
ABBREVIATIONS: HDC, high-dose chemotherapy; PAP, platelet-rich plasma; PMA, phorbol-12-myristate-13-acetate; BCNU, 1 ,3-bis(2-chloroethyl)-
1-nitrosourea; C,,�,, maximum calculated plasma concentration; MESNA, 2-mercaptoethanesulfonic acid; 4-HC, 4-hydroperoxycyclophosphamide.
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SUMMARY

Patients receiving high-dose chemotherapy and autologous bone
marrow transplantation acquire a platelet secretion defect. The
role of chemotherapeutic agents and their metabolites in mediat-
ing this platelet defect was investigated. 1 ,3-Bis(2-chloroethyl)-
1 -nitrosourea (BCNU), but not cyclophosphamide or cis-plati-

num, was found to inhibit platelet aggregation in vitro in response
to activation by either ADP, thrombin, or collagen. Inhibition by
BCNU was dose dependent and required preincubation of plate-

lets with BCNU. After a 60-mm preincubation, 30 �zM BCNU
produced 50% inhibition of platelets in platelet-rich plasma. The
cyclophosphamide metabolites acrolein and 4-hydroperoxycyclo-
phosphamide also inhibited platelet aggregation in a dose-de-
pendent manner, with a requirement for preincubation. Platelet

inhibition occurred at clinically relevant concentrations of BCNU
and metabolites of cyclophosphamide. The effects of acrolein
were totally prevented by coincubation with the sulfhydryl-pro-
tecting agents N-acetylcysteine and 2-mercaptoethanesulfonic
acid, whereas the effects of BCNU were incompletely prevented.
The mechanism of platelet inhibition was investigated next by
examining protein phosphorylation in response to platelet ago-
nists. Acrolein inhibited thrombin- and phorbol ester-induced
phosphorylation of a 40-kDa polypeptide and other substrates,
indicating a cellular defect in protein kinase C signaling. BCNU
did not interfere with protein phosphorylation, indicating preser-
vation of initial signaling pathways. Thus, chemotherapeutic
agents and their metabolites inhibit platelet function by inhibiting
distinct components of the intracellular activation pathways.

HDC with autologous bone marrow transplantation has
emerged as an important treatment modality for advanced solid
tumors (1). HDC is associated with significant toxicities in-

eluding endothelial cell damage, venoocclusive disease, and
hemorrhagic myocarditis (1-3). We have recently identified an
acquired platelet defect induced by HDC [composed of BCNU
(carmustine), cis-platinum, and cyclophosphamide] , whereby

platelets acquire a defect in aggregation and secretion in re-

sponse to a number of platelet activators such as ADP, arachi-

donic acid, collagen, and thrombin (4). This defect appears to
play a causative role in the pathogenesis of hemorrhagic myo-
carditis such that transfusion ofpatients with platelets prevents
the occurrence of this life-threatening complication (1). The
pathogenesis of this acquired platelet defect could not be eval-
uated due to the absence of in vitro models for its study. Such
studies are critical in understanding the mechanism of toxicity
of HDC. Moreover, these mechanisms may also operate in the

pathogenesis of endothelial cell dysfunction. Understanding
these mechanisms may also suggest strategies for treatment

and/or prevention of these complications.

This work was supported by National Cancer Institute Grant CA47741.
1 Established Investigator, American Heart Association.

In this study, we demonstrate that the chemotherapeutic

agent BCNU can reproduce in vitro the platelet defect acquired
with HDC. Neither cyclophosphamide nor cis-platinum, the
other two agents used in HDC, affected platelet function.

However, two metabolites of cyclophosphamide, acrolein and

4-HC, were also able to induce a defect in platelet aggregation.
Acrolein inhibited cellular protein kinase C activity, whereas
BCNU inhibited more distal components of the signaling path-

way.

Materials

Experimental Procedures

cis-Platinum, cyclophosphamide, acrolein, N-acetylcysteine, and

MESNA were from Sigma. 4-HC was from Ben Venue Laboratories

and luciferin/luciferase was from Chrono-log Corp.

