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Cultured human cells are invaluable biological models for
mechanistic studies of genotoxic chemicals and drugs.
Continuing replacement of animals in toxicity testing will
further increase the importance of in vitro cell systems,
which should accurately reproduce key in vivo character-
istics of toxicants such as their profiles of metabolites and
DNA lesions. In this work, we examined how a common
severe deficiency of cultured cells in ascorbate (Asc) impacts
the formation of oxidative DNA damage by hexavalent
chromium (chromate). Cr(VI) is reductively activated inside
the cells by both Asc and small thiols but with different rates
and spectra of intermediates and DNA adducts. We found
that Cr(VI) exposure of H460 human lung epithelial cells in
standard culture (<0.01 mM cellular Asc) induced bi-
ologically significant amounts of oxidative DNA damage.
Inhibition of oxidative damage repair in these cells by stable
XRCC1 knockdown strongly enhanced cytotoxic effects
of Cr(VI) and led to depletion of cells from G1 and
accumulation in S and G2 phases. However, restoration of
physiological levels of Asc (�1 mM) completely eliminated
Cr(VI) hypersensitivity of XRCC1 knockdown. The in-
duction of chromosomal breaks assayed by the micronu-
cleus test in Asc-restored H460, primary human lung
fibroblasts, and CHO cells was also unaffected by the
XRCC1 status. Centromere-negative (clastogenic) micro-
nuclei accounted for 80–90% of all Cr(VI)-induced micro-
nuclei. Consistent with the micronuclei results, Asc-restored
cells also showed no increase in the levels of poly(ADP-
ribose), which is a biochemical marker of single-stranded
breaks. Asc had no effect on cytotoxicity of O6-methylgua-
nine, a lesion produced by direct DNA alkylation. Overall,
our results indicate that the presence of physiological levels
of Asc strongly suppresses pro-oxidant pathways in Cr(VI)
metabolism and that the use of standard cell cultures creates
a distorted profile of its genotoxic properties.

Introduction

Ascorbate (Asc) is a major water-soluble radical scavenger,
which also regulates the activity of the growing number of
enzymes impacting diverse cellular functions. It acts as a cofactor

for a large family of dioxygenases that control activity of
transcriptional factors such as HIF1a (1,2) and chromatin
remodelling enzymes establishing short- and long-term gene
expression patterns (histone and 5 methyl-dC demethylases) (3,4).
Asc is also a cofactor for two hydroxylases in biosynthesis of
carnitine, which is important in ATP generation through delivery
of fatty acids into mitochondria (5). Cultured cells are widely
used biological models for mechanistic studies of genotoxic
agents; however, they typically contain only low micromolar
concentrations of Asc (1,6–9) in comparison to 1–3 mM levels of
this vitamin in major tissues (10,11). Severe Asc deficiency of
cells in culture is a result of the absence of Asc in the commonly
used synthetic media and its limited supply through a typical
addition of only 10% serum. This problem is further exacerbated
by the instability of vitamin C in cell culture with t1/2 5 6–7 h
(12). A near absence of Asc in cultured cells raises concerns
regarding the ability of in vitro models to accurately recapitulate
many critical aspects of genotoxicity in vivo, such as the relative
role of oxidative versus nonoxidative DNA damage, gene
expression responses, defence mechanisms, and others.
Hexavalent Cr is a widespread occupational carcinogen

whose genotoxicity results from its metabolic activation inside
the cells. Mutagenicity and genotoxicity of Cr(VI) have been
attributed to the induction of two classes of DNA damage: Cr–
DNA adducts and oxidative DNA damage (13–15). Induction
of all forms of DNA damage by Cr(VI) requires its activation
through reduction, ultimately yielding thermodynamically
stable Cr(III). Cr(VI) reduction in tissues is primarily non-
enzymatic and driven by Asc and small thiols such as
glutathione and cysteine. In the lung, the main target tissue
of toxic and carcinogenic effects of Cr(VI), Asc accounts for
�95% reduction of Cr(VI) (16). Depending on the nature of the
reducer and its concentration, reduction reactions can display
different ratios of one- and two-electron transfers generating
variable amounts of Cr(V) and Cr(IV) intermediates and
sulphur- and carbon-based radicals (17–20). Oxidative DNA
damage has largely been attributed to the production of Cr(V)
intermediate (13), which in complexes with selected synthetic
ligands was capable of direct DNA oxidation (21,22). In the
presence of H2O2 in vitro, Cr(V) can form Cr(V)–peroxo
complexes or catalyse Fenton-type reactions generating a potent
OHd radical and both processes lead to DNA oxidation
(23–25). The importance of H2O2 in oxidative DNA damage
by Cr(VI) in cells is supported by protective effects of elevated
catalase levels (26).
Two characteristics distinguish reduction of Cr(VI) by Asc

