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Pronounced strand breakage of DNA analyzed by alkaline elution techniques 
was produced in intact Chinese hamster ovary cells by 25 uM HgC12 within 1 hr 
or 100 fl HgC12 within 15 min. HgC12-induced strand breakage was directly 
proportional to concentration up to 100 $I and to time within 1 hr. Levels of 
reduced glutathione decreased following HgC12 in parallel with the induction 
of DNA strand breakage. Evidence is presented that this rapid and pronounced 
induction of DNA strand breaks and other cytotoxic responses following acute 
exposure to HgC12 resembles the cellular effects of X-rays. 

Considerable evidence indicates that Hg2' is a mutagen (1,2) and has poten- 

tial carcinogenic activity since it enhances viral transformation of Syrian 

hamster embryo cells (3) and induces chromosomal aberrations (4). X-rays are 

known to induce transformation (5), mutagenesis (6) and have been unequivically 

established as carcinogenic in humans and experimental animals (7). X-rays are 

known to rapidly induce strand breaks in the PNA (8,9); in fact, X-ray treatment 

of cells is used to shear cellular DNA for detection of crosslinking agents by 

alkaline elution analysis (10,ll). The ability of Hg2+ to induce damage to the 

DNA in intact cells has not been extensively studied. Both Hg2+ and X-rays are 

known to deplete cellular levels of reduced glutathione (GSH) (12), resulting in 

the loss of a major defense system which protects cellular lipids and other com- 

ponents against attack by oxygen radicals. It is thought that X-rays induce 

DNA damage by the generation of electrophilic reactive species resulting in the 

formation of OH' and H202 (13,14). Ionic mercury (II) is known to interact with 

Abbreviations used: SSF, Strand Scission Factor; GSH, Reduced Glutathione; 
CHO, Chinese Hamster Ovary 
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DNA at nitrogen atoms, replacing hydrogen in the binding between the thymine 

base. This interaction results in an increased helix stability and an increased 

diameter of the double helix approximating the difference between the atomic radius 

of hydrogen and mercury (15). This interaction of Hg2+ with DNA could not re- 

semble the effects of &rays and probably has relevance only in the long term 

cytotoxic effects of low concentrations of Hg 2+ . However, acutely toxic levels 

of Hg 2+ may result in DNA damage due to enhanced production of reactive oxygen 

intermediates. 

In the present study, we have examined the acute effects of Hg 2+ on GSH 

levels and DNA strand breaks measured with alkaline elution, and have compared 

these and other parameters to the cellular perturbations caused by X-rays. 

Although further proof is required, considerable evidence suggest that the 

acute effects of HgC12 in intact cells mechanistically resembles the cellular 

effects of X-rays. 

MATERIALS AND METHODS 

Chinese hamster ovary cells were cultured in McCoy's 5A medium fortified 
with 10% fetal bovine serum (Gibco, 
of 95% air and 5% C02. 

Inc.) in monolayer culture in an atmosphere 
DNA strand breaks were determined in intact cells 

following treatment with HgC12 or X-rays by the alkaline elution procedure de- 
scribed by Kohn et al (10,ll). DNA-protein crosslinking of HgC12 was assessed 
by proteinase K treatment of cell lysates as described by Kohn (10). Strand 
scission factor (SSF) was calculated from the alkaline elution patterns obtained 
by the following relationships: SSF = -log A/B. Where A = fraction of DNA 
retained in the 6th fraction of the untreated sample and B = DNA retained in 
the 6th fraction of treated sample. A total of nine, 90 min fractions were 
collected during the alkaline elution at a speed of 0.035 ml/min. GSH levels 
were estimated by a fluorometric assay using the dye 0-phthaldehyde (16). 
Plating efficiency was determined following treatment of log-phase monolayer 
cultures with selected concentrations of HgCl2 followed by trypsinization and 
replating of lOO-10,000 cells in at least nine 60 mm plates for each concentra- 
tion. The total number of surviving colonies in each plate was expressed as a 
function of the number of cells plated to assess plating efficiency. Double 
strand breakage of DNA was determined by neutral sucrose gradients as previously 
described (17). Metal concentration associated with cells was determined by 
X-ray fluorescence spectroscopy previously described (18). 

RESULTS 

HgC12 treatment of cultured cells rapidly depleted the cellular levels of 

GSH and caused single strand breaks in the DNA (Fig. 1 and 2). Fig. 1 shows that 

both the depletion of GSH and the induction of strand breaks was dependent upon 

the concentration of HgC12 up to 100 $4 following 1 hr of exposure. Plating 

efficiency values for 1 hr of exposure to 7.5, 10, 25; 50 and 75 VM HgC12 were 
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FIG. 1 Concentration dependent GSH depletion and DNA strand breaks induced 

by HgC12. Cultured CHO cells were exposed to the concentrations 

of HgC12 indicated in the figure for 1 hr. Cellular levels of 

GSH and the induction of DNA strand breaks were determined as 

described in the methods section. 

