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ABSTRACT

Administration of cyclophosphamide at a dose which is lethal to 10%
of control athymic nude mice resulted in sudden death within 3 h in all
mice that had been pretreated with the glutathione synthesis inhibitor i -
buthionine-57?-sulfoximine. In Fischer 344 rats pretreated with L-buth-
ionine-SA-sulfo\imine, the cyclophosphamide dose producing 100%
acute toxicity was lowered from 500-150 mg/kg; cardiac monitoring
revealed ventricular fibrillation to be the cause of death. These and
additional studies reported demonstrate that cytoplasmic glutathione is
an important protectant against the cardiac and skeletal muscle toxicity
of cyclophosphamide and indicate that such toxicity may be substantially
increased by glutathione depletion. Since diet and many drugs (including
cyclophosphamide itself) are known to affect glutathione levels, the
present studies suggest that cardiac and skeletal muscle glutathione
content is likely to be a clinically significant determinant of the frequency
and severity of the adverse drug interactions and systemic toxicity some
times observed during cyclophosphamide therapy.

INTRODUCTION

Although the dose-limiting cardiotoxicity of cyclophospha
mide is well documented (1-8), the mechanisms mediating
cardiac sensitivity and protection from this alkylating agent
remain unclear. As the principal nonprotein intracellular thiol,
glutathione is known to protect cells from a variety of exoge
nous electrophiles including bifunctional alkylating agents; glu
tathione may therefore play an important role in the protection
of cardiac tissue from cyclophosphamide. The ability of BSO3
(9) to selectively inhibit 7-gIutamylcysteine synthetase, the en
zyme catalyzing the first reaction of glutathione synthesis (9,
10), has greatly facilitated studies of the protective role of
glutathione and has afforded investigators the opportunity to
define the therapeutic and toxic consequences of glutathione
depletion. Soble and Dorr (11) recently demonstrated that
cyclophosphamide treatment of CD-I mice following BSO-
mediated depletion of glutathione resulted in sudden death
within hours of alkylator administration. Although these inves
tigators did not identify a mechanism responsible for this
toxicity, they speculated that death was due to neurotoxicity as
evidenced by seizure activity.

We now report studies confirming enhanced toxicity of cy
clophosphamide in BSO-pretreated athymic nude mice and
Fischer 344 rats. Combination therapy caused sudden cardiac
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deaths due to ventricular fibrillation within 3 h in all animals.
Reduction in the dose of cyclophosphamide prolonged survival
to 24-72 h, with death then resulting from renal tubular cell
injury secondary to massive skeletal muscle damage. These
studies demonstrate that glutathione plays a major role in the
protection of cardiac (and skeletal) muscle from cyclophospha
mide toxicity and suggest that this toxicity may be controlled
by pharmacological interventions allowing normal or supranor
mal cardiac glutathione levels to be maintained during cyclo
phosphamide therapy.

MATERIALS AND METHODS

Animals

Male or female athymic BALB/c-nu/nu mice (6 weeks or older) were
used for survival studies and for histolÃ³gica! and serological toxicity
experiments. Mice were maintained as previously described (12) ac
cording to the Duke Animal Review Board guidelines. Fischer 344 SPF
adult rats (250-275 g) (Charles River Co., Raleigh, NC) were used for
survival studies and for studies of cardiovascular status.

Cyclophosphamide Therapy (Mice)

Cyclophosphamide (Bristol Laboratories, Syracuse, NY) was admin
istered to mice as a single i.p. injection in a volume of 90 ml/m2 of

0.9% saline. The dose ranged between 25 and 100% of the calculated
LD,o(1391 mg/m2), which was previously determined by log-probit

analysis (13).

BSO Regimen (Mice)

L-Buthionine-SÃ„-sulfoximine, synthesized as described (10), was dis
solved to 100 mM in 0.9% saline and administered to mice by i.p.
injection (2.5 mmol/kg) at 12-h intervals for seven doses with concom
itant availability in acidified drinking water (pH 3.0) at a concentration
of 20 mM.

Toxicity Studies (Mice)

Dose Response. Groups of 18-40 mice were treated with cyclophos
phamide at 25-100% of the LD,0(0.25-1.0 LD|0) and were monitored
daily for survival. Animals treated with BSO received cyclophospha
mide 4-6 h after the seventh dose of BSO.

HistolÃ³gica!Studies. Groups of 4-12 mice were treated with (a) BSO
alone, (b) cyclophosphamide (0.5 LD,0) alone, (c) cyclophosphamide
(0.5 LD,o) following pretreatment with BSO, or (d) saline (control).
All mice in each group were sacrificed 48 h following administration
of BSO (Group 1), cyclophosphamide (Groups 2 and 3), or saline
(Group 4). At the time of sacrifice, lung, liver, kidney, heart, skeletal
muscle (right thigh), brain, small intestine, cecum, and colon were
removed and fixed in formalin for subsequent histolÃ³gica!evaluation.

