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Abstract Chromiurn(V1) resistant Chinese hamster ovary (CHO) cell lines were established in this study by 
exposing parental CHO-K1 cells to sequential increases in Cr03 concentration. The final concentration of Cr03 used for 
selection was 7 pM for Cr7 and 16 pM for Cr16 cells. Crl6-1 was a subclone derived from Cr16 cells. Next, these 
resistant cells were cultured in media without Cr03 for more than 6 months. The resistance of these cells to Cr03 was 
determined by colony-forming ability following a 24-h treatment. The LDS0 of Cr03 for chromium(V1) resistant cells was 
at least 25-fold higher than that of the parental cells. The cellular growth rate, chromosome number, and the hprt 
mutation frequency of these chromium(V1) resistant cells were quite similar to their parental cells. The glutathione level, 
glutathione S-transferase, catalase activity, and metallothionine mRNA level in Cr7 and Crl6-I  cells were not 
significantly different from their parental cells. Furthermore, Crl6-1 cells were as sensitive as CHO-K1 cells to 
free-radical generating agents, including hydrogen peroxide, nickel chloride, and methanesulfonate methyl ester, and 
emetine, i.e., a protein synthesis inhibitor. The uptake of chromium(V1) and the remaining amount of this metal in these 
resistant and the parental cell lines were assayed by atomic absorption spectrophotometry. Experimental results 
indicated that a vastly smaller amount of CrO, entered the resistant cell lines than their parental cells did. A comparison 
was made of the sulfate uptake abilities of CHO-K1 and chromium(V1) resistant cell lines. These results revealed that the 
uptake of sulfate anion was substantially reduced in Cr7 and Crl6-I  cells. Extracellular chloride reduced sulfate uptake 
in CHO-K1 but not in Cr l6- I  cells. Therefore, the major causative for chromium(V1) resistance in these resistant cells 
could possibly be due to the defects in S042-/C1 - transport system for uptake chromium(V1). 
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Chromium is an essential trace metal which is 
necessary for certain physiological functions, 
e.g., glucose metabolism [Morris et al., 19921. 
However, epidemiological evidence has clearly 
confirmed that over-exposure to chromium 
prevalently produces allergic dermatitis; ulcer- 
ation in the skin, mucous membranes, and nasal 
septum; renal tubular necrosis; as well as in- 
creases risks of cancer in the respiratory tract 
[LangArd and Norseth, 1986; IARC, 19901. The 
cytotoxic and genotoxic effects of chromium 
have been widely demonstrated, i.e., cell death, 
chromosome aberrations, sister chromatid ex- 
changes, cell transformation, and gene muta- 
tions [Sen and Costa, 1986; Sen et al., 1987; 
Briggs and Briggs, 1988; Biedermann and Lan- 
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dolph, 1990; De Flora et al., 1990; Yang et al., 
19921. Chromium compounds enhance the tran- 
scription activities of certain genes, decrease the 
fidelity, and increase the processivity of polymer- 
ases during DNA replication [Tkeshelashvili et 
al., 1980; Hamilton and Wetterhahn, 1989; Snow 
and Xu, 1991; Manning et al., 19921. Animals 
exposed to chromium also exhibit an increased 
incidence rate of tumors at the site of exposure 
[Langbd and Norseth, 19861. 

Both trivalent and hexavalent chromium are 
stable compounds in nature. However, chromi- 
um(VI) compounds are much more effective than 
chromium(II1) compounds in the induction of 
cytotoxicity and genotoxicity as described above 
[Langird and Norseth, 1986; De Flora et al., 
19901. ChromiumWI) forms as oxyanion (e.g., 
Cr042-) that mimics physiologically important 
oxyanions (e.g., S042-) in rapidly entering cells 
through the anion transport systems, whereas 
chromium(II1) is incapable of entering into cells 
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through membrane transporters [Campbell et 
al., 1981; Wetterhahn et al., 19891. Neverthe- 
less, chromium(VI) does not directly interact 
with DNA in vitro [Wolf et al., 19891. An impor- 
tant model which accounts for the toxic effects 
of chromium(V1) is the intracellular reduction 
of chromium. Once in the cytoplasm of the cells, 
chromium(VI) is reduced through reactive short- 
lived chromium intermediates to the ultimate 
kinetically stable trivalent species [Arslan et al., 
1987; Wetterhahn et al., 1989; Aiyar et al., 19911. 
The cellular components involved in the reduc- 
tion of chromium(VI) include ascorbate, glutathi- 
one (GSH), cysteine, hydrogen peroxide (H202), 
DT diaphorase, cytochrome P450 reductases, 
and the mitochrondial electron transport chain 
fWiegand et al., 1984; De Flora et al., 1985; 
Kortenkamp et al., 1990; Ryberg and Alexander, 
1990; Aiyar et al., 1991; Mikalsen et al., 1991; 
Standeven and Wetterhahn, 1991; Sugiyama et 
al., 19911. Upon metabolic reduction, oxidative 
DNA damage, e.g., single-strand breaks, radical- 
DNA adducts, chromium-DNA adducts, and 
chromium-mediated DNA-DNA or DNA-protein 
crosslinks, are produced [Sugiyama et al., 1986; 
Shi and Dalal, 1990; Aiyar et al., 1991; Borges et 
al., 1991; Costa, 1991; Manning et al., 19921. 
Although the uptake-reduction model is ac- 
cepted as a reasonable account for the toxic 
effects of chromium(VI), which intracellular 
forms of chromium or byproducts of chromium 
reduction are the ultimate cytotoxic and/or geno- 
toxic species remain unclear. 