FIG. 2 Temporal effects of HgC12 on depletion of GSH and induction of 

DNA strand breaks. CHO cells were exposed to 100 uM HgC12 for 

the time intervals indicated in the figure. Cellular GSH levels 

and induction of DNA strand breaks were determined as described 

in the methods section. 

104%, 93.8%, 72.3%, 18.7% and 0 (% of untreated). These results indicated that 

HgC12 concentrations in excess of 25-50 uM for 1 hr were extremely cytotoxic 

to cells. This is not surprising in light of the extensive breakage of DNA 

caused by these concentrations (Fig. 1). GSH levels declined concomitantly 

with the induction of DNA strand breaks during the first hr of exposure to 100 

134 HgC12 (Fig. 2). A more extensive time course study by alkaline elution 

analysis of DNA strand breaks induced by 50 uM Hg2+ revealed that most of the 

breaks occurred within the first hr of exposure (not shown). Neutral sucrose 

gradient analysis showed that the breakage of DNA induced by HgC12 (25-100 PM) 

was predominantly single stranded. HgC12 did not induce detectable DNA-protein 

crosslinks or interstrand crosslinking following analysis with alkaline elution 

in combination with proteinase K or X-ray treatment. The observation that 

combined treatment of cells with a variety of cytotoxic and DNA damaging concen- 

trations of HgC12 andX-rays did not cause significantly more DNA strand breaks 

than each treatment alone, suggested a common mechanism of action and, possibly, 
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FIG. 3 Similarity in the induction of DNA strand breaks by HgC12 and 

X-rays. Alkaline elution was employed to determine the incidence 

of DNA strand breaks following 1 hr of exposure to the indicated 

concentrations of HgC12 or X-rays (see methods section). 

a competition for cytotoxic target sites. Figure 3 shows the similarity in 

the rapid and pronounced induction of DNA strand breaks caused by HgC12 and X-rays. 

Addition of glutathione to the medium was able to inhibit HgC12 induced DNA 

strand breaks in intact cells (not shown) and cells with elevated levels of 

glutathione are known to be more resistant to the DNA damaging effects of X-rays 

(19,20). No DNA strand breaks were observed following treatment of cells for 

1 hr with 100 fl CdC12, 500 uM Pb acetate, 500 uM CoC12, 1 mM ZnC12, 500 $I 

CuSO4 and 1OOfl NiC12. Since intracellular effects of metals is highly dependent 

upon their ability to enter cells, we have examined the uptake of a variety of 

toxic metal ions (Cd2+, Hg2+, Cr04-2, Co2+, Cu2+, and Pb2+) following 4 hr of 

exposure. The following exposure conditions yielded the indicated levels of 

metal associated with cells (ng/104 cells): HgC12 (5O.uM) = 3.55, CdC12 (5Ofl) = 

0.35, ZnC12 (5OOJul) = 1.63, CoC12 (500 pM) = 0.54, CuSO4 (500pM) = 0.28, Pb 

acetate (500pM) = 60.75, CaCrO4 (100uM) = 1.7. Thus, Hp 2+ appears to be the on1.y 

toxicologically important metal ion that can cause rapid and pronounced breakage 
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of DNA similar to X-rays. This observation may be related to the high level of 

chemical reactivity of Hg 2+ and to its pronounced cellular uptake compared with 

other metal ions (vide supra). 

DISCUSSION 

At acute cytotoxic concentrations the effects of Hg2' resemble those pro- 

duced by X-rays. These effects of Hg2' have relevance since at less cytotoxic 

levels the X-ray-like effects may be occurring on a smaller scale, resulting in 

similar cellular perturbations as low doses of X-rays. The most serious of these 

long term effects may involve a mutagenic or carcinogenic action (7). The most 

striking evidence that Hg 2+ produces X-ray like effects in cells includes: 1) 

the rapid and pronounced depletion of GSH which could result in cytotoxicity from 

enhanced oxygen radical formation. Both agents have been shown to enhance the 

formation of oxygen free radicals (13). 2) The induction of DNA strand breaks 

caused by both agents are similar in dose response, time course and alkaline 

elution kinetics (first order with respect to time); the latter indicating that 

Hg2+ results in a random distribution of single strand breaks in the DNA which 

is also produced by x-rays. 3) The lack of potentiation of DNA strand breaks 

by cytotoxic concentrations of both agents combined. 4) The inverse correlation 

between the cellular level of GSH and the induction of DNA strand breakage caused 

by both agents (19,20). 

The rapid uptake of Hg 2+ into cells combined with its high degree of chemical 

reactivity probably contributes substantially to its depletion of GSH. For 

example, of the toxicologically relevant metals,Hg 2+ has been shown to possess 

a high degree of chemical softness (op), a measure of the ability of a metal to 

form coordinate covalent bonds. However it is extremely interesting that while 

all the metal ions examined,including Cd2t possess a high degree of chemical 

reactivity, only Hg 2+ produced X-ray like effects in cells. These X-ray like 

effects are probably responsible for the acute cytotoxicity of Hg 2+ at the 

cellular level. 
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