Hearts and skeletal muscle from four animals in each group were
also quick-frozen in liquid Freon cooled by liquid nitrogen and mounted
in gum tragacanth. Six-Â¿imsections were cut and stained with hema-
toxylin and eosin and for NADH-tetrazolium reducÃase.The skeletal
muscle from the BSO plus cyclophosphamide group was also stained
for myosin ATPase at pH 9.4.
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Hearts and skeletal muscle from four to five animals in each of the
treatment groups were fixed by immersion in 4% glutaraldehyde buff
ered by sodium cacodylate. Four control hearts, five hearts from BSO
plus cyclophosphamide-treated animals, one control skeletal muscle,
and three skeletal muscles from BSO plus cyclophosphamide-treated
animals were rinsed in buffer, dehydrated in graded alcohols, cleared
in propylene oxide, and embedded in Epon. Sections were examined
with a Philips EM 410 electron microscope.

An additional cohort of six mice was treated with cyclophosphamide
(1.0 LDio) following pretreatment with BSO and was sacrificed at 2.5
h following administration of cyclophosphamide (BSO-pretreated mice
die from drug toxicity beginning about 3 h following administration of
cyclophosphamide). The hearts were removed, fixed in formalin, and
sections were cut and stained with hematoxylin and eosin and with
Heidenhain's variant of Mallory's connective tissue stain for histolÃ³gi

ca! evaluation.
Serological Studies. Six to 12 additional mice in each of the four

treatment groups were anesthetized with sodium pentobarbital 2.5 h
(1.0 LD10cyclophosphamide experiments) or 48 h (0.5 LD10cyclophos
phamide experiments) following administration of cyclophosphamide,
and blood was obtained by open cardiac puncture. Serum sodium,
potassium, calcium, and blood urea nitrogen levels were measured with
an ASTPA-8 (Beckman Instruments, Inc., Somerset, NJ). Alanine
aminotransaminase levels were measured with a Parallel Analytical
System (American Monitor Corporation, Indianapolis, IN). Creatine
phosphokinase levels (total and isoenzyme fractions) were measured by
Roche BiomÃ©dicalLaboratories, Inc., Burlington, NC.

Dechlorocyclophosphamide and Phosphoramide Mustard Treatments.
Dechlorocyclophosphamide, synthesized as described (14), was admin
istered as a single Â¡.p.injection in 0.9% saline at a dose of 1026 mg/m2
(equimolar to the 1.0 LD,0dose of cyclophosphamide) or 3078 mg/m2
in a volume of 90 ml/m2 to six mice pretreated with BSO or 0.9%

saline. Phosphoramide mustard, provided by the Pharmaceutical Re
search Branch of the National Cancer Institute, was administered as a
single i.p. injection in 0.9% saline at a dose of 1712 mg/m2 (equimolar
to the 1.0 LD10dose of cyclophosphamide) or 5136 mg/m2 in a volume
of 90 ml/m2 to six other mice pretreated with BSO or 0.9% saline. All

animals were monitored daily for survival.
Cardiac Glutathione Measurements. Two groups of six mice each

were treated with either BSO or 0.9% saline, respectively, and sacrificed
4-6 h after the final BSO injection. The hearts were rapidly removed,
opened, washed with 0.9% saline at 0Â°C,and placed on ice. Glutathione

levels were measured as previously described (15) by the method of
Tietze (16) as modified by Griffith (17).

The contribution of the RBCs remaining in the heart to the measured
glutathione values was determined by measurement of the cardiac
vascular volume. RBCs labeled with 99mTcwere injected i.v. into mice
(approximately IO6 cpm/mouse); 30 min later the animals were bled,

and the hearts were removed, opened, and washed in saline. Whole
blood aliquots and hearts (opened, rinsed, and weighed) were removed
from saline or BSO-treated mice and counted in an Autogamma Scin
tillation Spectrometer (Packard Instruments, Downers Grove, IL);
blood volume/g of washed heart was calculated from the results. The
cardiac glutathione values reported are corrected for glutathione con
tributed by the blood.

Skeletal Muscle Glutathione Measurements. Two groups of four mice
each were treated with either BSO or 0.9% saline and were sacrificed
4-6 h after the final BSO injection. The right thigh muscles were
rapidly removed and placed on ice. Glutathione levels were measured
as described above.

Survival and Cardiac Monitoring Studies (Rats). Survival studies were
repeated in rats which were treated with cyclophosphamide with or
without prior administration of BSO. The BSO regimen was identical
to that used in the mouse experiments. The cyclophosphamide doses
ranged between 50 and 600 mg/kg administered by i.p. injection in
0.9% saline in a volume of 20 ml/kg. Rats were monitored for survival,
and cyclophosphamide doses which produced death within 3-4 h were
determined with or without prior treatment with BSO.

For studies of cardiac functions, BSO- or saline-pretreated rats were
anesthetized by i.p. injection of 20% urethane in water (1-1.25 g

urethane/kg). Animals were then secured, and cannulas were inserted
in the trachea and in the left carotid artery. Animals were artificially
ventilated throughout the study to prevent hypoxia due to respiratory
suppression or arrest. Blood pressure was monitored by a Statham
P23AA pressure transducer (Nato Rey, PR) attached to the carotid
artery cannula and recorded on a physiograph (Grass Instruments,
Quincy, MA). Heart rate was measured from the lead II electrocardi
ogram.

