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Gossypol, a Hyperthermic Sensitizer of HeLa Cells1
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ABSTRACT

Gossypol, a polyphenolic aldehyde extracted from cotton
plants, is a potent antifertility agent in humans. Since we have
previously reported that several male antifertility agents including
5-thio-D-glucose and lonidamine demonstrate hyperthermic sen

sitizing effects in HeLa cells, we wished to determine whether
gossypol also exhibits the hyperthermic sensitization. Gossypol
was not cytotoxic up to 4 h at 37Â°C(10 /Â¿g/ml).When HeLa cells
were exposed to gossypol at 41 Â°and 42Â°C,significant potentia-

tion of hyperthermia induced cytotoxicity was observed. The
magnitude of the potentiation was dependent on the drug con
centration, pH of the culture medium, glucose concentration,
temperature, and duration of treatment. The hyperthermic sen
sitizing effect of gossypol was increased by an acidic pH and
glucose deprivation. These data suggest that the sensitizing
effect of the drug may be mediated through the lowering of
cellular energy level by the inhibition of both glycolysis and
oxidative phosphorylation.

INTRODUCTION

Gossypol is a polyphenolic compound occurring in the pigment
glands of cotton plants. Gossypol first attracted attention as a
potential male contraceptive as a result of extensive studies in
China (1, 2). Although the mechanism of contraceptive action,
the pharmacokinetics, and the toxicology of gossypol are not
well defined, an intriguing feature of the antifertility action of
gossypol is that the drug is selectively toxic to testicular tissues
while having no observable effects on other tissues (1, 3-5).

Recent cell culture studies showed that gossypol had antitumor
effects against several tumor cell lines in culture (6-9). Tumor
cells sensitive to the drug contained high levels of lactate dehy-

drogenase, especially the cathodic forms (7). Biochemical studies
of gossypol have shown that the principal action of the drug is
an inhibition of glycolytic and mitochondrial bound enzymes and
interference of ion transport (10-15).

We have previously reported in a series of cell culture studies
on HeLa cells that several antifertility agents possess a hyper
thermic sensitizing effect (16-19). 5-Thio-o-glucose, the ana
logue of D-glucose, selectively enhances the cytotoxic effect of

hyperthermia on hypoxic tumor cells (16, 17). We reported that
lonidamine, indazole carboxylic acid, a potent antispermatogenic
agent, was a hyperthermic sensitizer of tumor cells in culture
and in in vivo murine tumors (18). Lonidamine is thought to exert
its cellular mechanism of cytotoxicity through the inhibition of
mitochondrial bound hexokinase (7). Since gossypol is a known
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antispermatogenic agent and interferes with the energy metab
olism in the cell, we wished to determine whether gossypol also
potentiates the cytotoxic effects of hyperthermia in HeLa cells.
If the drug proved to be a hyperthermic sensitizing agent, we
wished to define the culture conditions needed to maximize the
effect.

MATERIALS AND METHODS

Experiments were carried out with HeLa S-3 cells grown in Eagle's

minimal essential medium supplemented with 10% fetal calf serum.
Details of the cell culture procedures including the maintenance, the
trypsinization, and the test for contamination with mycoplasma of cul
tures are described elsewhere (18, 20).

Plated monolayer cells were heated to within 0.05Â°C of the desired

temperature by totally immersing plastic culture flasks in a water bath
heated by a Haake Model 52 temperature circulator. Water bath tem
peratures were verified by a National Bureau of Standards thermometer.

The pH of the culture medium was adjusted by varying the CO2
content of the gas phase within the flasks. The buffering system of
Eagle's minimal essential medium consisted of 26 mw NaHCO3 at 5%

CO2 for a neutral pH of 7.4. To obtain a pH of 6.7, for example, the
flasks were flushed with the gas mixtures containing 26% CO2. The pH
of the culture medium was monitored throughout the treatment proce
dures by sealing a combination electrode (Altex combination pH elec
trode) in a treatment vessel and monitored with a temperature-compen

sated digital pH meter (Altex Model 3560).
The "glucose-deprived" medium was prepared by adding 10% dialyzed

fetal calf serum to the culture medium without glucose obtained from
Grand Island Biological Co. The dialyzed fetal calf serum contained less
than 1 mg glucose/100 ml so that the final concentration of glucose in
the glucose-deprived medium was less than 0.001 mg/ml.

