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Comparative Intestinal and Testes Toxicity
of Four Aminothiols in Irradiated and
Nonirradiated Mice*¥

LINDA STEEL-GOODWIN.t JUNE E. EGAN.§
JUDY M. KENDRICK.§ W. E. JACKSON.€
LILLIE M. HEMAN-ACKAH, and J. M. ECKSTEIN'

) *Radiation Biophysics Department,

- $Radiation Biochemistry Department,
“Computer and Electronics Department,

- and "Veternary Sciences Department,

Armed Forces Radiobiology Research Institute,

Bethesda, MD 20889-5603

ABSTRACT

Intestinal and testicular toxicity in groups of nonirradiated and irradiated
mice were investigated after intraperitoneal injection of aminothiol com-
pounds or saline. Four aminothiols were studied. Three were prodrugs:
WR-2721, WR-3689, and WR-151327 and one was the active form of
WR-2721: WR-1065. Thirty minutes after injection, the mice were sham-
irradiated or bilaterally exposed (whole body) to ®Co y-irradiation at a dose
rate of 1 Gy per min to a total dose of 15 Gy. Four days after injection, mice
were euthanised, and the intestines and testes were removed and histologi-
cally examined. The intestinal crypt cell number was increased in all the
irradiated mice given WR-compounds compared to controls (P < 0.05).
Interestingly, the crypt cell number in nonirradiated mice given WR-1065
was also greater than control or WR-2721 (P < 0.05) treated mice. Germinal

. cell numbers from testes of mice administered aminothiols prior to radia-
tion decreased or did not change. Some swelling of the seminiferous
tubules was also observed. The germinal cell numbers in sham-irradiated

. mice were also less than the controls. Thus, aminothiol addition can pro-
vide limited protection to intestinal crypt cells but not to germinal cells of
the testes in response to y-irradiation. There is also evidence that aminothi-
ols are toxic to the germinal cell laver of the seminiferous tubules when
given to sham-irradiated mice.

* Supported by the Armed Forces Radiobiology Research Institute, Defense Nuclear Agency, under
work unit 04630. Views presented in this paper are those of the authors; no endorsement by the Defense
Nuclear Agency has been given or should be inferred. Research was conducted according to the principles
enunciated in the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Labo-
ratory Animal Resources, National Research Council.

t Address reprint requests to Dr. Linda Steel-Goodwin, Radiation Biophysics Department, Armed
Forces Radiobiology Research Institute, Bethesda, MD 20889-5603.
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Introduction

The scarch tor chemical radioprotec-
tors tor use by physicians and workers in
high radiation areas has been ongoing
even since ionizing radiation was found
to be damaging to cells. The National
Cancer Institute Radioprotectant Screen-
ing Program found that aminothiols
such as WR-151327, WR-3689 and
WR-272]1 are the most eftective radio-
protective agents.>

Hydroxyl radicals (OH), superoxide
(03), hvdrogen peroxide (H,0,),
hvdrated electrons (e,,) and hydrogen
atoms (H) are generally considered the
active species tollowing cell exposure to
iomzing radiation, These species subse-
quently react with cell constituents gen-
erating various free radical pathways
which can damage DNA and essential

enzvmes as well as cause the release of

proteolyvtic enzvies. These mechanisms
ultimately lead to cell death. Alterna-
tively, free radicals can be beneficial by
destroving invading microorganisms and
cancer cells, by assisting in reproduction
(sperm maturation, sperm transportation
and fertilization), and initiating wound
healing processes. Free radicals are also
involved in neurotransmission, iodin-
ation of thyroid hormones and calcium
mobilization of bone.'