from that by small thiols: much higher rate [t1/2 5 1 min for Asc
versus 13.3 min for Cys and 60.7 min for glutathione at 1 mM
concentrations (27)] and the absence of detectable Cr(V) at the
biologically relevant stoichiometry of the reactants (19,20).
Considering that Cr(V) was implicated in the generation of
oxidative DNA damage via both direct and reactive oxygen
species (ROS)-mediated mechanisms, it is possible that Asc
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deficiency of cultured cells overestimates the oxidation-based
component of Cr(VI) genotoxicity. However, approximately
a 10-fold elevation of cellular Asc to 80 lM resulted in the
increased oxidation of two redox-sensitive dyes, which was
interpreted as evidence for a pro-oxidant role of Asc in Cr(VI)
metabolism (7). Restoration of physiological levels of Asc in
human and rodent cells increased cytotoxicity and particularly,
clastogenicity and mutagenicity of Cr(VI) (8,28). Potentiating
effects of Asc on Cr(VI) genotoxicity are at least in part caused
by the formation of mutagenic and genotoxic Asc-Cr-DNA cross
link (6,29). Overall, it is unknown how Asc restoration in cells
impacts DNA oxidation by Cr(VI), which is important for
a mechanistic understanding of its genotoxicity and the
development of chemopreventive strategies and useful bio-
markers of exposure and susceptibility. In this work, we
examined the role of Asc in the formation of oxidative DNA
damage by analysing cytotoxic and clastogenic effects of Cr(VI)
in cells with normal and defective DNA repair.

Materials and methods

Materials

Potassium chromate (K2CrO4, ACS reagent, .99% pure) was from Aldrich
(Milwaukee, WI, USA). L-ascorbic acid (99.9% pure), dehydro-L-(þ)-ascorbic
acid dimer (DHA), glutathione (.98% pure), monobromobimane, ascorbate
oxidase, and all salts and solvents were from Sigma (St Louis, MO, USA). 1,2-
Diamino-4,5-dimethoxybenzene dihydrochloride was from Molecular Probes
(Eugene, OR, USA). Foetal bovine serum was from Gemini (Sacramento, CA,
USA).

Cells and treatments

Human lung epithelial H460 cells and primary human lung IMR90 fibroblasts
were obtained from ATCC. Empty vector- and XRCC1-complemented CHO-
EM9 cells were provided by Dr K. Caldecott. IMR90 cells were used at
passages 8–12. H460, IMR90 and EM9 derivatives were grown in RPMI-10%
serum, Dulbecco’s modified Eagle medium-15% serum and Minimum
Essential Medium-10% serum media, respectively. Growth medium for EM9
lines additionally contained 1.5 mg/ml G418. For Asc loading, cells were
incubated for 90 min with DHA in Krebs–HEPES buffer [30 mM HEPES (pH
7.5), 130 mM NaCl, 4 mM KH2PO4, 1 mM MgSO4, 1 mM CaCl2, 0.5 mM
glucose]. H460 and CHO cells were pre-incubated with 2 mM DHA
and IMR90 with 5 mM DHA. Exposures to K2CrO4 [Cr(VI)] were in cell
type-specific media for the indicated times.

High-performance liquid chromatography measurements of cellular Asc and
glutathione

Asc concentrations were measured by high-performance liquid chromatography
(HPLC) detection of a specific fluorescent conjugate with 1,2-diamino-4,5-
dimethoxybenzene dihydrochloride (28). Trypsinised cells were washed three
times with cold phosphate-buffered saline (PBS) and re-suspended in a cold
solution containing 50 mM methanesulfonic acid and 5 mM diethylenetriami-
nepentaacetic acid. Samples were subjected to two cycles of freezing/thawing,
and Asc-containing extracts were collected by centrifugation at 12 000 � g for
20 min at 4�C. Cellular extracts were reacted with 0.5 mM 1,2-diamino-4,5-
dimethoxybenzene dihydrochloride in the presence of 50 mM Na-acetate buffer
(pH 6.2) and 0.5 units ascorbate oxidase. HPLC separation was performed by
isocratic elution with 75% 50 mM phosphoric acid (pH 2.0) and 25%
acetonitrile. The detection limit for cellular Asc was 0.1 lM. Cellular volumes
were determined from forward scattering data measured by flow cytometry.