Gossypol was purchased from Sigma Chemical Co. The compound
was dissolved in dimethyl sulfoxide immediately prior to experiments.
Dimethyl sulfoxide produced no enhancement of hyperthermic cytotox
icity with the range studied. The gas mixtures were purchased from
Matheson Gas Products (East Rutherford, NJ).

RESULTS

Effect of Gossypol on Cell Multiplication. Preliminary exper
iments were carried out to determine the effect of gossypol on
cell division. Exponentially growing HeLa cells were exposed to
the drug for 72 h at 37Â°C.Control cells grew exponentially with

a doubling time of approximately 19 h. Cells exposed to drug
concentrations of 5,10, and 20 ng/ml grew exponentially for the
first 24-h period and then remained stationary. The growth curve

of cells treated at a gossypol concentration of 2.5 Â¿Â¿g/mlwas not
significantly different from the control for the initial 24-h incuba
tion; however, at incubation times greater than 24 h, a length
ening of doubling time was observed (Chart 1). The growth rate
of the cells exposed to 1.25 ^g/ml was the same as that of the
control cells.

Effect of Gossypol on Cell Survival at Elevated Tempera
ture. Chart 2 shows the survival curves of cells as a function of
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Chart 1. Effect of gossypol on cell multiplicationas a function of time at 37Â°C.
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Chart 2. Effect of gossypol on heat sensitivity (Â°C)of cells under acidic or

neutral pH conditions. The drug was present only during heating. Cell survival is
expressed as a percentage of unheated control cells. The plating efficiency of
control cells was 60-70% throughout the study.

exposure time under various pH conditions and drug concentra
tions. The survival curves of cells incubated at 37Â°Cwith gos

sypol, 5 and 10 ng/m\, for up to 4 h show no appreciable drug
toxicity under acidic or neutral conditions. Since the drug con
centrations and exposure time of 4 h did not show any detectable
toxicity at 37Â°C,we selected these treatment conditions for the

subsequent studies at elevated temperatures. It is apparent that
the cytotoxic effect of hyperthermia on drug-treated cells was
most pronounced under acidic conditions. The dose-dependent

effect of the drug is clearly shown in Chart 3. For example, at
10 fig/m\ and 2 h exposure at 42Â°C,cell survival is reduced to

1% under acidic condition. Heat treatment alone reduces cell
survival to only 50% of the control.

Effect of Gossypol on Glucose-deprived Cells. Since gos

sypol has been reported to interfere with cellular energy metab
olism (1, 2), experiments were performed to determine the influ
ence of glucose on the cytotoxic effect of gossypol. Chart 4
shows the results of experiments under glucose-fed and -de
prived conditions at pH 7.4. Incubation at 37Â°Cwith gossypol,

1(Vg/ml, for 4 h under glucose deprivation produced no appar
ent cytotoxicity. However, when these cells were heated at 42Â°C

for 4 h with gossypol, 10 ng/m\, a substantial increase in cell
killing was seen in glucose-deprived cells. The survival of glu-

2468
Gossypol (Â¿ig/ml)

10

Chart 3. Percentage of cell survival as a function of gossypol concentration for
cells exposed at 42Â°Cfor 2 h under acidic or neutral pH conditions.
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Chart 4. Effect of gossypol on survival of glucose-deprived cells exposed at

42Â°Cunder neutral pH.

cose-fed cells exposed to the same treatment was approximately
10% while that of glucose-deprived cells was about 1%. It

appears that deprivation of glucose from cells can further en
hance the cytotoxic effect of gossypol at elevated temperature.