Several chromium(VI) resistant bacterial and 
mammalian cells have already been established. 
Bacterial resistance to chromium(V1) appears to 
be due to  two different determinants located on 
chromosome and plasmid through different 
mechanisms [Cervantes and Sliver, 19921. In all 
of these cases, chromium(VI) resistance has re- 
sulted from a decreased chromium accumula- 
tion in the resistant bacteria. The plasmid chro- 
mium(V1) resistance determinants to be a 
membrane protein and its role in transport re- 
main unknown [Cervantes and Sliver, 19921. 
Chromium(VI) resistant Chinese hamster mu- 
tants have been selected from high dosages and 
a single treatment of chromium(VI) [Campbell 
et al., 19811. All of these mutants fall into a 
single complementation group that contains an 
impaired ability to transport sulfate. In addi- 
tion, Chinese hamster mutants that are defec- 
tive in sulfate transport systems have been dem- 
onstrated to be resistant to chromium(VI) [Esko 

et al., 19861. However, chromium uptake and 
excretion abilities of the mutants derived from 
these studies have not yet been examined. Fur- 
thermore, the correlation between chromium(VI) 
resistance and its reduction mechanisms in these 
chromium resistant mutants have not been ex- 
plored. We have established chromium(VI) resis- 
tant cells derived from Chinese hamster 
ovary-K1 cells by progressively increasing chro- 
mium(VI) oxide (Cr03) concentrations. The chro- 
mium uptake and excretion, and sulfate trans- 
port abilities are determined in this study. 
Several parameters related to the chromium 
reduction pathways are also examined in our 
chromium(VI) resistant cells, along with a com- 
parison made with the parental sensitive cells. 
These parameters include the level of GSH, the 
activities of glutathione S-transferase (GST) and 
catalase, and the expression of metallothionine 
(MT). In addition, we test coresistance to free- 
radical generating chemicals, i.e., Hz02, meth- 
anesulfonate methyl ester (MMS), and nickel 
chloride (NiC12). Those results suggest that the 
inability to uptake chromium(V1) through sul- 
fate transport is the major causative for chromi- 
um(V1) resistance in our resistant cells. This 
study also suggests that chronic exposure to  
chromium(V1) may result in defective mem- 
brane anion transport systems. 

MATERIALS AND METHODS 
Cell Culture 

CHO-K1 cells obtained from American Type 
Culture Collection (Rockville, MD) were grown 
in a complete medium that consisted of F12/ 
Dulbecco’s modified Eagle’s medium (DMEM) 
(1:l; Gibco, Life Technologies Co., Grand Is- 
land, NY) supplemented with sodium bicarbon- 
ate (0.02% w/v), L-glutamine (0.03% w/v), peni- 
cillin (100 Uiml), streptomycin (100 pgiml), 
bovine calf serum (5% w/v; Hyclone, Logan, UT) 
and fetal calf serum (5% w/v; Hyclone). Cell 
cultures were maintained in exponential growth 
and incubated at 37°C in a humidified incubator 
containing 5% C02 in air. 

Establishment of Chromium(V1)-Resistant Cells 

Chromium(VI) resistant CHO-K1 cells were 
established by progressively increasing the con- 
centrations of Cr03 (Cat. no. 227; Merck, Darm- 
stadt, Germany) in the culture medium as fol- 
lows: 1.5, 3, 7, 9, 12, and 16 pM. At each 
concentration, the cells were subcultured 3 
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times. Chromium(VI) resistant cell lines Cr7 
and Cr16 were established from the survival 
cells in media containing 7 pM and 16 pM of 
Cr03, respectively. These resistant cell lines were 
then cultured without Cr03 for more than 6 
months. Cr16-1, Cr16-4, and Cr16-9 cell lines 
were subclones isolated from Cr16 cells. 

Cytotoxicity Assay 

Cr03 and chromium(II1) chloride hexahy- 
drate (CrC13 . 6H20; Cat. no. 22957-1, Aldrich, 
Milwaukee, WI) were prepared freshly in MilliQ 
water to give a concentration of 100 mM and 2.5 
M, respectively. Nickel chloride (NiCl,; Cat. no. 
6717, Merck) was dissolved in MilliQ water to 
yield a stock solution of 100 mM. Cells were 
treated with Cr03, CrC13.6H20, NiClz for 24 h in 
complete media. Methanesulfonate methyl ester 
(MMS; Cat. no. M-4016, Sigma, St. Louis, MO) 
was diluted with MilliQ water to produce 100 
mM solutions. Cells were exposed to MMS for 1 
h in serum-free media. Perhydrol (HzOz, 30%; 
Cat. no. 7210, Merck) was prepared freshly at 20 
mM in MilliQ water. Cells were treated with 
H202 for 1 h in salts-glucose medium (SGM) 
that consisted of 50 mM 2-hydroxyethylpipera- 
zine-N'-2-ethanesulfonic acid (Hepes, pH 7.2), 
10 mM NaC1,5 mM KC1,2 mM CaC12, and 5 mM 
glucose. 

