
to 540 joule/g. Damage ratings (per- 
centage of leaf and stem necrosis) were 
made after 5 and 20 days, and the ex- 
periments were replicated three times. 
Aging had little effect on the suscep- 
tibility of bean plants, but in honey 
mesquite resistance to damage in- 
creased with aging (Table 3). After 8 
days, bean was several times more sus- 
ceptible than was honey mesquite. 

The mechanism creating toxicity is 
not clear. Energy absorbed by organic 
molecules can result in internal heating 
or even disruption. On the other hand, 
water molecules or other noncritical 
molecules can be excited and transfer 
their energy to the molecules that are 
critically involved in growth. This is, 
obviously, a complex problem that re- 
quires extensive investigation. 

Our studies have demonstrated dif- 
ferential phytotoxicity of radio-fre- 
quency energy at 2450 ?+ 20 Mhz to 
several species at various stages of de- 
velopment. The findings have broad 
implications for the current crises in 
agricultural production and environ- 
mental quality. Widespread practical 
application of radio-frequency energy 
for vegetation control will depend on 
location of particular frequencies of 
radio-frequency fields with specific spe- 
cies effects (the range from 300 to 
300,000 Mhz is available for study), 
on development of equipment for 
focusing energy to a particular zone, 
and on a much better understanding 
of the mechanism of phytotoxicity of 
radio-frequency fields in plants. 

F. S. DAVIS 
J. R. WAYLAND, M. G. MERKLE 

Texas A & M University, 
College Station 77843 
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Free Radical Inhibitory Effect of Some Anticancer Compounds 

Abstract. Conventional tests for polymerization initiated by free radicals in- 
dicate that alkylating agents vary in free radical inhibitory activity from negligible 
to moderately strong; antimetabolites from negligible to weak; hormones, steroids, 
and phenolics from very weak to very strong; and antibiotics from moderate to 
very strong. Vitamins A and C and copper, which potentiate the biological ac- 
tivity of some anticancer compounds, are relatively strong free radical inhibitors. 
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The several classes of anticancer 
compounds are generally believed to 
operate by a variety of mechanisms. In 
recent years, the possible role of en- 
zymes in cancer has received increased 
attention. Because of the presence of 
free radicals (unstable molecules with 
unpaired electrons), some enzymes ex- 
hibit electron spin resonance (ESR) 
signals, and the signals from neoplastic 
cells generally differ very significantly 
from those from normal cells (1). I 
undertook this investigation to deter- 
mine whether some typical anticancer 
compounds were also free radical in- 
hibitors that might block biological re- 
actions involving free radicals. 

During the past 20 years, we have 
studied various classes of inhibitors of 
the polymerization of monomers initi- 
ated by free radicals. I now report re- 
sults obtained by the use of vinyl 
acetate as the monomer and benzoyl 
peroxide as initiator at 70?C since my 
co-workers and I had already established 
with this system correlations (2, 3) be- 
tween the chemical structures of inhib- 
itors and their inhibition factors (4). 
We have previously described our "test 
tube" test (2, 3). Some anticancer com- 
pounds have a very low solubility in 
vinyl acetate, and it was necessary to 
add up to 2 percent by volume of meth- 
anol or ethanol or up to 0.2 percent of 
water to the monomer to increase their 
solubilities (Table 1). 

Whether my inhibition factors (Table 
1) have any quantitative significance in 
biological systems has yet to be estab- 
lished. However, Emanuel and co-work- 
ers have found that certain phenolic 
compounds whicih are strong inhibitors 
of free radicals in my test system and 
which exhibit antitumor and antileu- 
kemic activity in mice reduce the ESR 
signals because of free radicals in can- 
cer cells (5). There is experimental and 
theoretical evidence to suggest that bio- 
logical systems are much more sensitive 
than my test system to a given concen- 
tration of free radical inhibitor. This is 
due to the lower reaction temperature 
and the much higher concentration of 
water in biological systems (which in- 
crease the stability of inhibitor free 
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radicals), and the lower concentrations 
of free radicals in them. 