Methods

Preparation of human platelets. Platelets were obtained from
healthy adult volunteers who denied receiving any medications in the

2 weeks before blood collection. Approximately 50-100 ml of blood

were added to acid/citrate/dextrose buffer (5) in a 9:1 ratio (v/v) and

were centrifuged at 200 X g for 20 mm to obtain PRP. Washed platelets
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results in platelet inhibition, it became important to determine

were obtained according to the method of Siess et al. (6) with slight

modification as described (5).

Platelet aggregation and secretion studies. Platelet aggregation
and secretion were measured in a Chronolog Lumi-Aggregometer as

described (5). For studies with PRP, collagen or ADP was used as
platelet activator. For studies in washed platelets, thrombin was the

agonist of choice. Aggregation and secretion data were obtained from

at least three independent experiments.
Platelet phosphorylation studies. Phosphorylation of the 40-kDa

protein and other platelet proteins was carried out in intact platelets
in response to thrombin or PMA as described (7).

Measurement of plasma levels of cyclophosphamide and
BCNU. Twelve plasma samples were collected from 0 to 20 hr after

the administration of each cyclophosphamide dose. Samples were ana-

lyzed by modification of the El-Yazigi and Martin method (8). Briefly,

drug was extracted from plasma by using silica cartridges, after addition
ofthe internal standard (diphenhydramine). Concentration in the ethyl

acetate eluent was determined with a Perkin-Elmer model 8500 gas
chromatograph with nitrogen-phosphorus detection. The linear stand-

ard curve for this assay extended from 1 to 40 �zg/ml.

BCNU (carmustine) concentrations were determined from nine

blood samples collected before and up to 90 mm after infusion. Drug
was stabilized at the bedside and analyzed by the method of Jones et

al.2 The range of the linear standard curve for this assay was 0.5 to 40
�g/ml.

Pharmacokinetic analysis of each drug was conducted by weighted
nonlinear least squares regression (PCNONLIN; Statistical Consult-
ants, Lexington, KY). A two-compartment model with zero-order input

and first-order elimination best described the cyclophosphamide con-
centrations. Each dose of cyclophosphamide was modeled independ-
ently because of clearance induction during therapy. A one-compart-
ment model (zero-order input, first-order elimination) best character-
ized BCNU disposition.

Results

In vitro model for platelet inhibition by HDC. Previ-
ously, an acquired platelet defect was detected in the setting of

HDC involving BCNU, cyclophosphamide, and cis-platinum.
Incubation of PRP with these reagents for 5 mm did not result
in any significant inhibition of platelet aggregation (Fig. 1).

Upon incubation of platelets with these reagents for 2 hr,

BCNU (100 �tM) was found to inhibit potently the platelet

aggregation in response to ADP. Neither cis-platinum nor

cyclophosphamide inhibited platelets under these conditions at

concentrations up to 1 mM (Fig. 1). However, two major me-
tabolites of cyclophosphamide (9), 4-HC (100 �sM) and acrolein

(100 SM), inhibited platelet aggregation by 50 and 60%, respec-

tively, after the 2-hr incubation (Fig. 1). These results suggested

that prolonged incubation of platelets with either BCNU or

metabolites of cyclophosphamide results in inhibition of plate-

let aggregation.

To evaluate further the requirement for preincubation of

platelets with these agents in the induction of inhibition, the

effects of the duration of preincubation on the ability of these

agents to induce platelet inhibition were investigated. Prein-

cubating PRP with 30 �zM BCNU resulted in a time-dependent

inhibition of platelet aggregation such that BCNU produced up
to 80-90% inhibition by 1-2 hr (Fig. 2). Inhibition of platelets

by BCNU was concentration dependent, with an IC50 value of

32 �sM (standard deviation, 11 �zM) (Fig. 2C).

2 R. B. Jones, S. Matthes, and E. J. Shpall. BCNU pharmacokinetics in 72

patients treated with high-dose combination chemotherapy and autologous bone

marrow support: analytical methodology and patient data. Submitted for publi-
cation.
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Fig. 1. Inhibition of platelets by BCNU, 4-HC, and acrolein and require-
ment for preincubation. PAP was stimulated with 5 �LM ADP and aggre-
gation was monitored with a Lumi-Aggregometer. Platelets were prein-
cubated with either vehicle, cis-platinum (cis-DDP) (1 mM), BCNU (100
MM), 4-HC (100 MM), acrolein (1 00 zM), or cyclophosphamide (1 mM) for
5 or 120 mm as indicated; PAP was then stimulated with 5 �M ADP. The
extent of aggregation is plotted as percentage of maximal aggregation
obtained with ADP alone.

