates, and perhaps, with the
right spin trap, even free radicals.
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