Data in Table 1 indicate that the 
free radical inhibition factors of various 

alkylating agents vary over a wide 
range. Nitrogen mustard is moderately 
strong for an aliphatic amine; such 
amines are generally weak. Calculations 
indicate that, at concentrations theo- 
retically obtainable from clinical doses 
[0.1 to 0.4 [g/g per day (6)], free radi- 
cal inhibition may be perceptible but 
short in duration because of rapid cat- 
abolysis. Where local concentrations 
are high, substantial inhibition is pos- 
sible. 

L-Phenylalanine mustard (Melphalan) 
has a relatively low free radical inhibi- 
tion factor consistent with its N,N-di- 
substituted aniline structure, which is 
known to exhibit weak inhibition (7). 
The para form of Melphalan is used 
clinically while the meta is almost in- 
active. This is analogous to the activity 
of phenolics and aromatic amines in 
conventional free radical polymerization 
systems, in which the para and ortho 
isomers are relatively strong inhibitors 
while the meta is weak. 

Cytoxan (cyclophosphamide) has al- 
most no free radical inhibitory activi- 

ty, a property consistent with the 
widely held view that this compound 
must be activated in biological sys- 
tems before it will act as an antican- 
cer agent. ThioTepa contains three 
cyclic ethyleneimine groups and one 
sulfur atom. It has a very low inhi- 
bition factor, which nevertheless is 
five times as great as that of Cytoxan. 
The contribution of the imine groups 
or of the sulfur to the inhibition fac- 
tor appears significant but very small. 

Oxophenarsine is a phenol with a para- 
substituted arseno group and an ortho- 
substituted amine, which enhance the 

inhibitory effect. Therefore, it is not 

surprising that oxophenarsine is one of 
the strongest free radical inhibiting al- 

kylating agents. Busulfan (Myleran) 
was the only alkylating agent studied 
that showed no measurable free radical 

inhibitory activity at all. 
Antimetabolites do not appear to be 

free radical inhibitors, except when they 
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contain active substituent groups such 
as thiol. The inhibition factor for 5- 
fluorouracil is below 0.002 min/ppm 
(4) and that for methotrexate below 
0.01 min/ppm. Therefore, both appear 
to be noninhibitors. Of the antimetabo- 
lites studied, only 6-mercaptopurine 
proved a significant inhibitor. Its inhib- 
itory effect is probably largely due to 
its thiol group. 

Three hormones were studied. Di- 
ethylstilbestrol is a relatively strong, 
free radical inhibitor because of two 
phenolic groups which are para-substi- 
tuted with an ethylenic group. If one 
or both of the two ethyl groups were 
converted to a vinyl, a substantial in- 
crease in the inhibition factor would 
occur. Calculations indicate that at 
concentrations theoretically obtainable 
from clinical doses [15 mg/day (6)] 
there is reasonable likelihood of per- 
ceptible free radical inhibition, unless 
catabolysis is extremely rapid. Testoster- 
one and testosterone propionate are 
very weak inhibitors, and their activity 
would appear to be due to their con- 
jugated ethylenic ketone structure. 

Prednisone displays significant but 
weak inhibition, which appears to be 
due to its doubly conjugated ethylenic 
ketone and its isolated ketonic groups. 

n-Propyl gallate is a very strong free 
radical inhibitor and 4-methyl-2,6-di- 
tert-butylphenol is moderately strong 

because of the presence of phenolic 
hydroxyl groups. These compounds in- 
hibit carcinogenesis by compounds like 
p-dimethylaminoazobenzene (8), are ac- 
tive against leukemia and other neo- 
plasms in mice (8, 9), and suppress gly- 
colytic enzymes, lactate dehydrogenase, 
and cytoc&hrome oxidase (9). 