Glutathione Measurements following Cyclophosphamide, BSO, or
Cyclophosphamide plus BSO (Rats). Tissue glutathione levels were
determined in rats used for the cardiovascular function studies and also
in rats that were similarly treated with BSO and/or cyclophosphamide
but were not anesthetized or instrumented for cardiovascular monitor
ing. Monitored animals treated with BSO and cyclophosphamide died
in ventricular fibrillation (see "Results"), and tissues were removed and

homogenized within 15 min after death. All other animals were killed
at the times indicated by decapitation, and tissues were removed and
homogenized as rapidly as possible (30 s to 3 min). All tissues were
homogenized in five volumes (weight/volume) of 1% picric acid. After
centrifugation, portions of the supernatants were analyzed for total
glutathione as described (17).

RESULTS

Effect of Glutathione Depletion on the Survival of Cyclophos
phamide-treated Mice. Administration of BSO to athymic mice
for 3.5 days decreased skeletal muscle glutathione levels 95%
from 0.56 Â±0.11 (SD) nmol/g in untreated controls to 0.03 Â±
0.02 Â¿Â¿mol/g.Treatment with BSO decreased cardiac glutathi
one levels 94% from 1.04 Â±0.09 Â¿Â¿mol/gin untreated controls
to 0.06 Â±0.02 fimol/g. As described in "Materials and Meth
ods," cardiac glutathione values are corrected for the glutathi

one content of sequestered blood. Thus, the vascular volume of
the opened and washed hearts, determined with "Tc-labeled

RBCs, was 57 ju'/g> and whole blood glutathione levels were
643.6 /Â¿Mand 434.8 pM in control and BSO-treated mice,
respectively.

Administration of cyclophosphamide at the previously deter
mined LD|o(1391 mg/m2) for control mice resulted in death of

all animals within 3 h (Table 1). Reduction of the cyclophos
phamide dose to 0.5 LDio in BSO-pretreated animals prolonged
survival to 24-72 h, with only 10% of the animals surviving 72
h. Cyclophosphamide at a dose of 0.25 LD10was not associated
with mortality. Animals treated with cyclophosphamide alone
(LD,o) demonstrated no acute toxicity, but 15% of the total
died within 10 days following drug administration. Vehicle- or
BSO-treated animals demonstrated no mortality.

Histologie Analysis of Tissues from Mice Given BSO and/or
Cyclophosphamide. No significant lesions were noted in tissues
from the control mice or from mice given cyclophosphamide
(0.5 LD,o) or BSO alone. In the mice receiving BSO plus

Table 1 Survival of athymic mice following cyclophosphamide, BSO, or
cyclophosphamide plus BSO (summary of all toxicity experiments)

BSOÂ°Yes

No
YesYesYesCyclophosphamide

(dose)*No

Yes (LD,o)
Yes (LD,â€ž)
Yes (0.5 LD.o)
Yes (0.25 LD,o)Survival40/40

34/40
0/36
4/40

18/18Time

of death
following

cyclophosphamide7-

10 days
~3h24-72

h

' BSO was administered by Â¡.p.injection (2.5 mmol/kg) in 0.9% saline (22.5
mg/ml) at 12-h intervals for 7 doses, with concomitant availability in acidified
drinking water (pH 3.0) at a concentration of 20 HIM.

'' Cyclophosphamide was administered as a single i.p. injection in a volume of
90 ml/m2 of 0.9% saline, with doses ranging from 0.25-1.0 LD10 (1391 mg/m2).
In combination therapy experiments, cyclophosphamide was administered 4-6 h
following the final dose of BSO.
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cyclophosphamide (0.5 LD,0), lesions were restricted to the
skeletal muscle and kidney and were inconsistent from animal
to animal. In two of four animals the skeletal muscle had a
number of enlarged hypereosinophilic myocytes that had a
granular and vacuolated cytoplasm. Pyknotic and karyorrhectic
nuclei were observed. The kidney of one mouse had moderate
to severe nephrosis characterized by acute necrotic tubular
epithelial cells. Many tubules were filled with homogeneous
brightly eosinophilic casts. A second animal had very few ne
crotic tubular epithelial cells in the kidney accompanied by a
small number of eosinophilic casts. The skeletal muscle and
kidney lesions were noted in the same animals.

Frozen sections of the skeletal muscle from control mice and
mice given cyclophosphamide alone also showed no abnormal
ities. The skeletal muscle from one of the animals treated with
BSO alone had a focal area of fiber degeneration and increased
internal nuclei. Frozen sections of the skeletal muscle from
three of four mice given BSO plus cyclophosphamide revealed
distorted, predominantly type 2, myofibers (Fig. 1). Electron
microscopy of these tissues showed that there was loss of
sarcomere definition and clustering of mitochondria (Fig. 2).