The exact mechanism of action of

radioprotectors is yet to be defined. It is
possible that radioprotectors act as free
radical scavengers or terminate free radi-
cal propagation by hydrogen transfer

mechanisms. There is evidence that

chemical protectors act as scavengers of
hydroxyl radicals, reduce oxygen levels
decreasing free radical formation, and
chelate with histones on deoxyribonu-
cleic acid (DNA) and ribonucleic acid
(RNA) shielding them from free radical
attack.” Recent studies using Electron
Spin Resonance (ESR) techniques have
shown that the radioprotector WR-1065
can induce the production of the free
radical nitric oxide, NO.*

STEEL-GOODWIN, EGAN, KENDRICK, TACRSON, HEMAN-ACKAH, AND ECKSTEIN

However, like all drugs, chemical
radioprotectants are themselves toxic at
sutficiently high concentrations.!® For
some radioprotective agents there is a
narrow concentration range between pro-
tection and toxicity. ' Just as certain cells
in the body are more radiosensitive than
others, it is probable that some cells may
he more sensitive to chemical radiopro-
tectants. Since crypt cells of the intestine
and the germinal cells of the testis are
known to be very radiosensitive, these
cells were studied for sensitivity to

chemical radioprotectants.

Aminothiols such as WR-151327.
WR-3689, and WR-2721 are well estab-
lished as intestinal radioprotectors''~'?
but may be chemical toxing of the tes-
tis.!>!” For example, the [iterature
reports radioprotection and cytotoxicity
of the testis by the aminothiol
WR-2721.7* WR-151327, WR-2721,
WR-1063, and WR-3689 were examined
and their effects on intestinal and testes
toxicity were compared. The crypt cells
of the intestine and germinal cells of the
testis were measured histometrically,
four davs post-injection in nonirradiated
and irradiated mice.

Materials and Methods

The aminothiols tested, figure 1, were
obtained from two sources.*t

Male mice CD2F1 cight to 10 weeks
old were also obtained.t Mice were
allowed food and water ad libitum. They
were divided into two groups: nonirradi-
ated and irradiated. Each group was
divided into five subgroups. Each sub-
group had eight mice. All drugs were dis-
solved in sterile saline and injected i.p.
The radioprotectants were added at the

* Drug Synthesiy & Chennstey Branch, Develop-
mental Therapeutics Program, Division of Cancer
Treatment, National Cancer Institute, Bethesda.
MD.

t U.S. Biosciences, Cockenham, PA.

t National Cancer Institute, Frederick, MD.
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CHEMICAL STRUCTURES OF AMINOTHIOLS TESTED

WR-2721

HoN-(CH2) 3-NH-(CH5) 2-S-POgH2

WR-1065

H oN-(CH2) 3-NH-(CH ) o SH

WR-3689

CH 3-HN-(CH2) 3-NH-(CH2) 2-S-PO3H2

WR-151327

FIGURE 1. WR-2721.
WR-1065 and WR-3689
were obtained trom the
National Cancer Insti-
tute, Bethesda MD. and
WR-151327 was obtained
from US Biosciences,
Cockenham, PA.

CH 3-HN-(CH2) 3-NH-(CH2) 3-S-PO3H2

minimum dose required for mice survival
30 davs post-irradiation. The aminothiol
prodrugs WR-2721, WR-3689, and
WR-15327 were administered at a con-
centration of 200 mg per kg body weight
(BW) and the active drug WR-1065 at a
concentration of 80 mg per kg BW. The
control group was injected with saline.
The irradiation procedure was the
same as previously described.'® Mice
were placed in plastic containers approxi-
mately 13 minutes before total-body irra-
diation. They were irradiated in a bilat-
eral “Co y-ray field at a dose rate of 1.0
Gy per min, receiving a total dose of 15
Gy, The nonirradiated mice were treated
identically except for the actual irradia-
tion. Four days later the mice were

euthanised by lethal inhalation of

methoxvtlurane.§ Testes and jejunum
{~1 ¢m long), taken 5 cm from the liga-
ment of Trietz, were immediately
removed and fixed in saline formalin fix-
ative. The tissues were embedded in par-
affin wax, cut at four microns and stained
with hematoxvlin and eosin. A Bioquant
Hipad Digitiser attached to a light micro-
scope was used to measure the circum-
terence and the number of crypt cells in
the intestine. The circumference and
number of cells in the germinal cell laver
of the testes were mcasured in a similar

& Trademark: Metotane. Pitman-Moore, USA.

manner. The microscope slides were
decoded into experimental groups and
the raw data was statistically analysed
using the Kruskal-Wallis Test. Post hoc
cvaluations were made using Dunn’s
Test at the five percent significance
level.