Measurements of cellular glutathione (GSH) were performed by an HPLC-
based procedure as described previously (30). In brief, trypsinised cells were re-
suspended in a cold solution containing 40 mM methanesulfonic acid–1 mM
diethylenetriaminepentaacetic acid, lysed by two cycles of freezing/thawing
and then spun down at 12 000 � g for 10 min at 4�C. The cell extracts were
reacted with 2 mM monobromobimane and the fluorescent GSH conjugates
were measured by HPLC equipped with the Ultrasphere ODS column (5 lm,
250 � 4.6 mm).

Retroviral infections with short hairpin RNA

XRCC1 knockdown was created by expression of short hairpin RNA (shRNA)
from the pSUPER-RETRO retroviral vector. The shRNA vectors were

constructed by linearisation with HindIII and BglII followed by ligation of
the oligonucleotides containing targeting sequences for firefly luciferase
(shLuc, control vector) and human XRCC1: 5#-GCGACCAACGCCTT-
GATTG-3# and 5#-AGGGAAGAGGAAGTTGGAT-3#, respectively. Cells
were infected twice over 24 h and then selected with puromycin as previously
described (31). Selected cells were frozen and each experiment was done with
a freshly thawed out cells.

Western blotting

For measurements of protein expression and apoptotic poly (ADP-ribose)
polymerase (PARP) cleavage, cells were collected by scraping, washed twice
with cold PBS and extracted with a cold lysis buffer [50 mM Tris (pH 8.0),
250 mM NaCl, 1% NP40, 0.1% sodium dodecyl sulphate (SDS), 5 mM EDTA]
supplemented with protease and phosphates inhibitors. Proteins were separated
by 10% SDS–polyacrylamide gel electrophoresis (PAGE) and electrotrans-
ferred onto ImmunoBlot polyvinylidene fluoride membrane (Bio-Rad). PARP1
was detected with rabbit polyclonal antibodies from Cell Signaling and XRCC1
with mouse monoclonal antibodies from Abcam. For detection of poly(ADP-
ribose)-modified proteins, cell lysates were obtained by boiling cell pellets in
2% SDS for 5 min, run on 8% SDS-PAGE, transferred onto nitrocellulose
membrane and probed with rabbit polyclonal anti-poly(ADP-ribose) antibodies
from BD Biosciences.

Cell cycle analysis

Cells were collected by trypsinisation, washed twice with cold PBS and then
fixed in cold 70% ethanol for 20 min. Cells were pelleted at 800� g for 5 min at
4�C and washed twice with cold PBS containing 3% foetal bovine serum.
Chromosomal DNA was stained in a solution containing 0.45 mg/ml propidium
iodide and 0.5 mg/ml ribonuclease A for 40 min at 37�C. Cell cycle profiles
were analysed on Becton Dickinson FACSCaliber using Cell Quest software.

Cr uptake

Total cellular Cr was measured by graphite furnace atomic absorption
spectroscopy using Zeeman background correction (26). Cells were collected
by trypsinisation, washed twice with cold PBS and then extracted with hot nitric
acid. Cr concentrations were determined using Perkin-Elmer 4100ZL GF-AAS.

Micronuclei

Cells were grown on Superfrost Plus slides, exposed to Cr(VI) for 3 h and
allowed to divide for 48 h. Slides were washed twice with PBS, fixed with 2%
paraformaldehyde in PBS for 15 min and permeabilised with 1% Triton X-100
for 15 min at room temperature. Nuclei were stained with 4#,6-diamidino-2-
phenylindole and centromere-positive micronuclei were detected by immunos-
taining with anti-kinetochore antibody (8). All slides were coded and scored
in a blind manner using a Nikon Eclipse E800 digital microscope. At least
500 cells were analysed for each slide.