The survival of cells was determined by colony- 
forming ability. Briefly, 1 x lo6 cells were plated 
on a 100-mm Petri dish and incubated for 18 h. 
Next, the cells were exposed to various concen- 
trations of chemicals in conditions as described 
above. At the end of the treatment, the cells 
were washed twice with PBS, trypsinized and 
replated at 200 cells per 60-mm Petri dish in 
triplicate, and incubated in complete media for 7 
days. The dishes were then fixed with 95% etha- 
nol, stained with a 10% Giemsa solution, and 
colony numbers were counted for determination 
of cytotoxicity. 

The genetic locus of emetine resistance is 
closely linked to chromium resistant locus in 
CHO cells [Campbell and Worton, 19801. Em- 
etine is a protein synthesis inhibitor. In  this 
study, whether our chromium(V1) resistant cells 
are coresistant to emetine was determined by 
exposing 200-105 cells to emetine (dissolved in 
H20; Cat. no. E-2375, Sigma) for 7 days in 
complete media. The cells were fixed and stained 
as described above to determine colony-forming 
ability in situ. 

Mutagenicity Assay 

Cells were examined for 6-thioguanine resis- 
tance to detect mutation frequencies in the hypo- 
xanthine (guanine) phosphoribosyltransferase 
(hprt) gene of Cr16-1 and CHO-K1 cells. 6-Thio- 
guanine assay was performed as previously de- 
scribed by Yang et al. [19921. 

Determination of lntracellular 
Glutathione (GSH) 

The procedure for GSH determination was 
described by Cohn and Lyle [19661. Cells in 
exponential growth were harvested using a rub- 
ber policeman and washed twice with phosphate- 
buffered saline (PBS). The cell suspension was 
centrifuged at 1,000 rpm for 10 min at 4°C. The 
cell pellets were then suspended in 200 pl ice- 
cold distilled water. One-half of the cell suspen- 
sion was transferred to a 1.5 ml eppendorf and 
sonicated 4 times with 15 s per sonication; in 
addition, 25 p1 of 25% metaphosphoric acid (Cat. 
no. 546, Merck) was added. Following centrifu- 
gation at 8,000 rpm for 15 min at 4"C, 40 pl of 
the clear supernatant was transferred to a tube 
containing 2 ml distilled water. Next, 0.5 ml of 
0.1 M potassium phosphate buffer, pH 8.0, and 
0.1 ml of 0.1% O-phthalaldehyde (dissolved in 
methanol) were added and mixed well. The mix- 
ture was maintained at  room temperature for 15 
to 20 min. The fluorescence (excitation wave- 
length 350 nm, and emission wavelength 420 
nm) was measured with a fluorescent spectro- 
photometer (Model F-4000, Hitachi Ltd., Tokyo, 
Japan). The protein concentrations were deter- 
mined by the bicinchoninic protein assay kit 
purchased from Pierce (Rockford, IL) using bo- 
vine serum albumin as a standard. The absor- 
bance at 562 nm was measured with a spectro- 
photometer (Model U-2000, Hitachi). 

Determination of Glutathione S-transferase 
(GST) Activity 

GST activity was measured by the previous 
method of Habiget al. [19741 using l-chloro-2,4- 
dinitrobenzene (CDNB; Sigma C-6396) and GSH 
as substrates. The cell pellets, obtained as de- 
scribed in GSH determination, were resus- 
pended in 500 pl of 100 mM potassium phos- 
phate (pH 6.81, and sonicated as described above. 
The debris was removed by centrifugation at 
12,000 rpm for 30 min at 4°C. Assays were 
performed at room temperature in a 1 ml mix- 
ture containing clear cell lysate, 100 mM potas- 
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sium phosphate-1 mM EDTA (pH 6.5), 20 mM 
GSH, and 20 mM CDNB. The absorbance at 340 
nm was continuously recorded for 2 min with a 
spectrophotometer (Model U-2000, Hitachi). The 
protein concentration was determined as de- 
scribed above. The enzyme activity was ex- 
pressed as nmole/min/mg protein. 

Determination of Catalase Activity 

Catalase activity was measured as described 
by Aebi [ 19841 with minor modifications. Briefly, 
cells in exponential growth were harvested us- 
ing a rubber policeman and washed with PBS. 
The cell suspension was centrifuged at 1,000 
rpm for 5 min at 4°C. The cell pellets were then 
resuspended in 50 mM potassium phosphate 
buffer, pH 7.0, sonicated and centrifuged as 
described above. Assay were performed at room 
temperature in a 1 ml mixture containing clear 
cell lysate, 200 mM potassium phosphate buffer, 
pH 7.0, and 10 mM HzOz. The decomposition of 
H202 was followed directly by a decrease in 
absorbance at 240 nm. The enzyme activity was 
expressed as nmole of Hz02 decreased/min/mg 
protein. 