Results

In figure 2A is shown the appearance
of the intestine of a mouse four days after
injection i.p. with saline. The villi are
intact and there are cells visible in the
crypts of Lieberkuhn. Four days after i.p.
injection, the aminothiols caused no his-
tological damage to the intestine. The
appearance of the intestine of a mouse
injected i.p. with the aminothiol,
WR-3689 (200 mg per kg BW) is shown in
figure 2B. The villi are intact and crypt
cells are visible. Four days following 15
Gy whole-body irradiation, the intestine
gzave the typical pictorial image shown in
figure 2C. The villi have become blunted
and crypt cells cannot easily be detected.
When mice were injected with an ami-
nothiol 30 min prior to radiation, the
intestine appears as shown for WR-3689
in figure 2D. The villi are intact, cells can
be identified in the crypts of Lieberkuhn,
and there is new cell growth identi-
fied by more densely populated and
darker staining cells along the villi and
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i the crypts. Similar results were
obtained with WR-2721, WR-1065.
and WR-151327.

Quantitative analysis of the numbers of
crypts showed that i.p. injection of any of
the aminothiols tested 30 minutes prior
to 15 Gy whole-body irradiation resulted
in a significant increase (P < 0.05) in the
number of crypt cells when compared to
the intestines of mice receiving irradia-
tion alone. The mean cell number of
crvpt cells inirradiated intestines = stan-
dard error of the mean (SEM) of eight
mice was 1 = 0.4, The results for the
intestines of eirht mice per group given
aminothiols 30 minutes prior to irradia-
tion are shown in ticure 3B. The crvpt
cell numbers = SEM were 24 = 3 (WR-
2721). 22 = 6 (WR-1065), 30 = 3 (WR-
3689), and 15 = 3 (WR-151327). Measure-
ment of the circumterence of these
intestines showed no significant ditter-
ences between groups (P > 0.03). When
mice were given the aminothiols without
irradiation the mean cell numbers trom
the intestines of mice given WR-2721,
WR-3689. aund WR-131327 showed no
significant change compared to control (P
- 0.05), tigure 3A. However, there was a
significant increase in crvpt cell counts
P 0.03) in mice given WR-1065, the
active dephosphorvlated torm of
WR-2721. WR-1065 is highly toxic, but
the concentration of WR-1065 adminis-

443

tered was equivalent to the concentration
of WR-2721 required for radioprotec-
tion. There was no significant change
in the circumferences of the intestines
(P > 0.05).

An example of a transverse section of
several seminiterous tubules of the testis
from mice injected with saline i.p. and
cuthanised four davs later is shown in fig-
ure 4A. Each seminiterous tubule is sur-
rounded by an outer compact connective
tissue and an inner basement membrane.
Enclosed in the basement membrane are
the specialized germinal epithelium and
Sertoli’'s cells. The distinctive Sertoli’s
cell nucleus is ovoid or angular in shape.
tacilitating its discrimination from the
spermatogenic cell that divides mitoti-
cally to produce several generations of
cells. Intraperitoneal injection of 200 mg
per ke BW WR-3689 caused degeneration
of the germinal cell laver. In tigure 4B is
shown the transverse section of the semi-
niterous tubules from a mouse treated
with WR-368Y. Germinal cells are nor-
mally intermixed with Sertoli's cells
along the basement membrane. In this
case, there are occasional detachments of
these cells. Also noted are small amounts
of proteinaceocus material within the
lumen of the seminiferous tubules.