Actinomycin D and mitomycin C are 
very strong free radical inhibitors, on 
a molar basis, because of their amino- 
quinone structure. Actinomycin D in- 
hibits the synthesis of DNA and RNA, 
whereas mitomycin C alkylates DNA 
and RNA, and depolymerizes DNA. 
Svec and Hupta (10) suggested that the 
mechanism of action of mitomycin C 
on the hexose monophosphate shunt in 
rat tumors may be due to its electron- 
acceptance capacity. My results con- 
firm this latter property. Clinically, 
doses of 1 to 2 /Ag/g per day have been 
used, and the drug remains in the tis- 
sues for 75 to 80 hours. Calculations 
based on this data indicate that mito- 
mycin C should exhibit substantial free 
radical inhibition in biological systems. 

Hydroxyurea has the highest free 
radical inhibition factor (2.03 min/ 
ppm) for any organic compound that 
I have so far studied. This result was 
unexpected in that aliphatic amides are 
generally weak inhibitors. Hyroxyurea 
appears to inhibit DNA synthesis in 
certain systems in vivo and in vitro. 

Doses used clinically [1 to 2 g/ day 
(6)] would, in theory, give an average 
initial concentration that would almost 
completely inhibit my test system. Con- 
sequently, hydroxyurea should rapidly 
attack free radicals in biological sys- 
tems anywhere it can permeate within 
330 minutes, the period required for 
complete catabolysis. 

Ethyl carbamate and methylglyoxal- 
bis(guanylhydrazone) do not exhibit 
measurable free radical inhibition. Hill 
and Gordon (11) attributed high bio- 
logical activity to the = C-NHOH moi- 
ety which does not occur in these com- 
pounds but does occur in hydroxyurea. 

Many compounds containing an eth- 
ylenic group conjugated with a carbonyl 
(12) including some steroids (6) possess 
antitumor activity. The free radical in- 
hibition factor of one of the simplest 
aliphatic enealdehydes, crotonaldehyde, 
is 0.062 min/ppm, while that of the 
simplest vinyl ketone, methyl vinyl ke- 
tone, is ~ 0.018 min/ppm. 

There appear to be at least several 
ubiquitous, biologically essential ele- 
ments and compounds, which by them- 
selves have little or no antitumor ac- 
vity, but which will potentiate the ac- 
tivity of other anticancer compounds. 
It has been reported that copper com- 
pounds markedly potentiate the inhibi- 
tion of growth of various tumors in 
mice and rats by antimony nitrolotri- 

Table 1. Free radical inhibition factors of various anticancer compounds using vinyl acetate-benzoyl peroxide system at 70?C. 

Compounds Supplier Solvent 
Concentration 

inhibition 
(ppm) 

Inhibition 
factor 

(min/ppm) 

Nitrogen mustard 
L-Phenylalanine mustard (NSC 8806) 
Cytoxan monohydrate (NSC 26271) 
ThioTepa (NSC 6396) 
Oxophenarsine hydrochloride 
Busulfan (NSC 750) 

5-Fluorouracil 
6-Mercaptopurine (NSC 755) 

Methotrexate (NSC 740) 

Diethylstilbestrol 
Testosterone 
Testosterone propionate 
Prednisone (NSC 10023E) 
n-Propyl gallate 
4-Methyl-2,6-di-tert-butylphenol 

Actinomycin D 
Mitomycin C 

Hydroxyurea (NSC 32065) 
Ethyl carbamate 
Methylglyoxal- 

bis(guanylhydrazone) (NSC 32946) 

Alkylating agents 
Merck Sharp & Dohme 
Burroughs Wellcome 
Mead Johnson; NIH 
Lederle; NIH 
Parke, Davis 
K & K Labs; NIH 

Antimetabolites 
Hoffmann-LaRoche 
Burroughs Wellcome 

Lederle; NIH 
Hormones, steroids, phenolics 

British Drug Houses 
British Drug Houses 
British Drug Houses 
Organon; NIH 
Eastman Kodak 
Eastman Kodak 