Clonogenic survival

Cells were seeded onto 60-mm dishes (200–500 cells per dish), allowed to
attach overnight and treated with Cr(VI) for 3 h and H2O2 for 1 h. Exposure to
N-methyl-N’-nitrosoguanidine (MNNG) was done in the presence of 10 lM
O6-benzylguanine. MNNG is rapidly inactivated in aqueous solutions and
media was not changed after its addition. Cells were fed fresh medium every
4–5 days and grown for 8–10 days without replating. Colonies were stained
with Giemsa solution.

Statistics

Statistical significance was evaluated by the Student’s t-test. Differences with
P , 0.05 were considered statistically significant. All data are presented as
means � SD.

Results

Characterisation of Asc-restored H460 cells

Lung tissue is the main site of malignant and other pathological
changes found among Cr(VI)-exposed workers (32,33).
Therefore, we chose human lung epithelial H460 cells as our
primary cellular model. This cell line accurately recapitulates
stress responses of primary cells to DNA damage by ionising
radiation (34) and cytotoxic and genotoxic effects of Cr(VI)
(28,29). H460 cells retain wild-type p53 tumour suppressor,
which integrates numerous stress signals and controls cellular
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fate after oxidative DNA injury (35). The predominant
mechanism for accumulation of vitamin C by human cells is
uptake of its oxidised form DHA via glucose transporters
(36,37). Figure 1A shows that a 90-min-long incubation of
H460 cells with 2 mM DHA was sufficient to raise cellular
levels of vitamin C to 0.9 mM from 7 lM in control.
Restoration of physiological Asc levels did not lead to
significant changes in cellular GSH (Figure 1B), which is
another major cellular antioxidant and the second most
important reducer of Cr(VI) after Asc (15). Thus, the increase
in Asc levels resulted in the overall higher cellular antioxidant
capacity. As expected, Asc-restored cells exhibited a signifi-
cantly increased resistance to clonogenic toxicity by H2O2

(Figure 1C). Mismatch repair plays a major role in cytotoxic
and clastogenic effects of Cr(VI) through processing of ternary
Cr–DNA adducts into DNA double-stranded breaks and
activation of apoptosis (29,38). A full activity of mismatch
repair is also required for the induction of cell death by O6-
methylguanine (39), a highly toxic DNA lesion produced by
Sn1-methylating agents such as MNNG. Elevation of Asc
levels showed no impact on mismatch repair functioning, as
evidenced by a similar clonogenic survival of standard and
Asc-supplemented H460 cells treated with MNNG in the
presence of O6-benzylguanine that blocks DNA repair activity
of O6-methylguanine DNA methyltransferase (Figure 1D).
Control H460 cells showed a very efficient uptake of Cr(VI),
resulting in up to 20-fold accumulation of Cr inside the cells
relative to its extracellular concentrations (Figure 1E). Asc-
restored cells also displayed a dose-dependent uptake of
Cr(VI); however, it was on average 2.3 times lower than that
found in standard cultures. Leakage of Asc by cells in mass
cultures during prolonged incubations creates sufficient con-
centrations around the cells to inhibit uptake of Cr(VI) through
its extracellular conversion to impermeable Cr(III) (8,28).

Toxic responses to Cr(VI) in cells with a deficient repair of
oxidative DNA damage

DNA oxidation induces a broad spectrum of lesions, which
vary for different oxidants. This diversity complicates the
assessment of the significance of oxidative DNA damage based
on analytical measurements of specific products as it is hard to
know which lesion(s) is the most frequent or important for
a particular oxidant. Single-strand breaks (SSB) are one of the
most common products of oxidative insult on DNA by ROS,
and the presence of these lesions in Cr(VI)-treated cells was
detected by the standard alkali-based assays (alkaline elution,
alkaline unwinding, alkali Comet assay) (32). However, as
common for all DNA phosphotriesters, DNA phosphate-based

Cr adducts catalyse strand breakage at high pH (40),
complicating the assessment of the true extent of directly
induced SSB for Cr(VI). Exposure of Cr-adducted DNA to
high pH in aerobic solutions during purification or assay
conditions can also cause reoxidation of Cr(III) to higher valent
states including Cr(VI), which would result in secondary
oxidation processes and base damage. Therefore, we focused
on a genetic approach for the evaluation of the role of oxidative
DNA damage in human cells with physiological levels of Asc.
XRCC1 plays a critical role in protection of cells against