Preincubating platelets with 100 �M 4-HC resulted in a time-
dependent inhibition of platelet aggregation in response to

collagen, with 50% inhibition occurring after 10 mm and total

inhibition occurring after 2 hr of preincubation (Fig. 3A).
Inhibition of PRP by 4-HC after 30 mm of preincubation was

concentration dependent with near-total inhibition at 300 �tM

4-HC and an IC50 value of 9 � (standard deviation, 3 �.zM)

(Fig. 3B).

Another metabolite of cyclophosphamide, acrolein, is impli-

cated in the pathogenesis of hemorrhagic cystitis (10). Prein-

cubation of PRP with acrolein (1 mM) resulted in a time-

dependent inhibition of platelet aggregation (Fig. 4A). The

acrolein effect appeared to require a shorter preincubation than

that of BCNU or 4-HC, possibly indicating a different mecha-

nism of action. Alternatively, the chemical instability of acro-

lein may result in a shorter half-life that limits the duration

over which acrolein can interact with platelets.

The effects of acrolein were also concentration dependent.
Aggregation of PRP preincubated with acrolein for 60 mm was

inhibited in a dose-dependent manner with an IC50 value of 393

�sM (standard deviation, 123 �tM) (Fig. 4B). Inhibition of platelet

aggregation was accompanied by inhibition of ATP secretion

from dense granules in a concentration-dependent manner,

with 100 �tM acrolein producing approximately 50% inhibition

(Fig. 4C). Acrolein appeared to be somewhat more potent in

inhibiting secretion than aggregation; the reasons for this find-

ing and its significance are unknown.

cis-Platinum did not inhibit platelets at concentrations of up

to 1 mM and after preincubation for up to 4 hr (Fig. 1 and data
not shown).

Because the studies described above suggested that preincu-

bation of platelets in plasma with BCNU, 4-HC, or acrolein
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Fig. 2. Effects of BCNU on aggregation in PAP. A, Time dependence.
Aggregation tracings of PAP preincubated with 30 �zM BCNU for the
indicated times and stimulated with 5.0 ,�g/ml collagen. B, An mndepend-
ent experiment in which aggregation was measured and plotted as
percentage of maximal aggregation observed with collagen alone. C,
Concentration dependence. PAP was preincubated with different con-
centrations of BCNU for 30 mm and then stimulated with collagen (2.5
�g/ml).

whether these effects are dependent on the presence of plasma

proteins or other factors. Moreover, determining the parame-
ters of inhibition in washed platelets is critical for further
biochemical studies. Therefore, additional studies were con-

ducted in a washed platelet preparation. Preincubation of
washed platelets with 30 �zM BCNU resulted in a time-depend-

ent inhibition of platelet aggregation in response to -y-thrombin
(Fig. 5A). A 30-mm preincubation resulted in 50% inhibition,
whereas preincubation for 60 mm resulted in total inhibition

120
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Fig. 3. Effects of 4-HC on aggregation in PAP. A, Time dependence.
PAP was preincubated with 100 MM 4-HC for the indicated times and
then stimulated with collagen (2.5 �g/ml). B, Concentration dependence.
PAP was incubated with the indicated concentrations of 4-HC for 30 mm
and then stimulated with collagen.

ofaggregation. Inhibition ofplatelet aggregation was dependent

on the concentration of BCNU, with an IC50 value of 10 jsM

(standard deviation, 3.3 jsM) (Fig. 5B).
Similar results were obtained with acrolein. Preincubation of

washed platelets with 30 �sM acrolein resulted in progressive

inhibition of platelet aggregation with increased duration of

preincubation. Total inhibition was seen after 15 mm of prein-

cubation (Fig. 6A). Inhibition of platelet aggregation was de-

pendent on the concentration of acrolein, with an IC50 value of
8 �M (standard deviation, 3 tiM) (Fig. GB). Similar studies were

also obtained with 4-HC, showing a concentration dependence

of inhibition as well as increased inhibition with prolonged

preincubation (data not shown).
These data suggest that preincubation of platelets alone with

these reagents is sufficient for the development of inhibition.