Frozen sections of hearts from control mice or from mice
given BSO alone, cyclophosphamide alone (0.5 LD,0), or cyclo
phosphamide (0.5 LDio or 1.0 LDio) plus BSO showed no
histologie evidence of injury or necrosis. Electron microscopy
of two of the hearts from control mice and three of the hearts
from mice given cyclophosphamide (0.5 LD,0) plus BSO
showed mitochondrial swelling but no other abnormalities.

Serological Studies. Serological studies performed on BSO-
pretreated mice 2.5 h following administration of cyclophos
phamide (1.0 LD|0) revealed no significant differences in the
sodium, potassium, calcium, blood urea nitrogen, alanine ami
notransferase, or creatine phosphokinase levels from those
found in mice treated with cyclophosphamide alone, BSO alone,
or vehicle (Table 2).

Serological studies performed on BSO-pretreated mice 48 h
following administration of cyclophosphamide (0.5 LD|0)
showed marked differences in potassium, blood urea nitrogen,

and creatine phosphokinase levels from those found in mice
treated with cyclophosphamide alone, BSO alone, or vehicle
(Table 3). There was clear evidence for massive skeletal muscle
damage with elevation of mean creatine phosphokinase to
53,498 IU/liter (MB fraction of 5.8%). Renal failure was evi
dent, with elevations of the mean blood urea nitrogen to 117
mg/dl and of the potassium to 10.4 mmol/liter. No differences
in these values were found in cyclophosphamide-, BSO-, or
vehicle-treated mice, nor were there any differences for calcium,
sodium, or alanine aminotransferase levels in cyclophospha
mide-, BSO-, vehicle-, or cyclophosphamide plus BSO-treated
mice.

Effects of Dechlorocyclophosphamide or Phosphoramide
Mustard Treatment. Administration of dechlorocyclophos-
phamide (1026 mg/m2, a dose equimolar to the cyclophospha
mide LDio dose) to saline- or BSO-pretreated mice did not
result in any deaths (or weight loss). Administration of dechlo-
rocyclophosphamide at a 3-fold higher dose (3078 mg/m2)
resulted in one of six BSO-pretreated animals dying 48 h
following treatment with dechlorocyclophosphamide. None of
the saline-pretreated animals died (Table 4). Administration of
phosphoramide mustard (1712 mg/m2, a dose equimolar to the
cyclophosphamide LD,0dose) to BSO-pretreated mice resulted
in five of six animals dying within 5-12 h. There were no deaths
among saline-pretreated animals. Administration of the higher
dose (5136 mg/m2) resulted in five of six mice dying within 1
h in both the BSO- or saline-pretreated groups.

Effect of Clutathione Depletion on the Survival of Cyclophos-
phamide-treated Rats. Administration of cyclophosphamide
(200 mg/kg) to unanesthetized Fischer 344 rats caused mod
erate depletion (29-43%) of glutathione levels in liver, pancreas,
atrium, and ventricle; kidney was unaffected (Table 5). Admin
istration of BSO caused severe glutathione depletion (85-95%)
in all tissues examined. Administration of cyclophosphamide
to BSO-pretreated rats caused further depletion of glutathione;
tissue glutathione levels were reduced to 1.8, 0.4, 1.6, 0.6, and
2.4% of control in kidney, liver, pancreas, atrium, and ventricle,
respectively. Anesthetized rats given cyclophosphamide and

Fig. I. Skeletal muscle showing marked
disorganization in type 2 fibers (dark). Myosin
ATPase, pH 9.4. Initial magnification, x 250.
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Fig. 2. Left, a normal muscle fiber; right, a
fiber with dissolution of the myofibrils. Skele
tal muscle. Initial magnification, x 4400.

|L

Table 2 Serological analysis ofathymic mice 2.5 h following treatment with cyclophosphamide (1.0 LD,0), BSO, saline, or cyclophosphamide (1.0 LD,0) plus BSO

TreatmentCyclophosphamide"

BSO'

Vehicle
Cyclophosphamide plus BSOSodium

(mmol/liter)155(153-157)*

153(152-153)
156(150-158)
153(151-155)Potassium

(mmol/liter)5.0

(4.0-5.5)
5.0 (4.5-5.5)
4.6 (4.4-4.8)
4.3 (4.0-4.7)Calcium

(mmol/liter)8.5

(8.3-8.7)
9.1 (8.8-9.4)
9.2 (8.9-9.5)
8.5 (8.3-8.7)Blood

urea
nitrogen

(mg/dl)27

(25-28)
19(14-23)
26(18-30)
21 (17-25)Alanine

amino-
transferase
(U/liter)37

(32-44)
35 (32-36)
44 (32-52)
33 (32-36)Creatine

phosphokinase
(IU/liter)472(165-878)

481 (278-804)
214(156-272)
220 (145-295)Creatine

phospho
kinase,

MB fraction(%)7.3

8.7
8.0
6.0

" Cyclophosphamide was administered as a single i.p. injection in a volume of 90 ml/m2 of 0.9% saline at a dose of 1391 mg/m2 (1.0 LDi0).
* Values shown are means and, in parentheses, ranges for 6-12 mice.
e BSO was administered by i.p. injection (2.5 mmol/kg) in 0.9% saline (22.5 mg/ml) at 12-h intervals for 7 doses, with concomitant availability in acidified drinking

water (pH 3.0) at a concentration of 20 mM.
* Cyclophosphamide was administered 4-6 h following the final dose of BSO.