An example of o transverse section of
the seminiferous tubules from mice
administered saline i.p. and irradiated 30

NONIRRADIATED INTESTINE

180
160
140
120

| S

Q
LI

FIGURE 3. The num-
bers of crypt cells in
intestines of (A) nonirra-
diated and (B) irradiated
mice. Mice were injected
i.p. with saline as control
or with WR-2721,
WR-1065. WR-368Y, or
WR-151327. Each group

Crypt Cells

_mm

IRRADIATED INTESTINE (15 GY)

is the mean = SEM
of eiwrht mice. All data
was analysed by analysis
of variance.

!

Control WR-2721 WR-1088

WR-3889

WR-151327
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min later with 13 Gy is shown in figure
4C. This photomicrograph indicated a
reduction of cells in the germinal laver
and absence of spermatozoa. The cells
present had necrosis characterised by
cvtoplasmic swelling and vacuolization.
Testes of mice injected with WR-3689
and 30 min later exposed to 15 Gy whole-
body irradiation show visible depletion
of the germinal cell laver tour days later,
figure 4D. The results tor WR-2721,
WR-1065, and WR-151327 were similar
to WR-3689.

Four days after injection with ami-
nothiols. nonirradiated mice had less
cells present in the germinal cell layver
tfigure 3). The percentage decrease com-
pared to the control group of eight mice
was 34 percent with WR-2721, 38 percent
with WR-1065, 24 percent with WR-3689,
and 18 percent with WR-131327. The
decrease in germinal cell number was
statistically significant tor WR-2721,
WR-1065, and WR-3689 (P < .05). Sta-
tistically, there was no significant difter-
ence in the circumference of the seminif-
erous tubules of these mice (P > 0.05).

Following irradiation, there was a
decrease in the number of cells present
in the germinal cell laver compared to
nomirradiated mice, (P -7 0.05), figure 3.
There was also a decrease in the germi-
nal cell number trom irradiated mice,
pretreated with WR-2721, WR-1065, and
WR-3689 when compared to the number
of these cells in irradiated controls. This
decrease in germinal cells was 19 percent
for WR-2721, 18 percent for WR-1065,
and 15 percent for WR-3689 (figure 5B).
However, the results in figure 3B show
that compared to irradiated controls,
there is a seven percent increase in the
number of germinal cells in irradiated
mice pretreated with WR-151327. Only

-
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the decrease of 19 percent was significant
for WR-2721 when compared to the con-
trol and WR-151327 (P < 0.05). The semi-
niterous tubules of the irradiated mice
riven WR-2721 and WR-3689 were swol-
len compare to the control mice and
those given WR-1065 and WR-151327 (P
< 0.05).

Discussion

These experiments showed that all the
aminothiols tested were protective to the
mitotic crypt cells in the irradiated intes-
tine. Four davs after injection of WR-2721,
WR-1065, WR-3689. and WR-151327,
there were signiticantly more crypt cells
in the intestines of mice treated with
these aminothiols compared to the intes-
tines of untreated irradiated control mice
(P < 0.03). Experiments by other investi-
rrators have also shown protection of the
intestine by these aminothiols.!'='? The
present study compared the four ami-
nothiols simultaneously in the same
groups of animals and under the same
radiation and experimental conditions.

Review of radiation protectors indi-
cates that more than one mechanism may
be involved in protection in biological
svstems.” Of importance are the mecha-
nisms of interaction ot the aminothiol
radioprotectors with free radicals, since
radiation-induced free radical production
is a major cause of damage following
exposure of biological systems to ioniz-
ing radiation. Recent studies have shown
that the free radical nitric oxide (NO)
readily interacts with and is stabilized by
thiols.? In the intestine, it has been
shown that WR-1065 induces the produc-
tion of NO."* WR-2721 has also been
shown to induce NO' in the intestine:
however, the ettect of this drug is time

FIGURE 4.

{A) The testis from a mouse injected with saline i.p. and euthanized 4 days later. (B) The

testis of a mouse injected i.p. with WR-3689 (200 mg per ke BW) and euthanised four days later. (C) The
tests of a mouse four days after 15 Gy whole-body irradiation trom a "'Co yeray source. (1) The testis from
a monse four days after WR-3689 (200 my per kg BW i.p.) 30 minutes prior to whole-body exposure to

y-radiation from a "’Co source.
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i j WR-151327.