oxidative DNA damage due to its importance for repair of SSB
and oxidised DNA bases (41,42). Loss of XRCC1 strongly
increases susceptibility of cells to killing by H2O2 and to a lesser
extent, by gamma radiation (43), which reflects different yields
of DNA double-strand breaks whose repair is XRCC1 in-
dependent. Hamster CHO-EM9 cells lacking XRCC1 protein
were also hypersensitive to clonogenic toxicity by Cr(VI) under
standard tissue culture conditions (26,44). The hypersensitivity
of EM9 cells to Cr(VI) is linked to the formation of oxidative
DNA damage by H2O2, as increasing cellular antioxidant
potential by elevation of catalase or GSH levels eliminated
survival differences between XRCC1-null and XRCC1þ cells
(26). Cr–DNA adducts, another form of Cr(VI)-induced DNA
damage, are removed by nucleotide excision repair (31,45),
a genome defence mechanism in which XRCC1 is not involved.
Therefore, to test the role of DNA oxidation in toxic effects of
Cr(VI), we decided to construct a histologically relevant human
genetic model of oxidant hypersensitivity based on stable
XRCC1 knockdown in H460 human lung cells. Infections of
H460 cells with the pSUPER-RETRO vector expressing
targeting shRNA produced a very efficient and reproducible
depletion of XRCC1 protein in three independent populations
(Figure 2A). XRCC1-depleted cells displayed strongly dimin-
ished clonogenic viability after exposure to H2O2 (Figure 2B),
providing a functional validation of the oxidant-hypersensitive
phenotype of our cellular model.
The inability to repair SSB and polymerase-blocking base

oxidation products is expected to alter cell cycle distribution of
XRCC1-deficient cells experiencing oxidative stress. FACS
analysis showed that exposure to 0–4 lM Cr(VI) induced only
minor cell cycle changes in control shLuc-H460 cells grown
under standard culture conditions (Figure 3A). In shXRCC1
cells, Cr(VI) caused a pronounced loss of cells from G1 phase
accompanied by significantly increased percentages of cells in
S and G2 phases. These results provide genetic evidence for the
induction of biologically significant amounts of oxidative DNA
damage by Cr(VI) in human lung cells containing low Asc
levels. To study cell cycle effects in Asc-supplemented cells,

Fig. 1. Characterisation of Asc-restored H460 cells. (A) Asc concentrations in control and 2 mM DHA-treated H460 cells. (B) GSH levels in control and
Asc-restored H460 cells. (C) Clonogenic toxicity of hydrogen peroxide. (D) Clonogenic toxicity of MNNG. Cells were pre-incubated for 1 h with
10 lM O6-benzylguanine prior to the addition of MNNG. (E) Cr(VI) uptake by control and Asc-restored H460 cells. Cr(VI) treatments were for 3 h. When not
visible, error bars were smaller than the graph symbol. Statistics: *P , 0.05.
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Cr(VI) concentrations were increased by 2.5-fold to deliver the
same intracellular Cr doses as in standard H460 populations
(Figure 1E). We found that cell cycle distribution of Asc-restored
H460 cells did not differ between shLuc control and shXRCC1
knockdown (Figure 3B). Overall, cell cycle disturbances in Asc-
supplemented shLuc-H460 cells were more severe in comparison
to those in Asc-deficient cells, likely reflecting a higher
formation of DNA double-stranded breaks due misprocessing
of Asc–Cr–DNA adducts by mismatch repair (8,29).

Next, we examined the effects of XRCC1 deficiency on
cytotoxic effects of Cr(VI). In agreement with cell cycle
results, XRCC1 depletion in H460 cells containing low Asc
levels significantly increased clonogenic toxicity of Cr(VI)
(Figure 4A). In contrast, Asc-restored control and XRCC1
knockdown cells showed identical clonogenic viability follow-
ing Cr(VI) treatment (Figure 4B). As observed earlier (28),
Cr(VI) was more cytotoxic in Asc-restored cells. To further test
the impact of XRCC1 deficiency on cell death, we measured
the induction of apoptosis using a classic marker of caspase-
mediated PARP cleavage. Figure 4C shows that Asc-restored
shLuc and shXRCC1 cells had very similar levels of PARP
cleavage, indicating lack of detectable contribution of oxidative

DNA damage to Cr(VI)-induced apoptosis. To extend our
observations to other cells, we examined Cr(VI) cytotoxicity in
CHO-EM9 cells that have been previously found by us and
others to be hypersensitive to clonogenic killing by Cr(VI) in
standard cultures (26,44). In agreement with results in H460
cells, clonogenic toxicity of Cr(VI) in Asc-restored XRCC1-
null and isogenic XRCC1-complemented EM9 cells was
similar within 0–80% cell killing range (Figure 4D).