Table 3 Serological analysis ofathymic mice 48 h following treatment with cyclophosphamide (0.5 LD10), BSO, saline, or cyclophosphamide (0.5 LD,a) plus BSO

TreatmentCyclophosphamide"

BSOf

Saline
Cyclophosphamide"* plus BSOSodium

(mmol/liter)148(145-151)*

151 (149-153)
147(143-151)
146(139-153)Potassium

(mmol/liter)4.9
(4.8-4.9)

4.9(4.6-5.1)
5.1 (4.8-5.3)

10.4(9.1-12.0)Calcium

(mmol/liter)9.6
(9.2-10.0)

9.5 (9.3-9.8)
9.6 (9.3-9.8)
8.6 (7.3-9.3)Blood

urea
nitrogen

(mg/dl)35

(30-38)
37 (32-40)
33(22-41)

117(106-129)Alanine

amino-
transferase
(units/liter)30

(24-39)
34 (29-37)
33(31-39)
31 (29-40)Creatine

phosphokinase(IU/liter)144(37-105)

214(123-375)
245 (81-554)

53,490(20,117-117,404)Creatine

phospho
kinase,

MB fraction(%)6.0

5.4
6.35.6

Â°Cyclophosphamide was administered as a single i.p. injection in a volume of 90 ml/m2 of 0.9% saline at a dose of 696 mg/m2 (0.5 LD|0).
* Values shown are means and, in parentheses, ranges for 6-12 mice.
' BSO was administered by i.p. injection (2.5 mmol/kg) in 0.9% saline (22.5 mg/ml) at 12-h intervals for 7 doses, with concomitant availability in acidified drinking

water (pH 3.0) at a concentration of 20 mM.
d Cyclophosphamide was administered 4-6 h following the final dose of BSO.

subjected to cardiovascular monitoring exhibited somewhat
lower tissue glutathione values than did unanesthetized rats
given cyclophosphamide alone; the additional loss of glutathi
one is probably attributable to the use of urethane as anesthetic
(data not shown). Rats pretreated with BSO and then anesthe
tized, instrumented for measurement of cardiovascular func
tion, and then given cyclophosphamide died acutely (see below).
Tissues from those rats showed very low glutathione levels
comparable to the values shown in Table 5. (It is noted that

valid glutathione measurements cannot generally be made on
tissue samples obtained more than a few minutes postmortem;
the consistency of the data in the present instance is undoubt
edly due to the fact that the glutathione levels were very low
initially and thus not subject to statistically significant post
mortem depletion.)

Administration of cyclophosphamide to unanesthetized rats
produced dose-dependent mortality; rats receiving > 500 mg/
kg died within 4 h. Pretreatment with BSO dramatically low-
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Table 4 Short-term (<72 It) survival of mice treated with
dechlorocyclophosphamide or phosphoramide mustard (Â±BSO)

Dechloro
cyclophosphamide'

BSOÂ°(mg/m2)No

No
Yes
Yes
No
No
Yes
YesYes

(1026)
Yes (3078)
Yes (1026)
Yes (3078)
No
No
No
NoPhosphoramide

mustard0
(mg/m2)No

No
No
No
Yes (1712)
Yes (5 136)
Yes (1712)
Yes (5 136)Survival6/6

6/6
6/6
5/6
6/6
1/6
1/6
1/6CommentsDeath

at 48hDeaths

at 1 h
Deaths at 5-12 h
Deaths at 1 h

" L-BSO was administered by i.p. injection (2.5 mmol/kg) in 0.9% saline (22.5
mg/ml) at 12-h intervals for 7 doses, with concomitant availability in acidified
drinking water (pH 3.0) at a concentration of 20 mivi.

'' Dechlorocyclophosphamide was administered at the dosage indicated (paren
theses) as a single i.p. injection in a volume of 90 ml/m: of 0.9% saline 4-6 h

following the last dose of BSO.
' Phosphoramide mustard was administered at the dosage indicated (parenthe

ses) as a single i.p. injection in a volume of 90 ml/m2 of 0.9% saline 4-6 h

following the final dose of BSO.