DISCUSSION

The results of the present study demonstrate that gossypol is
a hyperthermic sensitizer of HeLa cells. In particular, the hyper-
thermic sensitizaron becomes increasingly evident when heated
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cells are exposed to both gossypol under low pH and a glucose-

deprived state (Charts 2, 3, and 4).
The degree of the increased cell kill produced by gossypol

under acidic pH and progressive temperature elevations is im
pressive (Chart 2). Similar findings of the pH dependence for the
drug's effect were previously obtained with both lonidamine, an

antifertility agent, and quercetin, a lactate transport inhibitor (18,
21). We have suggested in earlier publications that the sensiti-

zation of tumor cells to hyperthermia under low pH can be
understood in the context of the energy equilibrium of the cell
(18, 21-23). The accelerated metabolic demands of the hyper-

thermic state cannot be adequately met if the cell is deenergized
accordingly. The rate of cell kill is increased under the conditions
which produce an energy-depleted state. An acidic medium pH
increases cellular energy demands, as the cell increases proton
efflux through homeostatic mechanisms. A failure to restore the
pH will further reduce the intracellular energy level by inhibiting
glycolysis (24-26). In this context, it is conceivable that the
treatment of cells by gossypol impairs cellular energy production
through uncoupling of oxidative phosphorylation (10).

The hyperthermic potentiation produced by gossypol under
glucose-deprived conditions is impressive even at a neutral
medium pH (Chart 4). The mechanism involved may also be
understood in the context of the cellular energy equilibrium. If
gossypol uncouples oxidative phosphorylation, the deprivation
of glucose in culture media of gossypol-treated cells results in a

total blockade of ATP production rendering the cells extremely
energy depleted and thereby sensitive to heat. We have obtained
similar results in glucose-deprived cells with another mitochon-
drial-binding agent, rhodamine 123 (27).

Gossypol has been shown to possess differential cytotoxic
effects against various human tumor cells in culture. Among
them, most sensitive to the drug were melanoma and colon
carcinoma cells (7). If gossypol is found to have certain selective
cytotoxic effects against tumor cells in vivo without undue normal
tissue toxicity, it may have potential utility as a hyperthermic
sensitizer, because the microenvironment of large tumors may
favor the selective hyperthermic effects of gossypol by virtue of
an acidic interstitial pH.

ACKNOWLEDGMENTS

The authors thank Sandra R. Picene for able technical assistance.

REFERENCES

1. National Coordinating Group on Mate Antifertility Agent (China). Gossypolâ€”a
new antifertility agent for males. Gynecol. Obstet. Invest., 10: 163-176,1979.

2. National Coordinating Group on Male Antifertility Agents. A new contraceptive
drugâ€”cotton phenol (gossypol). Chin. Med. J. (Peking), 8: 455-458,1980.

3. Jackson, H. Gossypol. In: S. L. Jeffcoate and M. Sandler (eds.), Progress

towards a Male Contraceptive II, Vol. 8, pp. 145-157. New York: John Wiley

and Sons, Ltd., 1982.
4. Kalla, N. K. Gossypolâ€”the male antifertility agent. IRCS Med. Sci. Libr.

Compound., 70: 766-769,1982.
5. Sang, G. W. Effect of gossypol on male reproduction. In: Hormones in Normal

and Abnormal Human Tissues. Vol. Ill, pp. 215-249. Berlin: Walterde Gruyter,

1983.
6. Haspel, H. C., Ren, Y. F., Watanabe, K.A., Sonenberg, M., and Corin, R. E.

Cytocidal effect of gossypol on cultured murine erythroleukemia cells is pre
vented by serum protein. J. Pharmacol. Exp. Ther., 299: 218-225,1984.

7. Tuszynski, G. P., and Cossu, G. Differential cytotoxic effect of gossypol on
human melanoma, colon carcinoma, and other tissue culture cell lines. Cancer
Res., 44: 768-771,1984.

8. Wong, R. C., and Rao, P. N. Effect of gossypol on DNA synthesis and cell
cycle progression on mammalian cells in vitro. Cancer Res., 44: 35-38,1984.

9. Ye, W. S., Liang, J. C., and Hsu, T. C. Toxicity of a mate contraceptive,
gossypol in mammalian cell cultures. In Vitro (Rockville), 79: 53-57,1983.

10. Abou-Donia, M. B., and Diechert, J. W. Gossypol: uncoupling of respiratory
chain and oxidative phosphorylation. Life Sci., 74:1955-1963,1974.

11. Adeyemo, O., Chang, C. Y., Segal, S. J., and Koide, S. S. Gossypol action on
the production and utilization of ATP in sea urchin spermatozoa. Arch. Andrai.,
9:343-349, 1982.