Determination of lntracellular Chromium level 

For chromium uptake, 1 x lo6 cells were 
plated on a 100-mm Petri dish and incubated at 
37°C overnight. The cells were then exposed to 
various concentrations of Cr03 in complete me- 
dia for 2-6 h. At the end of treatment, the cells 
were washed six times with 2 ml PBS. In chro- 
mium remaining experiments, the cells were 
exposed to Cr03 for 4 h, washed as described 
above, refed with complete media, and incu- 
bated for another 5 h. Cells were trypsinized and 
resuspended in complete media, and the num- 
ber of cells were determined. The cell suspen- 
sion was centrifuged at 1,500 rpm for 10 min. 
The cell pellet was resuspended in 500 p1 dis- 
tilled water, vortexed for 30 s and then treated 
ultrasonically for 60 s IWataha et al., 19931. 
Total chromium concentration in this solution 
was analyzed by a polarized Zeeman atomic ab- 
sorption spectrophotometer (AAS, Hitachi 
2-8000) equipped with an autosampler and a 
graphite furnace. The AAS analytical conditions 
for chromium were set up as follows: the absorp- 
tion wavelength at  359.3 nm, the lamp current 
at 7.5 mA, and the atomizing temperature at 
2,900"C. 

Sulfate Uptake 

A million cells were plated on a 60-mm dish 
and incubated overnight. The cell number was 
determined from two replicate dishes immedi- 
ately before sulfate uptake. Another set of cells 
was washed twice with warm PBS and main- 
tained at  37°C. One ml of PBS containing 5 pCi 
[35S]Na2S04 (250-1,000 mCi/mmol; NEX-041, 
New England Nuclear, Boston, MA) and 20 pM 
or 2.5 mM Na2S04 were added. Uptake of sul- 
fate was stopped by the addition of 3 ml of cold 
sodium acetate (50 mM, pH 7.2) following expo- 
sure for 10, 30, 60 s, 2 min or 20 min. The 
acetate buffer was quickly aspirated, and the 
plates were washed six times with 2 ml acetate 
buffer. Cells were then lysed with a 0.5 ml 
solution containing 10 mM Tris-HC1, pH 8.0, 
100 mM EDTA, pH 8.0, and 0.5% SDS. The cell 
lysate was transferred to Ultrafluor (Packard, 
Downers Grove, IL) scintillation cocktail. The 
count per min (cpm) of 35S was determined by 
liquid scintillation analyzer (Model 1600 TR, 
Packard). Sulfate uptake rate was expressed as 
mol/min/106 cells. 

In experiments in which the effect of extracel- 
lular C1- on the sulfate uptake was examined, 
cells were cultured and washed as described, and 
treated with 1 ml media containing [35SlNazS04 
(0.25-12.5 FCi), 0.1-5 mM NazS04, 1 mM cal- 
cium gluconate, 10 mM Tris-Hepes, pH 7.5, and 
either 150 mM sodium gluconate or 150 mM 
sodium chloride [Elgavish and Meezan, 19921. 
The ratio of S042-:[35SlS042- is 1OO:l. Sulfate 
influx was stopped after incubation for 1 min. 
Cells were washed and lysed, and the amounts 
of isotope were measured as described above. 

RESULTS 

Figure 1 shows the growth rates of cells dur- 
ing establishment of chromium(V1) resistance. 
The population doublings (PDL) of cells that 
had been exposed to Cr03 at gradually increas- 
ing dosages from 1.5 to 3 FM is nearly the same 
as that of the untreated parental cells. The 
growth rate was reduced when the dosages of 
Cr03 increased from 3 to 7 pM. Experimental 
results showed that 7 pM Cr03 was toxic to Cr3 
cells. However, the growth rate of Cr03 exposed 
cells achieves the level of untreated cells when 
the dosages of Cr03 were stepwisely increases 
from 9 to 16 pM because the slopes of the 
growth curves were similar for Cr03-treated 
and untreated cells (Fig. 1). Cells that had been 
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progressively exposed to CrO, at dosages up to 7 
and 16 FM were then cultured without chromi- 
um(VI> for 6 months and defined as Cr7 and 
Cr16, respectively. Several single colonies, i.e., 
Cr16-1, Cr16-4, and Cr16-9, derived from Cr16 
cell populations were isolated and expanded for 
further studies. The growth rates of these estab- 
lished cell lines were examined along with a 
comparison made with CHO-K1 cells. Those 
results indicated that the growth rates of these 
chromium(VI) resistant cell lines were the same 
as the untreated parental cells (data not shown). 