ered the minimum cyclophosphamide dose causing acute death
to about 150 mg/kg (Table 6). To determine the physiologicaj
basis of the acute toxicity, animals were pretreated with saline
or BSO for 3 days and then anesthetized, given cyclophospha
mide (150 mg/kg), monitored for cardiovascular function, and
continuously mechanically ventilated. Animals given cyclo
phosphamide alone exhibited normal heart rate, blood pressure,
and electrocardiograms for at least 3 h as compared to untreated
controls (Table 7; Fig. 3, la-c). Animals pretreated with BSO
exhibited generally normal cardiac function before receiving
cyclophosphamide, although there was a moderate decrease in
systolic blood pressure (Table 7; Fig. 3, 2a). Administration of
cyclophosphamide to the glutathione-depleted rats caused pro
gressive cardiac deterioration beginning 1-2 h following cyclo
phosphamide administration (Fig. 3, 2b-g). All five rats receiv
ing BSO plus cyclophosphamide died acutely. Times to death
were 113, 158, 165, 200, and 240 min with all but one rat dying
in ventricular standstill. Arrest of spontaneous respiration, a
sign of cerebral ischemia, occurred 7-35 min before death as
the systolic blood pressure dropped below 60 mm Hg. Table 7
summarizes the data relating to cardiac function for all rats
treated with BSO plus cyclophosphamide; the data are ex
pressed on the basis of time before death to allow for the fact
that survival ranged from about 2-4 h following cyclophospha
mide administration. Rats exhibited progressive myocardial
ischemia, as shown by the elevated segments in the electrocar-
diographic tracings beginning about 25 min before death (Fig.
3, 2c), and complete atrioventricular conduction block, with
periods of ventricular standstill (Fig. 3, 3a). The voltage of the
R wave was markedly decreased 25 and 15 min before death
(Fig. 3, 2c and 2e); such changes are suggestive of myocardial
depression with loss of ventricular contractility. There was

evidence of nodal rhythms, (Fig. 3, 2d), and agonal idioventric-

ular rhythms (Fig. 3, 2f, 2g, and 3b) preceding asystole that
occurred 160 min after cyclophosphamide administration.

DISCUSSION

Cardiac damage including endothelial damage and hemor-
rhagic myopericarditis is the dose-limiting toxicity of cyclo
phosphamide in patients receiving autologous or allogeneic
bone marrow transplants (1-5). This toxicity is most frequently
seen following administration of cyclophosphamide at doses
>240 mg/kg. Cardiac damage following lower cyclophospha
mide doses (180 mg/kg) has been reported, however, and is
seen primarily (but not exclusively) in patients receiving com
bination therapy with other antineoplastics, particularly 6-
thioguanine, 1-0-D-arabinofuranosylcytosine, and BCNU (3,5).
Animal studies are consistent with these clinical observations.
Administration of cyclophosphamide (240 mg/kg as a single
dose) to rhesus monkeys produced fatal myocardial damage (6),
and administration of high-dose cyclophosphamide (500 mg/
kg) to dogs (equivalent on a surface area basis to 240 mg/kg in
humans) produced electrocardiographic evidence of myocardial
damage within 2 h and caused death 4-6 h following drug
injection (7). Acute deaths (60% within 8 h) secondary to
cyclophosphamide (600 mg/kg) have also been reported in
Swiss Webster mice; the investigators postulated cardiac and/
or pulmonary damage as the mechanism responsible for the
toxicity (8). As noted in "Introduction," Soble and Dorr (11)

have recently reported that cyclophosphamide treatment of CD-
1 mice following BSO-mediated depletion of glutathione re
sulted in sudden death within hours of administration; en
hanced toxicity with BCNU and melphalan was not seen.
Central nervous system and pulmonary congestion was ob
served in the cyclophosphamide plus BSO-treated animals, and
there was evidence of acute tubular necrosis. Although the
precise cause of death was not identified by these investigators,
the known cardiac toxicity of cyclophosphamide suggested to
us that the myocardium may be significantly sensitized to
cyclophosphamide by BSO-mediated depletion of cardiac glu
tathione in these animals.

In the present studies the effects of BSO-mediated glutathi
one depletion on cyclophosphamide toxicity were examined in
order to define the pathological mechanisms involved and to
further elucidate the importance of glutathione in protecting
the heart and other organs against cyclophosphamide-mediated
damage. Cyclophosphamide, when administered to glutathione-
depleted mice at a dose equivalent to 50% of the LDi0 for
control mice (0.5 LD,0), resulted in all of the mice dying within
48-72 h. Serological and histological studies of these animals
revealed no signs of cardiac damage, but skeletal muscle damage
suggestive of hypercontraction was evident. Although such

Table 5 Rat organ glutathione levelsfollowing treatment with cyclophosphamide, BSO, or cyclophosphamide plus BSO

Organ
Saline

(control) Cyclophosphamide0 BSO*
Cyclophosphamide

plus BSO'

Kidney
Liver
Pancreas
Atrium
Ventricle

2.36 Â±0.22''

7.71 Â±0.07
1.17Â±0.14
1.26 Â±0.02
1.42 Â±0.10

2.54 Â±0.19(100)'
4.75 + 0.24(61.6)
0.84 Â±0.10(71.3)
0.72 Â±0.07 (56.9)
0.96 Â±0.06 (67.2)

0.195 Â±0.014 (8.3)
0.40 Â±0.04 (5.2)
0.06 Â±0.01 (5.1)
0.17 Â±0.01 (13.6)
0.20 Â±0.005(14.2)

0.042 Â±0.011 (1.8)
0.03 Â±0.004 (0.4)
0.02 Â±0.01 (1.6)
0.01 Â±0.01 (0.6)
0.03 Â±0.01 (2.4)