FiGUere 5. The num-
ber ot germinal cells in
the seminiferous tubules
of the testes of (A) nomir-
radhated and (B) irradi-
ated mce. Mice were
mjected i.p. with saline as

control or with WR-2721,
WR-1065, WR-3689 or

Control WR-2721 WR-1065

dependent, occuring as the WR-2721 iy

dephosphorviated to WR-1065. Further-
more, the involvement ot NO in the con-
servation of gastric mucosal integrity has
also been reported.'”

In the present study, our experiments
show WR-1063 increased the number of
crvpt cells (P < 0.05), but injection of the
phosphorviated aminothiols had no sig-
nificant change in crypt cell numbers in
nonirradiated intestine. Theretore. it is
possible that in the intestine the
observed aminothiol/NO relationship
contributes to the observed radioprotec-
tive ettects of aminothiols in this organ.

Unlike the intestine. there was a
decrease in the number of cells counted
in the germinal cell laver of the nonirra-
diated testis, and this was significantly
different for WR-2721, WR-1065, and
WR-3689 (P < 0.05). The seminiferous
tubules of the testes contain two kinds of
cells, germ cells and Sertoli cells (figure 4).

The werm cell group represent the
reproductive cells from the spermatogo-
nial stem cells to spermatozoa. All but the
spermatogonia are emeshed in the cyto-
plasm and are sustained structarally and
nourished by the Sertoli cells.® figure 4.
The specialized junctions which attach
the Sertoli cells in the seminiferous
tubules constitute a blood-testis barrier
against exogenous substances.” Sper-
matogonia have free access to blood-
borne nutrients and xenobiotics as they

WR-3669 WR-151327

are located in the basal compartment
texternal to the barrier), and these are the
cells which after several mitotic divisions
move across the barrier to the luminal
compartment to ditterentiate into prelep-
totene spermocytes.”

The chelating properties of WR-2721,
WR-1065, WR-3689, and WR-151327
mitke it probable that thev bind to met-
als and intertere with the synthesis of
nucleoproteins by reducing the availabil-
ity of sulfhydryvl donors uniquely
required by germ ceils. The germ cells of
the seminiterous tubules contain not only
variants of histones found in somatic tis-
sue but have at least five basic proteins
rich in sulthyvdryl containing amino acids
unique to the germ cells.!

WR-151327 has been found to be less
destruc'ive to the germinal cell laver
than WR-3689, which was less than
WR-2721, with WR-1065 heing the most
destructive (figure 3). Cytotoxicity of the
testes has been reported in nonirradiated
mice given WR-2721" and
WR-151327.'3!% but our literature search
revealed no studies carried out with
WR-1065 or WR-368Y.

At four days post-irradiation, none of
the aminothiols injected protected the
testes trom radiation damage. There was
no significant change (P > 0.03) in cell
number when WR-151327, WR-3689, and
WR-1065 were injected and a significant
decrease (P < 0.05) in the cell numbers
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from the irradiated control group when
WR-2721 was injected 30 min prior to
irradiation. Our results on WR-2721 are
supported by Meistrich et al,” and our
differences with other projects’™? can be
explained by the experimental condi-
tions, the concentration of aminothiol

administered, and how “protection” of

the testis is assessed. WR-151327
decreased the number of cells measured
in the germinal cell layer in irradiated
mice after 10 Gy irradiation and mea-
sured 10 days later;!> however, our
experiments showed no significant
change (P > 0.05), suggesting that the
damage to the testes increases with time.

In conclusion, our experiments show
that aminothiol addition can provide lim-
ited protection to intestinal crypt cells
but not to germinal cells of the testes in
response to y-irradiation. Furthermore,
thece is also evidence that aminothiols
are toxic to the germinal cell laver of the
seminiferous tubules when given to
nonirradiated mice.
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