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ABSTRACT

We have demonstrated that S-2-(3-aminopropylamino)ethylphos-

phorothioic acid (WR2721) administered to mice 30 min prior to a
relatively low dose of ionizing radiation is effective in protecting against
radiation-induced carcinogenesis and subsequent life shortening. Female
C57BL/6JANL x BALB/cJANL F, mice, 200 per group, were exposed
to gamma radiation at a dose of 206 cGy. Additional groups of 200
animals were sham treated, given injections of 400 mg/kg of WR2721,
or administered WR2721 and the irradiated with MCo photons at doses

of 206 cGy or 417 cGy. Mice were treated at 110 days of age. They were
housed five to a cage and were checked daily throughout life. All deceased
animals were necropsied, and tissues were removed and fixed for histo-
pathological analysis. Over 90% of the animal deaths were due to tumor
involvement. WR2721 afforded significant protection (/' = 0.0016)
against radiation-induced malignancies (i.e., a total of 164 tumor codes
were used) following a dose of 206 cGy. Protection against lymphoreticu-
lar tumors in particular was significant (/' = 0.0165). Subsequent survival
time in WR2721-protected animals (compared with matched irradiated
controls) was extended by 65 days. Mice irradiated with 417 cGy follow
ing administration of WR2721 exhibited a response similar to those
irradiated without the protector at a dose of 206 cGy (P = 0.26).
Cumulative survival curves for unirradiated mice were unaffected by a
single dose of WR2721. These data indicate a potential novel benefit for
radioprotectors in cancer therapy. WR2721 and similar aminothiols may
be effective adjuvants for reducing the risk of therapy-induced secondary
cancers in patients who have an excellent prognosis for cure and long-
term survival.

INTRODUCTION

Radiation and chemotherapy are two established weapons in
the arsenal of anticancer treatments. These agents have, how
ever, associated mutagenic and carcinogenic properties (1-3)
that can enhance the risk of therapy-induced secondary tumors
in patients having potentially curable disease (4-6).

Recently, investigators have reported that the radioprotector
WR27213 can inhibit the development of radiation-induced

sarcomas (7). WR2721 and its corresponding free thiol,
WR1065, have been found to exhibit antimutagenic (8-11),
anticlastogenic (12), and antitransforming (13, 14) properties
in rodent systems. Of considerable interest was that, while the
antimutagenic effect was achievable when WR1065 was admin
istered following exposure of cells to either radiation (8, 11) or
m-diamminedichloroplatinum(II) (9), no concomitant protec
tion against cytotoxicity was observed. In addition, signifi
cant protection against radiation-induced transformation in
C3H10T'/2 mouse embryo cells was afforded by WR1065 at a
dose 4-fold less than that required for protection against cell
killing (14).
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Although radioprotector compounds such as glutathione,
mercaptoethylamine, and cysteine have been found to be effec
tive in protecting against radiation-induced life shortening and
carcinogenesis in rodents (15,16), their potential use in humans
is limited. In contrast, WR2721 has been investigated in clinical
trials as an adjuvant with radiation (17, 18) and chemotherapy
(19-21). This interest stemmed from early reports using an
animal model which suggested that WR2721 can selectively
protect normal (as compared with neoplastic) tissues from the
acute toxic effects of radiation or selected chemotherapeutic
agents (22). While the efficacy of this approach in cancer
treatment is still under investigation, the potential use of radi
oprotectors such as WR2721 to reduce the risk of therapy-
induced secondary tumors in patients having potentially curable
disease is an intriguing possibility. For this reason we have
extended our studies on the radioprotective effects of WR2721
to include an investigation into its ability to protect against life
shortening due to the carcinogenic effects of ionizing radiation.

MATERIALS AND METHODS

Mice. A C57BL/6JANL x BALB/cJANL F, hereafter called
(B6CF,) mouse system was used in these studies (23). Two hundred
female animals at 110 Â±7 days of age were used in each experimental
group. Experimental groups included a saline-injected, unirradiated
control; a WR2721-injected, unirradiated control; a saline-injected 206
cGy-irradiated group; a WR2721-injected, 206 cGy-irradiated group;
and a WR2721-injected, 417 cGy-irradiated group. Considerable data
have been published on the effects of these radiation doses without
WR2721 on life shortening and carcinogenesis in the B6CFi mouse
system (24). Thus, a historical database is available for interexperimen-
tal comparisons. Consistent with previous studies (23, 24), animals
were housed five per cage, maintained in animal rooms having a 200-
cage capacity, and given access to food and water at all times. Temper
ature and humidity were controlled to 72 Â±4Â°Fand 50 Â±10% relative

humidity. A 12-h light/dark cycle was used.
Radiation Protector. WR2721 was dissolved in sterile saline just prior

to use. Thirty min before irradiation, animals were given injections i.p.
of 400 mg/kg of WR2721. This dosage approximates two-thirds the
toxic 50% lethal dose. Under these conditions, no protector-related
deaths were observed.