Â°Cyclophosphamide was administered by i.p. injection (200 mg/kg) in 0.9% saline in a volume of 20 ml/kg.
* BSO was administered by i.p. injection (2.5 mmol/kg) in 0.9% saline (40 mg/ml) at 12-h intervals for 7 doses, with concomitant availability in acidified drinking

water (pH 3.0) at a concentration of 20 mM.
' Cyclophosphamide was administered 4-6 h following the final dose of BSO.
4 ymol/g tissue weight, mean Â±SD.
' Numbers in parentheses are % of control glutathione level.
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Table 6 Short-term (<72 h) survival of Fischer 344 rats following
cyclophosphamide Â±BSO

Cyclophosphamide
dose (mg/kg)"600500400300200ISO10050SurvivalwithoutBSO0/70/72/22/22/22/22/22/2SurvivalwithBSO*iwrNTNTNT0/20/20/22/2CommentRats

died within 4hRats
died within 4hRats

died within 4hRats
died within 4hRats
died within 9 h

1Cyclophosphamide was administered by i.p. injection in 0.9% saline in a

volume of 20 ml/kg. In combination therapy experiments, cyclophosphamide was
administered 4-6 h following the final dose of BSO.

* BSO was administered by i.p. injection (2.5 mmol/kg) in 0.9% saline (40
mg/ml) at 12-h intervals for 7 doses, with concomitant availability in acidified
drinking water (pH 3.0) at a concentration of 20 HIM.

c Not tested.

changes can be artifactual, similar changes were not present to
a significant extent in the muscle of mice treated with BSO,
cyclophosphamide, or vehicle alone. Histochemical analysis of
sections of muscle without contraction bands demonstrated
changes limited almost exclusively to type 2 fibers (i.e., the fast
twitch fibers also damaged by other drugs such as glucocortico-
steroids). The serological data show striking elevation of crea
tine phosphokinase levels in BSO plus cyclophosphamide-
treated mice and are consistent with the histological observa
tions. Secondary renal failure, with elevation of blood urea
nitrogen and potassium levels, was the immediate cause of
death in these animals.

Cyclophosphamide, when administered to glutathione-de-
pleted mice at a dose equivalent to the normal LD,0, resulted
in all of the mice dying within 3 h. Interestingly, serological
analyses and histological examination of skeletal muscle in
these mice 2.5 h following cyclophosphamide administration
failed to reveal any abnormalities. It was thus apparent that the
skeletal muscle damage observed at the lower dose of cyclo
phosphamide develops too slowly to be responsible for the
acute deaths seen at higher cyclophosphamide doses. In com
mon with the 0.5 LD|0 cyclophosphamide studies, glutathione-
depleted mice given 1.0 LD,0 cyclophosphamide showed no
significant histological evidence of cardiac damage by either
light or electron microscopy. Although mitochondrial swelling
was observed in hearts of some animals, such changes are a
common artifact of the immersion fixation methodology uti
lized and are not indicative of pathological changes existing in
vivo.

In spite of the absence of histological signs of cardiac damage,
the known cardiotoxicity of cyclophosphamide and the absence
of any signs of neurotoxicity suggested that more sensitive
measures of cardiac function might elucidate mechanisms ac

counting for the very rapid deaths experienced by glutathione-
depleted mice given cyclophosphamide (1.0 LDi0). Since mice
are too small for convenient cardiac monitoring, it was first
established that glutathione depletion sensitized Fischer 344
rats to subsequently administered cyclophosphamide. As shown
in Table 6, pretreatment with BSO significantly increased the
acute toxicity of cyclophosphamide. Cardiac function studies
utilizing Fischer 344 rats monitored for conduction and hemo-
dynamic abnormalities showed that in glutathione-depleted an
imals hypotension and ventricular fibrillation rapidly followed
administration of cyclophosphamide (Table 7 and Fig. 3) and
accounted for the acute toxicity. These doses of cyclophospha
mide were well tolerated and did not cause arrhythmias when
administered to glutathione-replete rats.

Although the precise role of myocardial glutathione in pro
viding protection from cyclophosphamide-induced cardiac and
skeletal muscle damage is not yet fully elucidated, the present
studies using BSO, a very selective glutathione-depleting agent,
directly demonstrate the critical role of glutathione in prevent
ing potentially lethal myocardial toxicity. Our studies thus
extend previous work in which it was noted that alkylator-
mediated glutathione depletion was often associated with tox
icity. Peters et al. (18), for example, have reported that high
dose alkylator therapy in patients undergoing autologous bone
marrow transplantation causes marked reductions in cardiac
glutathione levels; they suggested that such depletion might be
responsible for the cardiotoxicity seen with this regimen.
BCNU-mediated depletion of cardiac glutathione levels (19)
may also explain the observation in humans that cyclophospha
mide-induced cardiac damage occurs at lower doses when cy
clophosphamide is given in combination with BCNU-contain-
ing regimens (3, 5). Whereas precise interpretation of these
earlier studies is not possible due to the associated direct
toxicity of the glutathione-depleting alkylator, BSO is not
chemically reactive and its administration is not associated with
toxicities other than those deriving specifically from glutathione
depletion.