The chromosome number of Cr16-1 was simi- 
lar to that of CHO-K1 cells. More than 75% of 
the cells contain 20 chromosomes. In  addition, 
the spontaneous mutation frequencies in the 
hprt gene were < 10 per lo6 viable cells in both 
Cr16-1 and CHO-K1 cells. Those results indi- 
cated that a minor genetic alteration might oc- 
cur during establishment of chromium(V1)- 
resistant phenotype. The recessive chromium 
resistant locus has been demonstrated to be 
linked to the autosomal emetine resistant locus 
in chromosome 2q in CHO cells [Campbell and 
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Fig. 1. Cumulative population doublings (PDL) of Cr03- 
treated and untreated CHO-K1 cells. Cells were maintained at 
exponential growth and serially subcultured in complete media, 
with medium changing every 2-3 days. When the cells reached 
confluence, they were subcultured at - 1 :I 6 cell dilutions. The 
untreated CHO-K1 cells (open circles) were subcultured for 34 
days. Cr03-treated cells were continuously subcultured for 57 
days with progressive increases in dosage of Cr03 during 
establishment of the chromium-resistant cells (open triangles). 
The total cell number was counted in each subculture to 
calculate the cumulative PDL. Each symbol represents one 
subculture, and the PDL between two subcultures N and N + 1 
was determined as log (the total cell number of subculture 
N + 1 /the total cell number of subculture N)/log 2. 

Worton, 19801. These two genetic markers are 
cosegregated in a frequency of 42/48 [Campbell 
and Worton, 19801. Next, the cytotoxic effect of 
emetine was analyzed, indicating that Cr16-1 
cells are as sensitive to emetine as CHO-K1 
cells, i.e., the LD50 (dosage that reduces the 
relative colony-forming ability to 50%) was 
-0.015 FM for both cell lines that had been 
exposed for 1 week. Therefore, the genetic 
changes of our chromium(VI) resistant cells may 
differ from that derived from pre-existing chro- 
mium resistant cells isolated from lethal dos- 
ages of chromium [Campbell et al., 19811. 

Relative resistance to Cr03 for Cr7, Cr16, and 
Cr16-1 compared with CHO-K1 is shown in 
Figure 2. Cr7, Cr16, and Cr16-1 cells were mark- 
edly more resistant to the cytotoxic effect of 
CrO,. The values of LD50 for these resistant cell 
lines were more than 25-fold of that for CHO-K1 
cells when they were treated with CrO, for 24 h. 
One factor that could possibly affect the cytotox- 
icity of chromium(VI) is the generation of free 
radicals or reactive oxygen species (ROS) during 
chromium reduction in cells [Shi and Dalal, 
1990; Aiyar et al., 19911. Therefore, we exam- 
ined whether Cr16-1 cells were coresistant to 
chemicals in which their cytotoxicities were me- 
diated by the formation of ROS. The LD50 of 
Cr16-1 cells that have been exposed to H202, 
and MMS for 1 h, and NiClz for 24 h were 0.15 

Fig. 2. Cytotoxicity induced by Cr03 in CHO-K1 and chromi- 
um(VI) resistant cell lines. Cells were treated with Cr03 for24 h 
and assayed as described in Materials and Methods. Open 
circles, squares, triangles, and filled triangles represent the data 
obtained from CHO-K1, Cr7, Crl6-1, and Crl6, respectively. 
The results were averaged from at least 4 independent experi- 
ments and the bars represent the standard error of the popula- 
tion. 
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TABLE I. Intracellular Glutathione Level, and the Glutathione S-Transferase 
and Catalase Activities 

nmol/mgb protein nmol/min/mgb protein 
Cell lines Treatmenta GSH GST Catalase 

- Cr7 
Cr16 
Cr16-4 - 
0-16-9 - 

Cr16-1 

- 

- 
500 kM, 4 h 
500 pM, 8 h 

50 pM, 4 h 
50 uM, 8 h 

CHO-K1 - 

14.4 ? 3 (5) 
14.9 ? 4 (5) 
13.1 i- 3 (5) 
14.5 i- 3 (5) 
16.7 ? 4 (5) 
10.6 i- l ( 3 )  
10.4 ? 2 (3) 
13.5 2 3 (5) 
10.9 ? l ( 2 )  
12.0 * 3 (3) 

306.2 ? 35 (2) 
351.3 2 54 (3) 
299.6 ? 55 (3) 
337.8 ? 38 (3) 
254.3 i- 31 (3) 
254.4 ? 23 (2) 
242.0 ? 20 (2) 
339.7 ? 46 (3) 
322.4 ? 35 (2) 
344.3 ? 41 (2) 

NDb 
ND 
ND 
ND 

47.9 ? 6 (2) 
ND 
ND 

55.7 * 9 (2) 
ND 
ND 

"CrOs concentration and exposure time. 
bEach value is the mean 2 SD. Parenthesis, number of experime 

mM, 1 mM and 0.25 mM, respectively. These 
results were approximately the same as that of 
CHO-K1 cells. In addition, the resistance to 
chromium(II1) chloride for CHO-K1 cells was 
unaltered in Cr16-1 cells; the LD50 of CHO-K1 
and Cr16-1 cells that had been treated for 24 h 
were 13.3 mM and 11.5 mM, respectively. 