Formation of DNA breaks in cells with restored Asc levels

Formation of micronuclei is a very sensitive marker of
chromosomal breaks by Cr(VI) in human lung cells containing
physiological levels of Asc (8). The inability to repair SSB in
XRCC1-deficient cells has been found to result in the increased
formation of clastogenic micronuclei (46,47). Thus, the
assessment of chromosomal breaks by the micronucleus assay
in cells with different XRCC1 levels can serve as a test for the
role of oxidative DNA damage in clastogenic effects of Cr(VI).
As XRCC1 is expected to impact only the production of
acentric (clastogenic) micronuclei, we immunostained cells
with anti-centromeric antibody and scored two categories of
micronuclei: centromere positive (aneugenic micronuclei con-
taining intact chromosomes) and centromere negative (clasto-
genic micronuclei containing chromosomal fragments). We
found that XRCC1 deficiency had no significant effect on the
levels of either clastogenic or aneugenic micronuclei in human
H460 or hamster CHO-EM9 cells treated with Cr(VI) (Figure
5A and B). The majority of Cr(VI)-induced micronuclei were
centromere negative, accounting on average for 85.2 � 2.4%
and 88.3 � 4.7% of total micronuclei in repair-proficient H460
and CHO cells, respectively (91.7 � 6.0 and 93.0 � 1.8% for
XRCC1-deficient counterparts). To further test a role of
oxidative DNA damage in chromosomal breakage by Cr(VI),
we constructed a stable XRCC1 knockdown in IMR90 primary
human lung fibroblasts (Figure 5C). Similarly to established
cell lines, primary IMR90 cells with depleted XRCC1 also
showed no changes in the frequency of clastogenic and
aneugenic micronuclei (Figure 5D). Clastogenic micronuclei
made up 81.2 � 3.6 and 82.1 � 4.1% of total Cr(VI)-induced
micronuclei in control and XRCC1-depleted IMR90 cells,
respectively. Thus, despite robust 10-fold increases in the
frequency of clastogenic micronuclei by Cr(VI) in three types
of Asc-restored cells, inhibition of oxidative DNA damage
repair by XRCC1 deficiency had no impact on the formation of
chromosomal breaks detectable by the micronucleus assay.
These negative findings were not due to the insufficient
sensitivity of our shRNA-based models, as we have already
established that XRCC1 knockdown increases the formation of
clastogenic micronuclei in response to oxidative DNA damage
by H2O2 and other oxidants (47). XRCC1-null EM9 cells are
a well-characterised model of hypersensitivity to oxidative
DNA damage (46).
Generation of SSB rapidly activates PARP1 that forms

(ADP-ribose) polymers covalently attached to proteins in the
vicinity of DNA breakage (48). The formation of poly(ADP-
ribose) is a commonly used biochemical marker for the
presence of SSB. Therefore, we further tested a potential
induction of SSB by Cr(VI) using western blotting with anti-
poly(ADP-ribose) antibodies. Because of a limited persistence
of SSB (49), we employed shorter (1 h long) treatments with
Cr(VI) to avoid problems with repair during longer incuba-
tions. We found that our positive control with H2O2 generated
a very strong poly(ADP-ribose) signal but Cr(VI) treatments of

Fig. 2. Validation of XRCC1 deficiency in H460 cells. (A) Western blot
demonstrating efficiency of XRCC1 knockdowns in three independently
infected H460 populations. (B) Increased clonogenic toxicity of hydrogen
peroxide in H460 cells with XRCC1 knockdown. Statistics: *P , 0.05,
***P , 0.001.