Cyclophosphamide is among the alkylating agents reported
to react with glutathione. Our studies demonstrating a moderate
(30%) cyclophosphamide-induced depletion of cardiac glutathi
one are thus consistent with the observation of Gurtoo et al.
(20) of a dose-dependent depletion of hepatic glutathione by
cyclophosphamide and its product acrolein. Substantially less
depletion was produced by phosphoramide mustard (20). Inter
estingly, although acrolein, a highly reactive metabolite, ap
pears to mediate the cyclophosphamide-induced thiol depletion,
our studies implicate phosphoramide mustard as the cyclo
phosphamide metabolite producing cardiac damage. Dechlo-
rocyclophosphamide, which releases acrolein but not an alkyl-

Table 7 Cardiac monitoring of cyclophosphamide-treated rats

Treatment"Cyclophosphamide

aloneBSO
for 3.5 days + cyclo

phosphamideTime

of
analysis0-3

hBefore
cyclophosphamide60

min beforedeath45
min beforedeath30
min beforedeath15
min beforedeath10
min beforedeath5

min before deathR

wave
(mV)0.42

Â±0.07*0.37

Â±0.030.25

Â±0.060.22
Â±0.050.18
Â±0.04ND'NDNDR/T

wave
ratio1.8

Â±0.42.2
Â±0.32.2

Â±0.41.9
Â±0.61.3

Â±0.4NDNDNDHeart

rate
(beats/min)433

Â±13405
Â±13449

Â±14454
Â±15422
Â±36362
Â±65NDNDBloodSystolic162

Â±7138
Â±7111

Â±1391
Â±1768
Â±1249

Â±842
Â±735
+ 3pressureDiastolic91

Â±874
Â±659

Â±953
Â±938
Â±426
Â±323
Â±321

Â±3
a BSO- or saline-pretreated rats were anesthetized by i.p. injection of 20% urethane in water (1-1.25 g urethane/kg), the animal secured, a trachea! cannula inserted,

and the left carotid artery cannulated. Animals were ventilated throughout the study and blood pressure and heart rate continuously monitored.
* Mean Â±SD.
c Not done.
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Fig. 3. Representative electrocardiographic
tracings (lead II) recorded from three rats treated
with cyclophosphamide (200 mg/kg, i.p.) pre
ceded (2a-g and 3a and b) or not preceded (la-
c) by BSO (3.5 days). Note that, except for a
modest tachycardia, cyclophosphamide alone in
duced no electrocardiographic changes (see la-
c). In contrast, in the rats pretreated with BSO.
cyclophosphamide caused marked ischemia (2c),
nodal rhythms (2d), sinus bradycardia (-'< and
<â€¢).and agonal idioventricular rhythms (2f and
g). Asystole occurred 160 min after cyclophos
phamide administration (not shown). In another
animal, cyclophosphamide caused complete atri-
oventricular dissociation alternating with ven
tricular standstill (3o); an agonal rhythm {</Â»
preceded asystole by 2 min. Numbers (bottom of
each panel), minutes after injection of cyclo
phosphamide.
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ating moiety, produced minimal toxicity in mice following
BSO-mediated glutathione depletion. Conversely, phosphor-
amide mustard (equimolar to the cyclophosphamide LD10) pro
duced acute deaths in BSO-pretreated mice, with five of six
mice dying within 5-12 h. Threefold escalation of the phos-
phoramide mustard dose resulted in sudden deaths in five of
six mice, with or without prior treatment with BSO. These
findings suggest that phosphoramide mustard is responsible for
cardiac damage, with BSO-mediated depletion of glutathione
enhancing this toxicity. Acrolein released from cyclophospha
mide presumably also contributed to the glutathione depletion.
Escalation of the phosphoramide mustard dose produced sud
den (presumably cardiac) deaths which occurred independently
of BSO-mediated glutathione depletion; phosphoramide mus
tard-mediated glutathione depletion may have facilitated this
toxicity, however.

Skeletal muscle toxicity has not, to our knowledge, been
reported to occur following administration of cyclophospha
mide. However, Martensson and Meister (21) have reported
mitochondrial damage in skeletal muscle following chronic (2-
to 3-week) BSO-mediated depletion of glutathione. Interest
ingly, their studies did not demonstrate evidence for cardiac
damage, suggesting that an additional stress (such as drug
toxicity or ischemia) is required to damage cardiac muscle.

In summary, our studies confirm and extend the original
observations of Soble and Dorr (11) that BSO-mediated gluta
thione depletion renders mice exquisitely sensitive to cyclo-
phosphamide-induced toxicity. We have shown that acute car
diac dysfunction is responsible for the observed sudden deaths;
we conclude that glutathione plays an important role in the
protection of the heart from cyclophosphamide under normal
as well as glutathione-depleted conditions. Future studies will
seek to further identify the cyclophosphamide metabolite(s)
mediating cardiotoxicity, as well as develop approaches de
signed to ameliorate this toxicity. Repletion of cardiac gluta
thione levels (depleted by either alkylating agents or BSO) may

potentially provide protection from alkylator-induced toxicity
without decreasing anti-tumor activity (22).
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