Irradiation Procedure. Groups of 80 animals were exposed to whole-
body irradiation by MCo T-rays, with each mouse unrestrained in a

polyethylene container. Regardless of the total dose, the exposure time
was limited to 20 min. All radiation doses are presented as cGy to the
midline of the mouse; midline-absorbed doses were measured in tissue-
equivalent mouse phantoms. All control animals were sham irradiated
and handled in the same manner as were the radiation-exposed groups.

Biological Endpoints. Following irradiation, animals were returned
to their cages. All operational logistics, cage assignments, and locations
in the holding rooms were controlled by computer and randomized.
Because excess mortality in this hybrid mouse system following expo
sure to relatively moderate doses of radiation is attributable to neoplas
tic disease in 90% of the cases (23-25), life shortening was used as an
initial measure of the tumorigenic properties of the irradiation. Daily
death checks were carried out, and obviously moribund animals were
removed and sacrificed. Of the 1000 mice entered into this experiment,
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Fig. 1. Survival curves for female B6CF, mice irradiated with 206 cGy and
controls. Animals were exposed at 110 days of age and were monitored until
death. All data used in the construction of these curves represents deaths attributed
to neoplastic disease, as determined by gross analysis at necropsy. Data were
analyzed using the Wilcoxon test; irradiation versus control, P - 0.001: irradiation
+ VVR2721 versus control, P = 0.009; and irradiation versus irradiation +
WR2721,/> = 0.004.
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Fig. 2. Survival curves for female B6CF, mice irradiated with 206 cGy only or
417 cGy following injection with WR2721 and un irradiated controls. Data were
analyzed using the Wilcoxon test; 206 cGy versus control, P = 0.001; 417 cGy +
WR2721 versus control. P = 0.001; and 206 cGy versus 417 cGy + WR2721, P
= 0.26.

necropsies were performed on 92%; no necropsies were performed on
the remaining 8% because of factors such as cannibalization, decom
position, and accidental loss. Tissues from approximately 80% of the
animals in each group were suitable for histopathological examination.
Because of financial restrictions, only selected groups have been ana
lyzed. Histopathological analysis was performed on a contract basis by
Pathology Associates, Inc. (IIT Research Institute, Chicago, IL). Analy
sis of previous experiments on radiation-induced carcinogenesis in this
mouse system has established that histopathology confirms 97% of the
tumors suspected at autopsy and 96% of the tumors considered to be
the cause of death at postmortem examination (25).

Statistical Methods. We compared the mortality experienced by
animals given protector prior to irradiation with that of animals ex
posed only to radiation. The time from initial exposure until death was
the variable used for all statistical analyses. Kaplan and Meier (26)
survival curves (27) were used to describe the patterns of mortality. In
the life-shortening analyses, a death from any cause was considered an

event. In the tumor analyses, only neoplastic deaths were considered
events. Mice dying from other causes (e.g., decomposed, cannibalized,
escaped) were included in the analyses but were treated as censored
observations; that is, they provided information (days at risk for exhib
iting the event of interest) up to their censoring time but were not
counted as events. The generalized Wilcoxon test, distributed as a x2>

was used to identify significant differences (heterogeneity) among sur
vival curves (28). All analyses were performed on an IBM 3033 com
puter at the Argonne National Laboratory, using the LIFETEST pro
cedure in the SAS software package (29).

RESULTS

Survival curves describing the pattern of mortality from all
causes (life shortening) for the unirradiated control and 206
cGy-irradiated populations, administered either 400 mg/kg of
WR2721 or saline only, are presented in Fig. 1 for comparison.
Irradiation significantly shortened the life span (P = 0.001);
the median survival time was reduced by approximately 115
days. Animals given injections of WR2721 30 min prior to
irradiation lived significantly longer (P = 0.004) than irradiated
animals given injections of saline. The greatest protection was
afforded during the first 800 days of age. The median survival
time of the protected group was shifted by approximately 60
days.