Antibiotics 
Merck Sharp & Dohme 
Bristol Laboratories 

Miscellaneous compounds 
Squibb; Bodman Chemicals 
Fisher Scientific 
Riker Labs 

Natural compounds 
Vitamin A alcohol Hoffmann-LaRoche 
L-Ascorbic acid Fisher Scientific 
Methylglyoxal J. T. Baker Chemical 
Coumarin Matheson, Coleman & Bell 
* 0.060 percent, 2,2'2-azobis(isobutyronitrile) was used as initiator instead of benzoyl peroxide. 

2% CH3OH 

0.2% H20 

2% CHSOH 
2% CH3OH 

or C2H.OH 
2% CH3OH 

0.1% H20 

1% H20 + 
2% CH3OH 

1% CH30H 

0-70 
0-80 
0-7200 
0-5200 
0-39 
0-3500 

0-120 
0-47 

0-11 

0-60 
0-1175 
0-980 
0-460 
0-12 
0-100 

0-67 
0-31 

0-4.4 
0-20,000 
0-5.5 

0-30 
0-32 
0-245 
0-100 

0.063 
0.013 
0.00012 
0.00061 
0.085 

<0.0001 

<0.002 
0.031 

<0.01 

0.155 
0.0030 
0.00275 
0.0140 
0.40 
0.064 

0.086 
0.279 

2.03 
<0.00001 
<0.02* 

0.188 
0.076-0.16 
0.0275 
0.057 
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acetate (Sb-71), pyruvaldehyde bis(thio- 
semicarbazone), and 3-ethoxy-2-oxobu- 
tyraldehyde bis(thiosemicarbazone) (13). 
In the presence of divalent copper and 
a suitable reducing agent such as ascor- 
bate, cuprous compounds appear to in- 
hibit carcinogenesis induced by p-di- 
methylaminoazobenzene (14). The free 
radical inhibition factor for copper, in 
the form of acetate or resinate, is 30 
to 40 min/ppm. This is nearly 20 times 
that of the strongest organic inhibitor 
studied (3). 

Many investigators have presented 
evidence in support of the hypothesis 
that there is an interrelation between 
cancer and several vitamins, including 
C and the A, B, E, and K groups (15, 
16). Vitamin A is a relatively strong, 
free radical inhibitor because of its 
five conjugated double bonds. Vitamin 
C is somewhat weaker, and its inhibitory 
activity is probably due primarily to 
its conjugated ethylenic carbonyl struc- 
ture, which appears to be enhanced by 
the acidic enediol group. Its chromo- 
phore is similar to that of crotonalde- 
hyde, but, in contrast to the latter, it 
can act as a reducing agent in redox 
polymerization systems. Thus, under 
one set of conditions, L-ascorbic acid 
can promote the formation of unstable 
free radicals and under another it can 
inhibit them. Large variations in free 
radical inhibition values were obtained 
for L-ascorbic acid probably because 
of its oxidation by air during dissolu- 
tion or reaction with impurities in the 
vinyl acetate. Both of these vitamins are 
generally deficient in cancer patients, 
and they potentiate the antitumor ac- 
tivity of mitomycins, nitrogen mustard 
oxide, triethylene thiophosphoramide, 
Cytoxan, 5-hydroxytryptamide, urethan, 
and radiation. A deficiency of vitamin 
A in animals makes them more sus- 
ceptible to carcinogens, and feeding 
them this vitamin reduces the incidence 
of tumors because of treatment with 
benzo[a]pyrene. Ascorbic acid and de- 
hydroascorbic acid appear to inhibit 
various tumors. Glycolysis and respira- 
tion of the tumor cells are diminished. 