Both BCNU and acrolein appeared more potent in inhibiting

washed platelets, compared with PRP, which may be related to
the presence of plasma proteins in PRP.

The effects of acrolein in inducing hemorrhagic cystitis ap-
pear to be due to interaction of acrolein with sulfhydryl groups.
Thus, sulfhydryl-protecting agents such as MESNA and N-

acetylcysteine provide protection from the development of hem-
orrhagic cystitis (11, 12). To evaluate whether a similar mech-
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anism is operating in the inhibition ofplatelet function, washed

platelets were incubated with acrolein in the presence or ab-

sence of MESNA or N-acetylcysteine. Incubation of washed

platelets with 100 MM acrolein produced near-total inhibition

of aggregation in response to thrombin (Fig. 7A). However, the
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Fig. 4. Effects of acrolein on aggregation in PAP. A, Time dependence.
PAP was preincubated with 1 m� acrolein for the indicated times and
then stimulated with collagen (2.5 �zg/ml). B, Concentration dependence.
PAP was preincubated with the indicated concentrations of acrolein for
60 mm and then stimulated with collagen (2.5 �g/ml). C, Effects on
secretion. PAP was preincubated with the indicated concentrations of
acrolein for 60 mm and then stimulated with collagen. ATP secretion was
monitored using Chronolume and results are expressed as percentage
of maximal secretion obtained with collagen alone.
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Fig. 5. Effects of BCNU on washed platelets. A, Washed platelets were
preincubated with 30 �zM BCNU for the indicated times and then stimu-
lated with 8 �M -y-thrombin. B, Washed platelets were preincubated with
the indicated concentrations of BCNU for 60 mm and then stimulated
with -y-thrombin (8 nM).

inclusion of 1 mM MESNA or 100 �tM N-acetylcysteine resulted

in total protection of platelet function from the action of

acrolein (Fig. 7A).

A similar mechanism appears to partly account for the effects
of BCNU. Incubation of washed platelets with BCNU for 30

mm resulted in approximately 60% inhibition of aggregation

(standard deviation, 7%). The inclusion of 1 mM MESNA or

100 jiM N-acetylcysteine resulted in significant protection from

the effects of BCNU (22 ± 4% and 27 ± 6% inhibition, respec-

tively) (Fig. 7B). However these agents were not able to totally

prevent the inhibition by BCNU, suggesting that perhaps the

action of BCNU is mediated through sulfhydryl inactivation as

well as other mechanisms.

Plasma levels of BCNU and cyclophosphamide. The
actual in vivo mediators of the platelet defect are difficult to

establish at this point. Comparison of ex vivo exposure to

40 Karolak et a!.
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Fig. 7. Protective effects of MESNA and N-acetylcysteine. A, Washed
platelets were preincubated with vehicle, 1 00 MM acrolein, acrolein plus
1 mM MESNA, or acrolein plus 1 00 MM N-acetylcystemne (NAC) for 1 hr
and then stimulated with 20 n� thrombin (Thr). Aggregation was moni-
tored and is expressed as percentage of maximal aggregation seen with
thrombin alone. B, Same study with BCNU preincubation.

the range of concentrations utilized in these studies. Thus,
BCNU and metabolites of cyclophosphamide may mediate

platelet inhibition in vivo.

Effects of acrolein and BCNU on signal transduction
pathways. The preservation of dense and a granules in plate-

lets after HDC (4) and the ability of the detergent Triton X-

100 to fully release ATP from these platelets (data not shown)

strongly suggested that HDC was interfering with the biochem-

ical pathways involved in platelet activation in response to

agonists. These effects could be at any level, ranging from

agonist/receptor interaction to initial phases of signal trans-

HDC-Induced Platelet Defect 41
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Fig. 6. Effects of acrolein on washed platelets. A, Washed platelets were
premncubated with 30 �tM acrolein for the indicated times and then
stimulated with 8 n�i -y-thrombin. B, Washed platelets were preincubated
with the indicated concentrations of acrolein for 60 mm and then stimu-
lated with -y-thrombin (8 nM).