12. Tso, W. W., Lee, C. S., and Tso, M. Y. W. Sensitivity of various spermatozoal
enzymes to gossypol inhibitor. Arch. Andrai., 9: 31-32,1982.

13. Tso, W. W., and Lee, C. S. Variations of gossypol sensitivity in boar sperma
tozoal electron transport chain segments. Contraception, 24: 569-576,1981.

14. Reyes, J., Allen, J., Tanphaichitr, N., Bellve, A. R., and BeÃ±os,D. J. Molecular
mechanism of gossypol action on lipid membranes. J. Biol. Chem., 259:9607-

9615,1984.
15. Hong, S. K., Haspel, H. C., Sonenberg, M., and Goldinger, M. Effect of gossypol

on PAH transport in the rabbit kidney slice. Toxicol. Appi. Pharmacol., 71:
430-435,1983.

16. Kim, J. H., Kim, S. H., Hahn, E. W., and Song, C. W. 5-Thio-D-glucose
selectively potentiate hyperthermic killing of hypoxic tumor cells. Science
(Wash. DC), 200: 206-207,1978.

17. Kim, S. H., Kim, J. H., and Hahn, E. W. Selective potentiation of hyperthermic
killing of hypoxic cells by 5-thio-o-glucose. Cancer Res., 38:2935-2938,1978.

18. Kim, J. H., Kim, S. H., Alfieri, A. A., Young, C. W., and Silvestriâ„¢,B. Lonidamine:
a hyperthermic sensitizer of HeLa cells in culture and of Meth-A tumor in vivo.
Oncology (Basel), 41 (Suppl. 1V 30-35,1984.

19. Floridi, A., Paggi, M. G., D'Atri, S., DeMartino, C., Marcante, M. L., Silvestrini,

B., and Caputo, A. Effect of lonidamine on the energy metabolism of Ehrlich
ascites tumor cells. Cancer Res., 41:4661-4666,1981.

20. Kim, S. H., Kim, J. H., Hahn, E. W., and Ensign, N. A. Selective killing of
glucose and oxygen-deprived HeLa cells by hyperthermia. Cancer Res., 40:
3459-3462,1980.

21. Kim, J. H., Kim, S. H., Alfieri, A. A., and Young, C. W. Quercetin, an inhibitor
of lactate transport and a hyperthermic sensitizer in HeLa cells. Cancer Res.,
44:102-106,1984.

22. Haveman, J. The pH of cytoplasm as an important factor in the survival of in
vitro cultured malignant cells after hyperthermia. Effect of carbonyl-3-chlorc-
phenylhydrazone. Eur. J. Cancer, 73:1281-1288,1979.

23. Haveman, J., and Hahn, G. M. The rote of energy in hyperthermia-induced
mammalian cell inactivation: a study of the effect of glucose starvation and an
uncoupler of oxidative phosphorylation. J. Cell. Physiol., 707: 237-241,1981.

24. Danforth, W. H. Activation of glycolytic pathway in muscle. In: B. Chance and
R. W. Easterbrook, (eds.), Control of Energy Metabolism, pp. 287-297. New

York: Academic Press, Inc., 1965.
25. Moor, R. D., Fidelman, M. L., Hansen, J. C., and Otis, J. N. The role of

intracellular pH in insulin action. In: R. Nuociteli! and D. W. Deamer (eds.).,
Intracellular pH; Its Measurement, Regulation and Utilization in Cellular Func
tions, Kvoc Foundation Series, Vol. 15, pp. 406-407. New York: Alan R. Uss.

Inc. 1982.
26. Newsholme, E. A., and Leech, A. R. Biochemistry for the Medical Sciences,

pp. 519-520. New York: John Wiley and Sons, 1983.
27. Kim, J. H., Kim, S. H., and Alfieri, A. A. Interaction of hyperthermia and

rhodamine 123 in HeLa S-3 cells in culture. Int. J. Hyperthermia, in press,

1985.

CANCER RESEARCH VOL. 45 DECEMBER 1985

6340

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2420441/cr04512p16338.pdf by guest on 19 M

ay 2023