Many coumarin derivatives obtained 
from plants exhibit antitumor activity 
(17). Coumarin (o-coumaric acid lac- 
tone) is a moderately strong, free radi- 
cal inhibitor because of the presence of 
a conjugated ethylenic carboxylate 
group. 

Methylglyoxal and 3-ethoxy-2-oxo- 
butanal (both ketoaldehydes) inhibit 
ascites carcinoma, leukemia, and lym- 
phosarcoma in mice (13, 16); methyl- 
glyoxal inhibits succinate dehydrogen- 
ase, and the polymerization step in 
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protein synthesis in sarcoma 180 ascites 
cells. Their free radical inhibitory ac- 
tivity is due to their conjugated car- 
bonyl groups. Methylglyoxal (Table 1) 
is apparently deficient in cancer and 
may be the active component of the 
growth retarder retine. 

Several ubiquitous compounds (cop- 
per, vitamins A and C, and- ketoalde- 
hydes), which either suppress the 
growth of cancer or enhance the carci- 
nocidal effect of other anticancer com- 
pounds, show substantial free radical 
inhibition. Many other natural com- 
pounds also appear to be free radical 
inhibitors as a result of their chemical 
structures. Most synthetic anticancer 
compounds that I studied displayed sig- 
nificant inhibitory activity. Thus, free 
radical inhibitors would appear to play 
some important role in the biochem- 
istry of the normal cell and in the sup- 
pression of cancerous growth. 

Commoner et al. (18) and Emanuel 
(9) have shown that free radicals occur 
during the course of activity of oxida- 
tion-reduction enzymes and in almost 
all stages of glycolysis, respiration, and 
certain other oxidations. Borg (19) has 
presented evidence for the existence of 
free radical forms of hormones. Conse- 
quently, the free radicals associated 
with enzymes and hormones are poten- 
tial targets for the free radical inhibi- 
tors described here. 

Previous investigators have found 
that free radicals are formed when liv- 
ing tissue is irradiated with high energy 
radiation, and, when the dose is suffi- 
ciently high, carcinogenesis occurs. The 
host is often protected with free radical 
scavengers when being treated with 
radiation. Scavengers such as butylated 
hydroxytoluene and 2-mercaptoethyl- 
amine also increase the mean life span 
of unirradiated mice by 13 to 45 per- 
cent (20). Vithayathil et al. (21) and 
Nagata et al. (22) observed by ESR 
abnormal free radicals in homogenates 
from animals or cultures previously 
treated with carcinogens, but the exact 
role of these free radicals has not yet 
been established. Some phenolic com- 
pounds inhibit both free radical polym- 
erizations and the growth of certain 
neoplasms. In both cases, the phenols 
react with free radicals. For example, 
the ESR signals due to free radicals in 
certain neoplasms in mice have been 
suppressed by n-propyl gallate (5). 
These observations, as well as those in 
previous paragraphs, are consistent 
with the hypothesis that in normal 
cells there is a balance between un- 
stable free radicals and free radical in- 
hibitors (and their resulting stable free 

radicals), which probably involves sev- 
eral or many different reactions. An 
excess of unstable free radicals will 
tend to induce reactions that will result 
in carcinogenesis, whereas free radical 
inhibitors will tend to restore the bal- 
ance and inhibit cancer. If this hypoth- 
esis is correct, the addition of adequate 
amounts of certain nontoxic free radi- 
cal inhibitors to the human diet may 
reduce the incidence of some types of 
cancer (23). 

K. K. GEORGIEFF 
Research Laboratories, Gulf Oil Canada 
Ltd.-Shawinigan Chemicals Division, 
Ste-Anne-de-Bellevue, Quebec 

References and Notes 

1. S. J. Wyard, Proc. Roy. Soc. London Ser. A 
302, 355 (1968). 

2. K. K. Georgieff and G. S. Shaw, J. Appl. 
Polymer Sci. 5, 212 (1961); K. K. Georgieff, 
K. G. Blaikie, R. C. White, ibid. 8, 889 (1964). 