chemotherapeutic agents and clinical exposure is complicated
by many features, including drug dose, drug schedule, and

patient pharmacodynamics. During the treatment of patients
under the high-dose protocol that prompted these studies, we
performed pharmacokinetic measurements of the individual
antineoplastic agents on a daily basis. The plasma levels of
cyclophosphamide and BCNU achieved during combined treat-
ment with high-dose cyclophosphamide, cisplatin, and BCNU
varied between patients and days of treatment. For the parent
cyclophosphamide, the median Cm,�,, measured during 1-hr in-
travenous infusions on days 1, 2, and 3 of treatment was 345
�M (standard deviation, 35 ,�M), 329 �tM (standard deviation,
40 zM), and 307 �sM (standard deviation, 51 SM), respectively,
with a clearance of 47.7 ml/min/m2, 73.7 ml/min/m2, and 81.0
ml/min/m2 on days 1, 2, and 3, respectively. Pharmacokinetic
measurement of cyclophosphamide metabolites is technically
difficult and unreliable, and thus methods for direct measure-
ment of 4-HC and acrolein are not available. However, the high
plasma levels of cyclophosphamide achieved suggest that its
major metabolites may achieve concentrations sufficient to
inhibit platelets.

For BCNU, the Cmaz in patients receiving 600 mg/m2 over 2

hr was 24.5 MM (standard deviation, 14.5 MM), which is within
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experimental protocol but 100 n� PMA was used as the agonist instead
of -y-thrombin.

A � �- duction such as phosphoinositide hydrolysis, inositol trisphos-

Ii:. FE phate generation, calcium mobilization, diacylglycerol genera-
- + ?-‘ tion, or protein kinase C activation or more distal signaling

2 D :� � events (13-16). Therefore, the effects of acrolein and BCNU
.� � � � � � on signal transduction mechanisms were investigated in plate-

(� F�:. m < m < lets.

Examination of the effects of agonists and second messengers

(or their analogs) on protein phosphorylation in intact platelets

offers a well defined direct approach to evaluate whether the

effects of inhibitors occur at the level of receptor, post-receptor

activation of the calcium/myosin light chain kinase pathway

or the diacylglycerol/protein kinase C pathway, or more distal

97 signaling events. When intact washed platelets were stimulated

with 30 nM -y-thrombin for 2 mm, phosphorylation of multiple

substrates occurred, predominant among which was the 40 (47)-
66 kDa polypeptide that is a known substrate for protein kinase

C in vitro and in intact platelets (17). The other prominent

substrate was the 20-kDa myosin light chain, which is a sub-

.#{248}� strate for both myosin light chain kinase (18) and protein

45 kinase C (19). Preincubating platelets with 100 j�M BCNU did
not affect 40-kDa or 20-kDa protein phosphorylation in re-

sponse to thrombin (Fig. 8A) but totally inhibited the aggre-

gation response. These results strongly suggest that the initial
interaction of thrombin with its receptor and subsequent sig-

3 1 naling events resulting in activation of protein kinase C and

myosin light chain kinase remain intact in the presence of

BCNU.

21 Preincubation of platelets with acrolein (100 zM) totally

inhibited 40-kDa protein phosphorylation in response to �y-

B < thrombin and only partially inhibited 20 kDa protein phos-
� < phorylation (Fig. 8A). The effects of acrolein suggest inhibition

Q_ � of early components of the signal transduction pathway.

- + + To evaluate further the level of inhibition of platelets by
.� < z a: z cc acrolein, phosphorylation studies were carried out in the pres-

0 � 0 0 0 C) ence of the phorbol ester PMA. Treatment of platelets with
0 a. m < m < 100 nM PMA resulted in phosphorylation of a number of

substrates, the most notable of which was the 40-kDa protein

kinase C substrate (Fig. 8B). Pretreatment of platelets with
100 �tM acrolein resulted in complete inhibition of PMA-in-

duced phosphorylation (Fig. 8B). Because PMA bypasses initial
receptor events and directly activates protein kinase C (20),
these results strongly suggest that acrolein inhibits the cellular

97 activity of protein kinase C and/or its interaction with its

cellular substrates. BCNU did not inhibit PMA-induced phos-

67 phorylation, consistent with its inability to inhibit thrombin-
induced phosphorylation (Fig. 8B).

Therefore, these results demonstrate that acrolein interferes

with a specific phase of the signal transduction pathway of

45 platelet activation at the level of cellular activation of protein

kinase C. BCNU, on the other hand, appears to inhibit platelets
at more distal components of the biochemical pathways in-

volved in platelet activation.

31 .