Fig. 3. Cell cycle effects of Cr(VI) in XRCC1-depleted H460 cells. Cells were
treated with Cr(VI) for 3 h and cell cycle distribution was determined 24 h
later. Statistics: *P , 0.05, **P , 0.01. (A) Changes in percentage of cells
among cell cycle phases in standard H460 cultures. (B) Changes in cell cycle
phases in Asc-restored H460 cells.
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Asc-restored H460 cells were completely ineffective
(Figure 5E). Clonogenic survival of H460 cells treated with
the highest concentration of 50 lM Cr(VI) was only 12.5 �
1.4% (n 5 3), indicating that our negative findings were not
due to insufficiently high doses. To enhance the detection
sensitivity of poly(ADP-ribose), we further examined the
formation of this SSB-induced product in XRCC1�/� and
XRCC1þ CHO cells (Figure 5E). Indicative of their greater
sensitivity to SSB, XRCC1�/� cells had higher background
levels of poly(ADP-ribose) relative to XRCC1þ cells.
However, both cell lines showed no changes in poly(ADP)-
ribosylated proteins after Cr(VI) exposure.

Discussion

Cr(VI) by itself is completely unreactive towards DNA under
physiological conditions and induction of genotoxic effects by
Cr(VI) requires its cellular activation via reduction (13–15).
Although the final product of Cr(VI) reduction is always

Cr(III), the formation of specific intermediates and ternary Cr–
DNA adducts is dependent on the nature of the reducing agent.
The initial step in Cr(VI) reduction can proceed through either
one- or two-electron transfer, which determines the yield of
organic radicals and the presence or absence of Cr(V). Kinetic
studies predicted that .90% of Cr(VI) reduction by cysteine
involves one-electron transfer (30), which is consistent with
a strong Cr(V) signal in these reactions (17). The first step in
Cr(VI) reduction by glutathione can involve one- or two-
electron transfers, with a shift at higher reducer concentrations
to a greater role of two-electron transfers with the accompa-
nying loss of Cr(V) intermediate (17,18). Asc is a two-electron
reducer and its reactions with Cr(VI) at biological relevant
concentrations do not generate detectable Cr(V) (18–20). All
three biological reducers form L–Cr–DNA adducts where L is
Asc, Cys or glutathione (6,50). Cr(V) intermediate is
considered a major source of oxidative DNA damage by
Cr(VI) (13). Thus, significant variations in the ratio of the main
cellular reducers are expected to change genotoxic properties of

Fig. 5. Formation of micronuclei and PAR by Cr(VI) in Asc-restored cells. Data are from 3 (EM9 cells) or 6 slides (H460, IMR90) with at least 500 cells scored for
each slide. Shown is the frequency of cells containing micronuclei. (A) Frequency of centromere-positive (aneugenic) and -negative (clastogenic) micronuclei in
human H460 cells expressing control (shLuc) and targeting (shXRCC1) shRNA. (B) Micronuclei in XRCC1-null and XRCC1-expressing CHO-EM9 cells with
restored Asc levels to 1.4 mM. (C) Western blot demonstrating XRCC1 knockdown in IMR90 primary human lung fibroblasts. For XRCC1-tageting shRNA,
extracts from two independently infected populations are shown. (D) Micronuclei in IMR90 cells expressing nonspecific and XRCC1-targeting shRNA. Asc levels
in IMR90 cells were restored to 1.2 mM. (E) Western blot for PAR-modified proteins in Asc-restored H460 cells. Cells were treated for 1 h with Cr(VI) and 30 min
with 100 lM H2O2. (F) Absence of PAR formation in Asc-restored XRCC1�/� and XRCC1þ CHO cells treated with Cr(VI) for 1 h. PAR, poly(ADP-ribose); NS,
nonspecific band.

Fig. 4. Effects of restored Asc levels on cytotoxicity by Cr(VI). (A) Clonogenic toxicity of Cr(VI) in control (shLuc) and XRCC1-depleted (shXRCC1) H460 cells
containing low Asc levels (standard tissue culture conditions). Statistics: *P , 0.05, **P , 0.01. (B) Clonogenic toxicity of Cr(VI) in Asc-restored H460 cells. (C)
Western blot demonstrating PARP cleavage in Asc-restored H460 cells expressing nonspecific (shLuc) and targeting (shXRCC1) shRNA. Cells were treated with
Cr(VI) for 3 h and protein extracts from combined attached and floating cells were prepared 24 h later. (D) Clonogenic toxicity of Cr(VI) in XRCC1-null and
XRCC1-complemented CHO-EM9 cells. Both cell lines were pre-incubated with 2 mM DHA prior to Cr(VI) exposure, which resulted in 1.4 mM Asc
concentrations inside the cells.
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Cr(VI) as a result of different yields of reactive intermediates
and specific forms of DNA damage.