3. K. K. Georgieff, ibid. 14, 1907 (1970). 
4. This is a measure of the relative inhibitory 

effect. By definition, the inhibition factor is 
the time, in minutes, by which the spon- 
taneous polymerization of pure vinyl acetate 
is delayed by the addition of 1 ppm of in- 
hibitor. Vinyl acetate containing various con- 
centrations of each inhibitor is polymerized. 
The time required to reach a spontaneous 
boil is plotted against concentration of 
inhibitor. The initial part of the curve is a 
straight line and its slope, expressed in 
min/ppm, is measured. 

5. N. M. Emanuel and T. E. Lipatova, Doklady 
Akad. Naiik SSSR 130, 221 (1960), N. M. 
Emanuel and E. A. Neifakh, ibid., p. 453. 

6. F. E. Knock, Anticancer Agents (Thomas, 
Springfield, Ill., 1967), pp. 109, 172, 192, 206, 
209. 

7. W. R. Yates and J. L. Ihrig, J. Amer. Chem. 
Soc. 87, 710 (1965). 

8. N. M. Emanuel and L. P. Lipchina, Acta 
Unio Int. Contra Cancrum 20, 103 (1964). 

9. N. M. Emanuel, Proc. Int. Congr. Blochem. 
5th Moscow 4, 58 (1961). 

10. J. Svec and S. Hupka, Biochem. Pharmacol. 
13, 1663 (1964). 

11. R. B. Hill, Jr., and J. A. Gordon, Exp. Mol. 
Pathol. 9, 71 (1968). 

12. V. A. Chernov, V. B. Piskov, Y. A. Sorkina, 
L. G. Litkina, V. B. Litkina, Vop. Onkol. 8 
(5), 24 (1962). 

13. Su-Yin Chang, Pe-Yung Mao, Pin Hsu, Yao 
Hsueh Hsueh Pao 10 (10), 594 (1963); J. G. 
Cappuccino, S. Banks, G. Brown, M. George, 
G. S. Tarnowski, Cancer Res. 27A, 968 
(1967); H. G. Petering, H. H. Buskirk, J. 
A. Crim, ibid., p. 1115; J. A. Crim and H. 
G. Petering, ibid., p. 1278. 

14. A. Gemant, Grace Hosp. Bull. 43 (1), 3 
(1965). 

15. R. R. Bodkhe and V. P. Mital, Antiseptic 
62, 669 (1965). 

16. J. A. Crim, H. H. Buskirk, H. G. Petering, 
Cancer Res. 27A, 1109 (1967). 

17. A. L. Tsetlin, G. K. Nikonov, I. F. 
Shvarev, M. G. Pimenov, Rast. Resursy 1, 
507 (1965). 

18. B. Commoner, J. J. Heise, B. B. Lippincott, 
R. E. Norberg, J. V. Passonneau, J. Town- 
send, Science 126, 57 (1957); B. Commoner, 
B. B. Lippincott, J. V. Passonneau, Proc. 
Nat. Acad. Sci. U.S. 44, 1099 (1958). 

19. D. C. Borg, Proc. Nat. Acad. Sci. U.S. 53, 
633, 829 (1965). 

20. D. Harman, J. Gerontol. 23, 476 (1968). 
21. A. J. Vithayathil, J. L. Ternberg, B. Com- 

moner, Nature 207, 1246 (1965). 
22. C. Nagata, G. Chihara, Y. Tagashira, N. 

Kataoka, Y. Kawazoe, M. Kodama, A. 
Imamura, M. Inomata, Gann 57, 323, 437 
(1966); ibid. 58, 493 (1967); ibid. 59, 289 
(1968). 

23. A list of 81 references to topics discussed 
in this report is available from the author. 

24. I thank NIH for supplying many of the 
anticancer compounds. 

19 February 1971; revised 16 April 1971 

539 