Discussion

HDC results in an acquired platelet defect characterized by
21 the absence of secondary aggregation (inhibition of irreversible

aggregation and secretion). Morphologic studies disclosed the

Fig. 8. Effects of BCNU and acrolein on phosphorylation of platelet presence of intact dense and a granules in these platelets,
proteins. A, Washed platelets were preincubated with either vehicle
control, 100 MM BCNU, or 100 MM acrolein (ACR) for 1 hr and then
stimulated with either vehicle or 30 n� -y-thrombin (-yThr). B, Same
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3 W. Khan and Y. Hannun, unpublished observations.

suggesting a defect in intracellular biochemical mechanisms

that are involved in platelet activation (4). Determination of
the mechanism by which HDC induces this platelet defect has
been hampered by the lack of suitable in vitro models. The
results from this study demonstrate that BCNU, one of the

chemotherapeutic agents used in HDC, is capable of inhibiting
platelet aggregation in vitro in a concentration-dependent man-
ner. The effective concentrations of BCNU are achievable in
plasma of patients undergoing HDC. Neither cia-platinum nor
cyclophosphamide, the other two main chemotherapeutic
agents in HDC, were able to inhibit platelets under similar
conditions. However, a major metabolite of cyclophosphamide,

4-HC, inhibited platelet aggregation, and this inhibition also

required preincubation of platelets with this agent. Acrolein,
another major metabolite of cyclophosphamide implicated in
the pathogenesis of hemorrhagic cystitis, behaved similarly to
BCNU and 4-HC in inhibiting platelet aggregation, with a

requirement for preincubation. The ability of these agents to
inhibit platelets was demonstrated against all tested agonists,
including ADP, collagen, and thrombin. Thus, at least one of

these agents (BCNU) along with the metabolites of cyclophos-
phamide are candidate mediators of the pathogenesis of the
acquired platelet defect during HDC.

The ability of MESNA and N-acetylcysteine to prevent
totally the effects of acrolein and to ameliorate significantly
the effects of BCNU on platelet aggregation strongly suggests
that the induction of this acquired platelet defect may be

mediated through critical sulfhydryl groups on key cellular
targets. This is consistent with previous studies that have
examined the effects of sulfhydryl inhibitors on platelet func-
tion. It was shown that para-chloromercuribenzoate, N-ethyl-
maleimide, and methyl mercuric nitrate inhibited ADP-induced

aggregation and clot retraction by interfering with cellular thiol
groups of platelets (21-23).

The development of this in vitro model for the induction of

a platelet defect with chemotherapeutic agents and their me-
tabolites has allowed probing of the mechanisms involved in

the pathogenesis of this disorder. Two important conclusions

arise from the phosphorylation studies in intact platelets pre-
treated with either acrolein or BCNU. First, acrolein inhibits
platelets by interfering with the cellular activation of protein

kinase C. These results further corroborate the essential role
of protein kinase C in mediating platelet aggregation and

secretion (5, 17, 24). Second, BCNU acts by a mechanism
distinct from that of acrolein and does not interfere with the

initial phases of signal transduction but appears to inhibit more
distal components of the biochemical pathways of platelet

activation. The mechanism of action of 4-HC has not been

evaluated in this study, but preliminary results suggest that 4-
HC acts similarly to acrolein in inhibiting 40-kDa protein

phosphorylation.
These results should be of great significance in further dis-

section of the molecular mechanisms of platelet activation and
inhibition. For example, acrolein does not inhibit protein kinase
C a or f3 (the predominant calcium-dependent isoenzymes in
platelets) in vitro.3 This suggests that the cellular effects of

acrolein may be mediated 1) by inhibition of other, heretofore
unidentified, isoenzymes of protein kinase C or 2) by interfer-
ence with specific interactions of protein kinase C and its

substrates in intact cells. On the other hand, BCNU may

become a very useful tool in dissecting out important compo-
nents in distal signal transduction pathways involved in platelet

activation.

The ability of BCNU and acrolein to induce platelet dys-
function and the distinct mechanisms by which they operate

may also extend to other cell systems. Notably, HDC results in

significant endothelial cell dysfunction, resulting in venoocclu-

sive disease and disturbances in hemostasis and thrombosis.

Therefore, results obtained from platelet studies may have

implications for other systems as well.
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