GSH is known to participate in the cellular 
metabolic reduction pathways of chromium [Wie- 
gand et al., 1984; Aiyar et al., 19911. Some 
antioxidant enzymes, e.g., GST and catalase, 
have been known to play an essential role in the 
defense systems of ROS-mediated cytotoxicity 
[Lee et al., 1989; Sugiyama et al., 19931. We 
assayed the level of GSH and the activities of 
GST and catalase in these chromium(VI) resis- 
tant cell lines. No significant difference of the 
levels of these intracellular antioxidants was 
observed in CHO-K1 and these chromium(VI) 
resistant cell lines (Table I). In addition, nearly 
30% of GSH levels were depleted as compared 
with their untreated counterparts when Cr16-1 
and CHO-K1 cells were treated with Cr03 at 
dosages that caused equal cytotoxicity, i.e., 500 
(LM and 50 (LM for 4 h, respectively (Table I). 

Metallothionine (MT) is rather crucial for the 
resistance to metals such as cadmium [Kagi and 
Schaer ,  19881. In this study, we examined the 
induced and basal level of MT mRNA in Cr16-1 
and CHO-K1 cells that have been treated with 
or without very low cytotoxic dosages of cad- 
mium or Cr03. Those results indicated that an 
insignificant amount of MT mRNA was detected 
in both cell lines under the conditions that a 
positive control cell line, i.e., cadmium resistant 
cells, had a high level MT mRNA induction (data 

!nts; ND, not determined. 

not shown). Therefore, MT may not be involved 
in chromium(V1) resistance. 

Next, the level of chromium was determined 
in those cell lines that have been treated with 
various dosages of Cr03 for 2-6 h by AAS. As 
shown in Figure 3, chromium uptake in CHO-K1 
exhibited dosage- and time-dependent increases, 
whereas chromium uptake was substantially re- 
duced in Cr7 and Cr16-1 cells. Whether a corre- 
lation occurred between the cytotoxicity and 
chromium uptake in these cell lines was next 
determined. Cells were exposed to Cr03 at vari- 
ous dosages that reduce the relative colony- 
forming ability to - 90% to - 20%. The uptake 
of chromium was determined by AAS as de- 
scribed. Those results revealed that uptake of 
chromium in Cr16-1 and Cr7 cells occurred when 
these cells were exposed to high cytotoxic dos- 
ages of Cr03 (Table 11). Cytotoxicity was directly 
proportional with the intracellular level of chro- 
mium in both chromium(VI) resistant and sensi- 
tive cells (Fig. 4). These results indicated that no 
difference in chromium uptake was observed in 
chromium(VI) resistant mutants as compared 
with their parental CHO-K1 cells at the same 
cytotoxic dosages. The reduced uptake of chro- 
mium in these resistant cell lines might have 
been due to either a faster excretion rate or a 
slower uptake rate. We measured the excretion 
rate of chromium in cells that had been treated 
as described above, and measured the levels 
remaining after incubation without Cr03 for 5 
h. The results revealed that a slight amount of 
chromium was excreted from both chromi- 
um(VI) sensitive and resistant cells 5 h after 
treatment (Table 11). Therefore, the difference 
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Fig. 3. The relationship of the chromium uptake in CHO-K1 
(open circles), Cr7 (open squares), and Crl6-I (open triangles). 
Cells were treated with 10 pM (A), 30 pM (B), and 60 pM (C) of 
Cr03 for 2-6 h. The amount of chromium per lo6 cells was 
measured as described in Materials and Methods. The results 
were averaged from at least 2 independent experiments. 

between chromium(VI) resistant and sensitive 
cells was that the former had a markedly slower 
chromium uptake than the latter. These results 
indicated that plasma membrane barrier was 
the major reason for chromium(VI) resistance. 

Chromium(VI) resistance mammalian cells 
have been known to be associated with the fail- 
ure of sulfate uptake [Campbell et al., 19811. In 
addition, CHO mutants deficient in sulfate trans- 
port systems have been shown to be resistant to 
the cytotoxic effect of chromium(VI) [Esko et al., 
19861. As shown in Figure 5, sulfate efficiently 
entered into CHO-K1 cells in solution contain- 
ing both low and high concentrations of sulfate. 
This phenomenon has not been observed in both 
Cr7 and Cr16-1 cells. The uptake of sulfate was 
slightly greater when Cr7 cells were incubated 
in a low sulfate solution for 20 min or in a high 
sulfate solution for 1 min. Cr16-1 cells were 
incapable of taking up sulfate in a low sulfate 

TABLE 11. Cytotoxicity, Chromium Uptake, 
and Excretion in CHO-K1, Cr7, and Cr16-1 Cells 

Chromiumb 

Cell CrO3 Survival Uptake Remaining 
lines (@I) (%), (ng/106cells) (%) 

CHO-K1 16 89.1 835 l (2)  8 0 f 9 ( 2 )  
60 65.0 211 f 77 (2) 121 t 58 (2) 

100 26.9 465f  7(2) 111 f 9(2) 
Cr7 60 95.0 7 1 f  38(4) 56 f 24(4) 

120 86.8 84 f 44(2) 83 f 18(2) 
1,000 42.8 385 t 163 (2) 120 t 30 (2) 

Cr16-1 60 99.0 14 2 lO(2) 69 t 64(2) 
300 95.1 81 % 19(2) 75 f 4 2 ( 2 )  