Fig. 2 compares the survival curves for unirradiated control
animals, animals irradiated with a dose of 206 cGy, and animals
given injections of WR2721 and then irradiated 30 min later
with a dose of 417 cGy. WR2721 afforded excellent protection
against life shortening, as demonstrated by the near total over
lap of the survival curves for the two irradiated groups (P =
0.26).

We addressed the issue of concordance between gross and
microscopic evaluations of pathology by comparing the cumu
lative survival curves (a) derived from data representing deaths
attributable to primary tumors as determined at necropsy and
(b) derived from the same data evaluated by histopathological
analysis (Figs. 3 and 4). The near perfect overlap of the survival
curves both with and without WR2721 administration suggests
that the method of pathological evaluation had no effect on the

300 500 700 900 1100 1300

DAYSPOST EXPOSURE

Fig. 3. Comparison of the survival curves for death due to primary tumors
(PR_T) following 206-cGy irradiation, as determined by analysis at necropsy
versus tissue analysis by histopathology (P = 0.9).
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Fig. 4. Comparison of the survival curves for death due to primary tumors
(PR 7") following 206-cGy irradiation following WR2721 administration, as

determined by analysis at necropsy versus tissue analysis by histopathology (P =
0.9).
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Fig. 5. Survival curves resulting from neoplasms, as determined by histopath-

ological analysis of tissues taken from deceased animals that had been irradiated
(206 cGy) either with or without WR2721. Using the Wilcoxon test, the curves
were found to differ at the P = 0.0012 level. PR T, primary tumors.

estimates of mortality from primary neoplasms (Fig. 3, P =
0.9; Fig. 4, P = 0.9).

Cumulative survival curves representing death from any pri
mary tumor (using tumor designations confirmed by histopath-
ological examination) are presented in Fig. 5. A complete listing
of the 164 tumor designations used is contained in Appendix
Table 1. The significant (P = 0.002) separation of the survival
curves demonstrated that protection against radiation-induced

carcinogenesis was afforded to animals by WR2721. At the
median survival times, the two curves were separated by 64
days.

The general class of primary tumors was broken down into
subclasses based on tissue of origin. One such subclass was
designated as any primary lymphoreticular tumor. This tumor
class is highly prevalent in the B6CFi mouse system and in
cludes the following: fibrosarcoma-lymph node; histiocytic leu

kemia; histiocytic lymphoma (reticulum cell tumor, type A);
lymphocytic-lymphoblastic lymphoma; myelogenous leukemia;
plasma cell tumor; undifferentiated leukemia; undifferentiated
lymphoma; unclassified lymphoma; mixed histiocytic-lympho-
cytic leukemia; and mixed histiocytic-lymphocytic lymphoma
(reticulum cell tumor, type B). The survival curves for this
histopathological endpoint (i.e., lymphoreticular tumor) are
presented in Fig. 6. As in the analysis of primary tumors, there
was a significant (P = 0.02) effect of protector on the pattern
of mortality. At the median survival time, mice given WR2721
died from lymphoreticular tumors 59 days later than the group
not provided protector.

Finally, the incidence of non-tumor-associated life shortening
was not found to be influenced by the radiation doses used. The
primary long-term effect we observed following exposure to
ionizing radiation was carcinogenesis.

DISCUSSION

The aminothiol WR2721 is effective in protecting against
the carcinogenesis effects and subsequent life shortening in
duced by relatively low doses of 60Co radiation. These data are

in excellent agreement with earlier reports suggesting that thiols
possess anticarcinogenic properties (7, 15). However, our find
ings extend the previous observations to doses as low as 206
cGy. Using a mixture of thiols (which included glutathione,
mercaptoethylamine, and L-cysteine hydrochloride) and a 250-
kVp X-ray source. Maisin et al. (15) could not demonstrate a
radioprotective effect below a dose of approximately 350 cGy.
Likewise, the work of Milas et al. (7) was limited to acute doses
of localized radiation in excess of 3400 cGy.