In this work, we found that restoration of physiological
levels of Asc in cultured cells altered the genotoxic profile of
Cr(VI) by blocking DNA oxidation-dependent responses.
Consistent with earlier reports in mutant hamster cells
(26,44), XRCC1-deficient human cells in standard cultures
were hypersensitive to cell cycle perturbations and other toxic
effects of Cr(VI); however, this oxidant-sensitive phenotype
was lost when Asc levels were restored to normal levels.
XRCC1 participates in repair of SSB and oxidised base
products and its absence sensitises cells to different oxidants
(41,42). Thus, XRCC1 deficiency can be used for the
assessment of the overall oxidative insult on DNA. The use
of this genetic model also avoids pitfalls associated with the
detection of SSB and other oxidation products by alkali-based
assays due to chemical instability of Cr-bound phosphodiester
bonds and reoxidation of Cr(III) to higher oxidative states
under conditions of high pH (40). Although repair of some
oxidised bases can likely proceed without XRCC1 and not all
DNA oxidation products are necessarily replication blocking
(toxic) to be detected by our cytotoxic and clastogenic
readouts; nevertheless, our results clearly indicate that the
overall level of oxidative DNA damage induced by Cr(VI) in
human cells is strongly suppressed at physiological concen-
trations of Asc. This conclusion is consistent with in vivo
findings on the absence of detectable amounts of 8-oxo-dG in
the liver and kidney of rats after intraperitoneal administration
of Cr(VI) (51). Freshly isolated human lymphocytes contain
millimolar Asc concentrations (12) and the induction of SSB in
these cells required a massive exposure to 1 mM dichromate
for 3 h (52), which also points to potent antioxidant effects of
high cellular Asc.

The protective role of Asc against oxidative DNA damage by
Cr(VI) likely results from a combination of its radical-
scavenging activity and rapid Cr(VI) reduction skipping Cr(V)
formation. Since Cr(V) is considered as the most important Cr
intermediate for both direct and peroxo/ROS-mediated DNA
oxidation (13), the elimination of Cr(V) alone in Asc-restored
cells should exert a potent antioxidant effect. Even a modest 1.7-
fold elevation of Asc concentrations was sufficient to inhibit
Cr(V) formation in V79 cells (53). Increased oxidation of redox-
sensitive dyes in Cr(VI)-treated A549 cells containing 80 lM
Asc relative to more severely Asc-deficient controls (7) probably
reflected a more robust reduction of Cr(VI). Intermediate Cr
species produced in the in vitro Cr(VI)-Asc reactions with
purified reagents were capable of direct oxidising the redox-
sensitive probe 2#,7#-dichlorfluorescein without a concomitant
induction of oxidative DNA damage, as assayed by the
measurements of SSB, abasic sites and mutagenic and
replication-blocking activities in shuttle-vector plasmids
(27,54). Formation of oxidative DNA damage in Cr(VI) reactions
with unpurified Asc was suppressed by catalase and required the
presence of molecular oxygen (24), which was necessary for the
Fe-dependent production of H2O2 during Asc auto-oxidation
(�50% yield of H2O2 from each oxidised Asc) (20).

Conclusions

Restoration of physiological concentrations of Asc in cultured
cells led to the suppression of oxidative DNA damage by
Cr(VI) to the levels that were undetectable by cytotoxic and
clastogenic readouts. These results taken together with the

unique metabolism of Cr(VI) by Asc (18–20) and the previous
findings on the ability of elevated cellular Asc to block
epigenetic changes by Cr(VI) (55) and to increase the
formation of DNA–protein cross links (56) and mutagenic
DNA damage (8) demonstrate that Asc deficiency of standard
cell cultures leads to a distorted genotoxic profile of Cr(VI).
Inhibition of oxidative DNA damage and the production of
Asc–Cr–DNA adducts, which are high-affinity substrates for
recognition by mismatch repair proteins (29), are likely
responsible for a shift of Cr(VI) cytotoxicity and clastogenicity
in Asc-restored cells towards mismatch repair-dependent
mechanisms (8,28). Another implication of our work is that
measurements of DNA oxidation products are not likely to
serve as good biomarkers of genetic damage by cellular Cr(VI).
Although inflammation could serve as another source of
oxidative DNA damage in Cr(VI)-exposed lungs (57), it is
a mechanistically distinct route resulting from systemic
responses to tissue injury by toxic doses.
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