1,500 21.7 490 % 28 (2) 94 f 0 (2) 

"Data obtained from the average of 2-4 experiments. 
"Cells were treated with Cr03 for 4 h and the amount of 
chromium in the cells was measured immediately (uptake 
experiments) and following a 5 h-incubation in chromium- 
free media (remaining experiments). Chromium remaining 
percentage was determined as the amount of chromium 
measured at 5 h after a 4 h-treatment divided by the amount 
of chromium measured immediately after a 4 h-treatment. 
Parenthesis, number o f  experiments. 
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Fig. 4. The correlation between cytotoxicity and chromium 
uptake. Cells (CHO-K1, open circles; Cr7, open squares; Cr16-1, 
open triangles) were treated with various dosages of Cr03 for 4 
h and then washed as described. The chromium levels in cells 
that were assayed immediately after treatment were plotted as a 
function of percent colony forming ability. Simple linear regres- 
sion analysis was performed to detect the correlation between 
cytotoxicity and chromium accumulation. 

solution, whereas they took up a low level of 
sulfate at a constant rate in a high sulfate solu- 
tion (Fig. 5). In addition, extracellular chloride 
(150 mM) reduced the efficiency of sulfate up- 
take in CHO-K1 but not in Cr16-1 cells (Fig. 6). 



662 Lu and Yang 

- 1  X / I 

n i  1 10 

loo0 t B-p-v ’m “1 
0 1  I I I I I 
0.0 0.5 1.0 1.5 2.0 2.5 

Time (min) 

Fig. 5. Sulfate uptake in CHO-K1 (open circles), and Cr(VI) 
resistant cell lines Cr7 (open squares) and Crl6-1 (open tri- 
angles). Cells were treated with 0.02 mM (A) and 2.5 mM (B) of 
sodium sulfate that containing 5 $3 of [35SINa2S04 for 0.5, 1, 
2 ,  or 20 min as described. The amount of sulfate uptake per 1 O6 
cells was measured by liquid scintillation analysis. The results 
were averaged from at least 2 independent experiments. 

DISCUSSION 

We have established chromium(V1) resistant 
CHO cells through progressively increasing dos- 
ages of Cr03. The LD5, of chromium(VI) resis- 
tant cells are approximately 25-fold higher than 
that of the parental cells. An extensive character- 
ization of these chromium(VI) resistant cell lines 
showed that no difference as compared with the 
parental cells in the growth rates; chromosome 
number; hprt mutation frequency; the intracel- 
lular GSH level; GST and catalase activity; the 
level of MT mRNA, and sensitivity to HzOz, 
MMS, NiC12, CrC13, and emetine. The major 
difference is that the uptake of sulfate and chro- 
mium(VI) anions was substantially reduced in 
the Cr7 and Cr16-1 cell lines. Sulfate uptake of 
Cr16-1 was independent of the incubation time, 
i.e., little uptake in a low sulfate buffer (20 p,M) 
and a constant low level of sulfate uptake in a 
high sulfate concentration (2.5 mM). This find- 
ing indicates that a rapid uptake of sulfate 
through anion transport system was abolished 
and uptake of sulfate may occur slowly through 

+CI -CI 
0 CHO-K1 

V w 7 0 7  Cr16-1 
_ - - - - -  

h 

E, 0 4 o o o l  
v 

c ,/t= 
T 

4 

0 1 2 3 4 5 

Sodium sulfate (mM x 1 min) 

Fig. 6.  Effect of extracellular chloride on the efficiency of 
sulfate uptake. Cells (CHO-Kl, circles; Cr7, squares; Crl6-1, 
triangles) were exposed to media containing various concentra- 
tions of S042-  (the ratio of S042‘/[35S]S042- is 100) with (filled 
symbols) or without (open symbols) 150 mM sodium chloride 
for 1 min. The amount of sulfate uptake per l o 6  cells was 
determined as described. The results were averaged from 4 
independent experiments. 

a different pathway when it was supplied at a 
high sulfate concentration in Cr16-1 cells. The 
relatively higher resistance to Cr03 and uptake 
of sulfate and Cr03 in Cr7 cells as compared 
with Cr16-1 cells might have been due to the 
fact that Cr7 cells consist of a mixture of func- 
tional and nonfunctional cells, whereas Cs16-1 
cells are derived from a single clone. 

The linear relationship between CrOs induced 
cytotoxicity and chromium uptake in Cr7, 
Cr16-1, and CHO-K1 cells suggested that once 
chromium enters the cells, the intracellular lev- 
els of chromium would be directly related to cell 
death (Fig. 4). These results are consistent with 
the “uptake and reduction” model to account 
for chromium(VI)-induced cytotoxicity [Arslan 
et al., 1987; Wetterhahn et al., 1989; Aiyar et al., 
19911. Chromium(VI) can not directly interact 
with cellular macromolecules. It is metabolited 
to reactive froms through reduction pathways 
in cells. Several parameters involved in the re- 
duction pathways include the GSH level and 
GST and catalase activities which are similar in 
both chromium(VI) resistant and the parental 
CHO-K1 cells. In addition, the sensitivities to 
ROS-generating agents are the same in the chro- 
mium(VI) resistant and sensitive cells. Our ob- 
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servations suggest that the uptake of extracellu- 
lar chromium(VI) determines cytotoxicity in the 
parental cells while the cellular ability for intra- 
cellular reduction of chromium(VI) to its reac- 
tive species may remain intact in our chromi- 
um(V1) resistant cells. 

