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SUMMARY
Photoactivation of bound rose bengal in the presence of oxygen causes
mutations in chinese hamster embryo cells. Visible light by itself can also
cause a slight increase in mutation frequency. Both reactions are amplified
by deuterium oxide. Singlet oxygen reactive compounds, B -carotene and 1,3-
diphenylisobenzofuran diminish the toxic and mutagenic effects, 12-0-
tetradecanoyl-phorbol-13-acetate, a potent tumor promoter, increases the num-
ber of mutants induced by the photodynamic action. The enhancement of muta-
genesis by deuterium oxide and its reduction by specific singlet oxygen
antagonists suggest that this active oxygen species is the direct mutagen.
Active oxygen species such as singlet oxygen, superoxide anions and
hydroxyl radicals are known to be formed in normal biological processes (1,2),
and are toxic to various biological systems in vivo or in vitro (3,4). Sin-
glet oxygen (102) has been shown to be the mediator of many photosensitized
oxidations (5). In such reactions a photosensitizer (Sen) is excited by the
absorbtion of light, and is transformed to the relatively short-lived singlet
state (ISen). 1Sen undergoes spin inversion to the relatively long-lived
species, 3Sen, which is then quenched by ground state triplet molecular oxygen

(302). This energy transfer reaction results in the formation of singlet

oxygen (102) and ground state sensitizer (Sen).

Sen ~—Ez—> 1Sen
lSen > 3Sen
3Sen + 3O2 > Sen + l02

*To whom correspondence should be addressed.

Abbreviations: PBS, phosphate buffered saline (pH, 7.4); DPBF, 1,3-diphenyliso~
benzofuran; TPA, 12-O-tetradecanoyl-phorbol-13-acetate; DMEM, Dulbecco's Modified
Minimum Essential Medium; IFBS, inactivated fetal calf serum (56°C, 30 min.);
Sen, photosensitizer.
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The sensitizer is a photoreactive material whose AE between the triplet and

ground state exceeds 22 Kcal/mole., the AE between oxygen's 102 and 3O2 states.

The excited 102 is then available for reactions with suitable oxidizable mole-

cules.
In the following paper we will present evidence that singlet oxygen can

induce mutations in mammalian cells.

MATERIALS AND METHODS

Chemicals. Chemicals and cell culture reagents were purchased as fol-
lows: Sensitox II, (the photoreactive rose bengal immobilized on polystyrene
beads) from Hydron Laboratories (New Brumswick, N.J.); B-carotene, deuterium
oxide (Dy0), and ouabain from Sigma Chemicals (St. Louis, Mo.). 1,3-diphenyl-
isobenzofuran from Aldrich (Milwaukee, Wis.); and all cell culture media and
reagents from GIBCO (Grand Island, N.Y.). 12-0-tetradecanoyl-phorbol-13-
acetate was kindly supplied by R.K. Boutwell.

Cell Culture. Chinese hamster embryonic lung cells (V79) were cultured
in DMEM (5) supplemented with 10% IFBS. Cells were maintained at 37°C in a
10Z CO, atmosphere. Subcultures were performed using 0.25% trypsin in 0.01%
ethylenediaminetetraacetic acid.

Mutagenesis Assays. Ouabain resistant mutants were isolated from V79
cells which had been exposed to the bound rose bengal in the presence of light.
Briefly, 3X10% V79 cells were plated in 60 mm plastic petri dishes (Falcon)

16 h prior to treatment, in 4 ml DMEM plus 10% IFBS. Cells were washed and
exposed to 100 mg/plate of the bound rose bengal suspended in 2 ml PBS at

24°C in the presence and absence of light. The light source was a 15 watt
fluorescent lamp (Buchler Instruments) approximately 20 cm above the plates,
yielding 150 ft-candles at the cell surface. The light caused no increase in
temperature under these conditions. After exposure, the plates were washed
three times with PBS. FEach plate was then trypsinized, counted and replated
in 10 plates with 3X10° cells per plate in 4 ml DMEM plus 10% IFBS. One
hundred cells were also seeded in each of 4 plates per point for determination
of cytotoxic effect. Forty-eight hours after treatment, ouabain (final
concentration, ImM) was added to plates being assayed for mutagenicity. Seven
days after plating, cytotoxicity was determined by cloning efficiency in those
plates previously seeded with 100 cells. Cells were fixed in methanol and
stained with Giemsa. Plates being assayed for ouabain-resistant mutants were
fixed and stained 14 days after treatment. Ouabain resistant mutants isolated
at random and grown for one month without ouabain were found to be resistant
to different concentrations up to 1mM.