The administration of WR2721 30 min prior to a single acute
dose of whole-body radiation was effective in extending the
median survival time by 60 days. To put this enhanced survival
in context, it has been reported that, for the B6CF| strain of
mouse, a single mouse day is equivalent to 36.5 days of human
life (30). Using this relation to extrapolate to a potential effect
in humans, the thiol would delay death by approximately 6
years. From another perspective, the data presented in Fig. 2

= 206 cGy + WR2721
= 206 cGy

300 500 700 900 1100 1300

DAYSPOST EXPOSURE

Fig. 6. Comparison of survival curves due to death from primary lymphoreti
cular tumors (LR T). Using the Wilcoxon test, the curves Â»erefound to differ
at the P = 0.02 level.
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indicate that a single injection of WR2721 30 min prior to
irradiation with 417 cGy gave rise to a mortality pattern nearly
identical to that observed in unprotected animals irradiated
with 206 cGy.

Protection against radiation-induced neoplastic death was
observed when death from any primary tumor (i.e., sarcomas,
carcinomas, and blood-related tumors) was evaluated (Fig. 5).
Protection was also observed at a finer level of pathological
resolution, i.e., lymphoreticular tumors (Fig. 6).

The anticarcinogenic effects of WR2721, as demonstrated in
this system, are consistent with our earlier reports describing
the antimutagenic and antitransforming effects of the free thiol
WR1065 (8-11, 14). WR1065 is the free thiol of WR2721, and
it has been reported to be present at maximal levels in tissues
such as kidney, lung, heart, muscle, brain, spleen, and salivary
gland within 5 to 15 min following injection with WR2721
(31).

A major property of aminothiols such as WR2721 is the
ability to scavenge free radicals. These highly reactive species
are implicated in a variety of deleterious cellular effects, includ
ing the transformation process (32). It is reasonable to expect
that this property accounts in part for the anticarcinogenic
properties exhibited by WR2721. However, this class of com
pounds is also known to affect cellular repair enzymes (33) and
cell cycle progression (34). In addition, the inherent DNA repair
capability of the irradiated cells is known to be a major deter
minant of the ability of thiols to protect against radiation (35,
36). Thus, the antimutagenic and anticarcinogenic properties

of aminothiols may be mediated through a variety of mecha
nisms other than free radical scavenging. These repair-related
processes may be important for the possible use of radioprotec-

tors such as WR2721 as anticarcinogens in cancer therapy.
Such processes could account for the observed effectiveness of
aminothiols as antimutagens, even when they were adminis
tered following irradiation or chemotherapy treatment of cells
under in vitro conditions (8-11).

The demonstration that thiols such as WR2721 possess
significant anticarcinogenic properties in animals irradiated
with low doses of radiation suggests that their potential for use
in cancer therapy is much broader than the original concept of
their use (modulating acute damage caused by therapeutic
agents to dose-limiting normal tissues). Through judicious use
of aminothiols as adjuvants in well-designed therapy protocols,
it may be possible not only to improve therapeutic gain but also
to significantly reduce the risk of therapy-induced secondary
cancers in patients who have an excellent prognosis for cure
and long-term survival.
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APPENDIX

Appendix Table 1 Primary tumors

Fibrosarcoma, lymph node
Histiocytic leukemia
Histiocytic lymphoma (reliculurn cell tumor, type A)
Lytnphocytic-lyniphoblastic leukemia
Lymphocytic-lymphoblastic lymphoma
Myelogenous leukemia
Plasma cell tumor
UndifTerentiated leukemia
Undifferentiatcd lymphoma
Unclassified lymphoma
Mixed histiocytic-lymphocylic leukemia
Mixed histiocytic-lymphocytic lymphoma (RCT. type B)
Hemangioma, spleen, benign
Hcmangioma. lymphoreticular tissue, benign
Hemangioma, ovary
Hemangioma. liver
Hemangioma. connective tissue, benign
Hemangioma. muscle, benign
Sternal marrow vascular tumor, hemangioma
Hemangioma. gastrointestinal tract
Hemangioma. urinary bladder
Hemangioma. uterus
Hemangioma. adrenal
Hemangioma, testis
Angiosarcoma, spleen
Angiosarcoma, lymph node
Angiosarcoma, lung
Angiosarcoma, ovary
Angiosarcoma. kidney
Angiosarcoma, liver
Angiosarcoma. connective tissue
Angiosarcoma. muscle
Angiosarcoma. bone
Angiosarcoma. skin
Angiosarcoma. gastrointestinal tract
Angiosarcoma. urinary bladder
Angiosarcoma, uterus
Angiosarcoma, pituitary
Angiosarcoma. testis
Angiosarcoma. seminal vesicle
Angiosarcoma, nervous system
Angiosarcoma. heart

Angiosarcoma, site to be specified
Fibrosarcoma, spleen
Fibrosarcoma, kidney
Fibroma, liver
Fibroma, connective tissue
Fibrosarcoma, connective tissueL'ndiffcrentiated sarcoma, connective tissue