Exposure of cells to chromium(V1) have been 
found to produce a variety of types of DNA 
damage, i.e., DNA single-strand breaks, DNA- 
protein crosslinks, and DNA-chromium adducts 
[Sugiyama et al., 1986; Shi and Dalal, 1990; 
Borges et al., 1991; Aiyar et al., 1991; Costa, 
1991; Manning et al., 19921. The most persis- 
tent form of damage was DNA-chromium ad- 
ducts, which remained unrepaired for at least 32 
h after chromium(VI) treatment in CHO cells 
[Manning et al., 19921. These unrepaired lesions 
could interfere with the expression of inducible 
genes [Hamilton and Wetterhahn, 1989; Man- 
ning et al., 19921 or result in mutations Bang et 
al., 19921. Unlike the selection of pre-existed 
chromium(VI) resistant mutants by the treat- 
ment of a single and lethal dosage of chromi- 
um(V1) [Campbell et al., 19811, mutation events 
may occur during our experimental process. One 
may obtain chromium resistant cells that also 
posses altered cellular defense systems. How- 
ever, analysis of two other subclones, Cr16-4 
and Cr16-9, revealed that these cells have a 
similar characterization as Cr16-1 (Table I1 and 
unpublished data). Therefore, obtaining a mu- 
tant with altered cellular defense systems under 
our experimental conditions may be relatively 
difficult. 

CHO cells resistant to ROS generating chemi- 
cals, i.e., Hz02, and oxyanion, i.e., As02- , have 
elevated levels of GSH/catalase [Sugiyama et 
al., 19931 and GSH/GST [Lee et al., 19891, re- 
spectively. These H20z and arsenic resistant 
cells are coresistant to some metals but not to 
chromium(VI), possibly due to the fact that their 
sulfate transport system for chromium uptake 
remains functional. 

CHO mutants deficient in sulfate uptake have 
been demonstrated to occur through an S042-/ 
C1- anion transport system and the cells are 
resistant to chromium(VI) [Esko et al., 19861. 
This anion exchanger may regulate the intracel- 
lular pH in CHO cells [Elgavish et al., 19881. 
The function of this anion transport system in 
CHO cells appears to be similar to the band 3 
anion enchanger in erythrocytes [Elgavish et al., 
19881. Our results showed that extracellular C1- 
reduced sulfate influx in the parental CHO-K1 

but had no effect in Cr16-1 cells. This suggests 
that the activity of the anion transporter in 
chromium resistant cells may be similar to that 
described by Elgavish et al. [19881. Anion ex- 
changers with similar activities have been dem- 
onstrated in many types of cells, including lung 
and skin fibroblasts, and epithelial plasma mem- 
branes, such as renal brush border membranes 
and tracheal apical membranes [Elgavish et al., 
19881. Treatment of rats with chromium(V1) 
causes a depression of glucose transport by re- 
nal brush border membrane vesicles [Ansari et 
al., 19911. This effect has been shown to be 
related to the production of acute tubular necro- 
sis (clinically evident as a marked reduction in 
urine flow rate) and irreversible low molecular 
weight proteinuria in the kidneys in chromium 
workers [Wedeen and Qian, 19911. Our current 
study provides an in vitro example that long- 
term exposure of cells to low dosages of chromi- 
um(VI) could induce defect in a membrane sul- 
fate anion transport system. In addition, the 
cDNA of the erythroid band 3 anion transport 
protein has been isolated [Kopito and Lodish, 
19851. The cDNA should allow one to investi- 
gate the relationship of the erythroid band 3 
gene to the sulfate anion transport gene in our 
chromium(VI) resistant cells. 

Cystic fibrosis (CF) is another well-known 
example of human disease in which defects are 
related to the anion transport system [Boat et 
al., 1989; Drumm et al., 1990; Anderson et al., 
19911. The predominant clinical manifestations 
of this disease are related to the abnormal elec- 
trolyte composition of epithelial secretions and 
mucus secretions, thereby resulting in obstruc- 
tion and infection within the lung, intestine, 
pancreas, biliary tract, salivary glands, and geni- 
tourinary tract [Boat et al., 19891. CF is known 
to be caused by mutations in the gene coding for 
cystic fibrosis transmembrane conductance regu- 
lator [Boat et al., 1989; Drumm et al., 1990; 
Anderson et al., 19911. Alternations in the C1- 
conductance and sulfate transport abilities have 
been shown in CF cells [Elgavish and Meezan, 
19921. Finding out whether CF cells are resis- 
tant to chromium(V1) would be a worthwhile 
topic of further study. In addition, a cohort or 
case-control investigation from this perspective 
could also be a relevant subject matter. 
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