B-carotene, DPBF and TPA stock solutions were prepared in acetone
immediately before testing. Acetone levels did not exceed 0.027% per plate.
When the effects of D,0 were examined, it was substituted for the Hzo in PBS.

RESULTS AND DISCUSSION

Data presented in Fig. la shows that illumination of V79 cells in PBS

induced a slight increase in the number of mutants above the background. The
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Fig. 1. Time course of photodynamic mutagenicity. Assays were performed as
described under Materials and Methods for the following conditions: D30 in
the dark (A A), PBS in light (O M), Dy0 in light (O @), Sen in light (O@).
Sen and D90 in light (O»‘). Open symbols indicate plating efficiency and
closed symbols indicate mutation frequency.

8Mutation frequency is expressed as number of mutants per 106 surviving cells.

exchanged of HZO with D20 enhanced cell lethality and mutagenicity in the

presence of light. D20 in the dark is somehow toxic but not mutagenic.
Others have also found that extended periods of exposure to visible light in
H20 medium leads to an increase in the mutation frequency of mammalian cells

(7,8). The enhancement effect of D,0 suggests that 1O2 is involved in the

2
toxic mechanism. Light may excite intracellular photosensitive compounds
such as flavins which can be scavenged by ground state oxygen to produce 102.
Previous studies have shown that irradiation of soluble photosensitive
chemicals can cause mutagenicity in bacteria (9,10). The possibility that 102
or a dye derivative or both are responsible for the DNA damage could be
implied. To test unequivocally the hypothesis that 1O2 is the mutagen we used
a bound photosensitizer. Control experiments (data not presented) indicated
that the dye is not eluted from the beads to the medium, cannot penetrate the
cells and is recovered easily from the medium after incubation. No toxicity

or mutagenicity can be demonstrated in the presence of the dye when either

oxygen or light is omitted (Table 1). However, in the presence of all three

462



Vol. 90, No. 2, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Table 1. The enhancement and inhibition of photodynamic mutagenicity
in V79 celis.

Treatment Plating efficiency Number of mutants
(%) per 106 cells per 106 surviving
plated cells
Control (full medium)® 94 0.3 0.3
Sen® 92 0.6 0.6
Sen (N2 atmosphere)b 81 1.3 1.4
b
Sen 29 4.0 12.8
0.1 mM B-caroteneb 72 0.3 1.3
Sen + 0.1 mM B-caroteneb 64 1.3 2.4
SmM DPBFb 80 1.3 1.6
Sen + SmM DPBF" 38 2.6 6.5
Sen® + TPA (0.1 ug/m1)S 28 8.0 26.6
Sen® + TPA (0.5 pg/m1)C 24 10.0 39.1

The experimental conditions are described under Materials and Methods.
aThese treatments were done in the dark.

beells were exposed to these compounds for 30 min. in the presence of light.
CTPA was added immediately after exposure and was present for the remainder
of the experiment.

factors, (Sen, O2 and light), a pronounced mutagenic effect is found which
increased with exposure time (Fig. 1b). It is feasible to assume that a
chemical species is produced outside the cell, and its formation is catalyzed
by light and depends on the presence of Sen and oxygen. To support the
hypothesis that 1O2 which has a lifetime of only 2 ys in HZO medium (11),

causes the mutagenicity, we exchanged H20 with DZO' In this medium, the

lifetime of 10 is increased by a factor of 10 (11), and as expected, the

2

toxicity and mutagenicity are impressively increased (Fig. lb). B-carotene,

a specific 1O2 scavenger (12) and DPBF an l02 trapper (13) inhibit the toxi-
city and mutagenicity effects. TPA, a potent cancer promoter has recently
been shown to increase mutation frequency induced by mutagens in mammalian
cells, while not being itself a mutagen (14). As shown in Table 1, TPA also

enhanced l02 mutagenicity in V79 cells.
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A major question evolves from this study: 1Is 1O2 a carcinogen? Recent
studies in bacterial (15) and mammalian (16) systems have shown that most if
not all carcinogens are mutagens. It was found that many carcinogenic poly-
cyclic hydrocarbons show photodynamic activity (17). Early work showed that
illumination of mice injected with solutions of photosensitive compounds
produced skin tumors, whereas, neither illumination nor sensitizer alone gave
this effect (18). After U.V. irradiation, Epstein (19) noted that skin tumors
developed slower in f-carotene-treated mice compared to untreated controls.

It has been suggested that accumulation of porphyrins in human skin with aging
may result in photodynamic carcinogenesis (18). Bodaness and Chan (20) have
recently suggested that skin cancer caused by U.V. might be mediated by l02.
These studies indicate that the role of singlet oxygen in carcinogenesis

warrants further investigation.
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