Fibrosarcoma, muscle
Undiffcrentiated sarcoma, muscle
Fibrosarcoma, bone
Fibrosarcoma, skin
Undifferentiated sarcoma, skin
Fibroma, gastrointestinal tract
Fibrosarcoma, gastrointestinal tract
Fibrosarcoma, urinary bladder
Fibroma, uterus
Sarcoma, undetermined type, uterus
Fibroma, testis
Fibrosarcoma, testis
Fibroma, seminal vesicle
Fibrosarcoma, seminal vesicle
Undiffcrentiated sarcoma, seminal vesicle
Fibroma, nervous system
Meningeal sarcoma, nervous system
Fibrosarcoma, heart
Fibrosarcoma, site to be specified
Undifferentiated sarcoma, site to be specified
Mast cell tumor, connective tissue
Osteoma. connective tissue
Leiomyosarcoma. muscle
Rhabdomyoma. muscle
Rhabdomyosarcoma, muscle
Leiomyoma, muscle
Chondrosarcoma. bone
Osteoma. bone
Osteosarcoma. bone
Odontogenic sarcoma, bone
Neurilemoma. gastrointestinal tract
Leiomyoma. gastrointestinal tract
Leiomyosarcoma, gastrointestinal tract
Leiomyosarcoma. urinary bladder
Leiomyoma. uterus

4128

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/16/4125/2445172/cr0510164125.pdf by guest on 19 M

ay 2023



WR2721 AND RADIATION CARCINOGENESIS

Appendix Table 1â€”continued

Leiomyosarcoma, uterus
Neurilemoma, uterus
Astrocytoma. nervous system
Ependymoma. nervous system
Neurofibroma. peripheral nerve neurilemoma
Neurofibrosareoma. peripheral nerve
Oligodendroglioma, nervous system
Papilloma, choroid plexus, nervous system
Undifferentiated tumor, nervous system
Glioma, mixed, nervous system
Chondrosarcoma. heart
Rhabdomyoma. heart
Rhabdomyosarcoma. heart
Fibroadenoma, site to be specified
Leiomyosarcoma. site to be specified
Medullary neuroblastoma/ganglioneuroma, adrenal
Medullary pheochromocytoma, adrenal

Respiratory system
Alveologenic tumor, benign
Alveologenic tumor, malignant
Cystadenoma

Mammary gland
Adenocarcinoma A (alveolar)
Adenocarcinoma B (ductal. predominantly)
Adenocarcinoma C (fibrosarcoma)
Adenocanthoma
Mammary gland tumor, undetermined type

Adrenal cortical tumors
Cortical carcinoma
Cortical adenoma
Tumor, undetermined cell type

Pituitary
Acidophilic adenoma
Carcinoma
Adenoma

Thyroid
Adenocarcinoma
Adenoma

Uterus
Adenocarcinoma
Adenoma, including papillary type
Squamous cell carcinoma

Testis
Carcinoma
Seminoma
Interstitial cell tumor (Leydig)
Sertoli cell tumor
Embryonal carcinoma

Seminal vesicle
Adenoma
Tumor, undetermined cell type

Harderian gland
Adenocarcinoma
Papillary cystadenoma
Undifferentiated tumor

Kidney
Renal adenoma
Renal tubular tumor, adenocarcinoma
Cystadenoma
Renal papillary cystadenoma
Renal pelvic transitional-cell carcinoma

Urinary bladder
Squamous cell carcinoma
Transitional cell carcinoma

Liver
Adenoma (hepatoma)
Hepatocarcinoma
Hyperplastic nodule
Cholangiocarcinoma
Cholangioma (cholangiomatosis)

Gastrointestinal tract
Adenocarcinoma
Adenoma
Squamous cell carcinoma
Plaque, pyloric region polyp
Polyps
Undifferentiated carcinoma

Skin
Adenoma
Basal cell carcinoma (hair follicle tumor)
Sebaceous gland adenoma
Squamous cell carcinoma
Papilloma

Rare tissues with tumors
Adenocarcinoma. site to be specified
Adenoma, site to be specified
Squamous cell carcinoma, site to be specified

Ovary
Adenocarcinoma
Adenoma
Cystadenoma
Granulosa cell tumor
Papillary adenoma
Undifferentiated carcinoma
Tubular adenoma
Luteoma (thecoma)
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