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AbstractXyclophosphamide (CY) is metabolized to 4-hydroxy-CY which spontaneously breaks down 
to the reactive intermediates, phosphoramide mustard (PAM) and acrolein. The alkylating property of 
PAM is thought to mediate the anti-proliferative and cytotoxic actions of CY. Acrolein is known to 
bind sulfhydryl groups of cellular molecules and may contribute to the action of CY. However, the role 
of acrolein in the CY-induced immunosuppression remains unclear. The results of studies in which a 
hepatocyte co-culture system was used suggest that acrolein may play an important role in the cytotoxic 
action of CY, whereas those investigations using activated derivatives of CY indicate that acrolein is 
not an important factor. Thus, both approaches of CY exposure were utilized in the present study. 
Splenocytes of B6C3Fl mice were incubated with syngeneic isolated hepatocytes and CY or with 4- 
hydroperoxycyclophosphamide (4-HC) (which spontaneously decomposes to 4-hydroxy-CY). The in 
vitro antibody forming cell (AFC) response was found to be suppressed with both methods of exposure 
to CY metabolites. The addition of DNA to bind extracellular PAM was ineffective in preventing the 
suppression produced by hepatocyte-activated CY. However, it was also observed that DNA was able 
to attenuate the PAM-induced suppression. The sulfhydryl compounds 2-mercaptoethanesulfonate 
(MESNA) (1.5 yM) or reduced glutathione (GSH) (1 mM) inhibited the suppression of the AFC response 
of splenocytes incubated with CY and mouse hepatocytes. The suppression produced by 4-HC, however, 
was not affected by MESNA and only slightly inhibited by GSH. Similarly, the PAM-induced suppression 
was not affected by MESNA and slightly attenuated with GSH. In contrast, both MESNA and GSH 
were very effective in abrogating the acrolein-induced suppression, whereas DNA was ineffective. The 
findings of this study suggest that in the hepatocyte co-culture system, the immunosuppressive actions 
of CY are mediated by acrolein generated outside of the splenocyte, whereas the 4-HC induced 
suppression is not mediated by extracellular acrolein. Thus, this difference may explain the contradictory 
findings of previous studies that used different means of exposing cells to activated CY. 

Cyclophosphamide (CY) was developed as an anti- 
neoplastic agent and later was found to possess 
immunosuppressive properties. Both humoral and 
cell-mediated immunity are known to be suppressed 
with CY treatment, with humoral responses being 
the most sensitive [l, 21. It is now well established 
that the immunosuppression produced by CY is 
mediated by its metabolites rather than the parent 
drug [3-71. Under the influence of the cytochrome 
P450 monooxygenase system, CY is metabolized to 
4-hydroxy-CY. The hydroxylated metabolite nonen- 
zymatically rearranges to aldophosphamide, which 
breaks down to phosphoramide mustard (PAM) and 
acrolein. PAM is thought to mediate the immuno- 
suppressive and anti-tumor effects of CY by binding 
to DNA and inhibiting cell proliferation [3,5,8,9]. 
On the other hand, acrolein is known to react readily 
with sulfhydryl groups of important cellular macro- 
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molecules [3, lo] and, thereby, may also play a role 
in inhibiting the immune response. 

Although studies to determine the role of acrolein 
in the immune response have been limited, there are 
several reports of studies which have examined this 
question in relation to the cytotoxic and anti-pro- 
liferative actions of CY [ll-151. Since many of the 
target cells (i.e. tumor cells and lymphocytes) are 
unable to metabolize CY, two approaches have been 
used to expose cell cultures to activated metabolites 
of CY. In the first approach, target cells were 
exposed to activated CY metabolites generated by 
isolated hepatocytes [ll, 151. The results of these 
studies suggest that acrolein may play a very impor- 
tant role in the cytotoxic actions of CY. In contrast, 
the results of studies using compounds such as 4- 
hydroperoxycyclophosphamide (4-HC) [ 131 and sul- 
fido [lS], derivatives of CY, which spontaneously 
break down in water to 4-hydroxy-CY, indicate that 
the cytotoxic actions of CY are mediated by PAM. 

The objective of this study was to use both exper- 
imental approaches to expose murine splenocytes to 
activated CY metabolites in order to elucidate the 
immunosuppressive metabolite. The first approach 
involved incubating splenocytes with a syngeneic 
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murine hepatocyte monolayer in the presence of CY. 
Following an incubation period, splenocytes were 
separated from the adherent hepatocyte monolayer, 
and the in vitro T-dependent antibody forming cell 
(AFC) response was determined. A similar method 
employing a rat hepatocyte and mouse splenocyte 
co-culture system has been used successfully to dem- 
onstrate suppression of the in vitro AFC response 
by CY [16]. Moreover, a mouse hepatocyte and 
splenocyte co-culture system has been utilized in 
examining the in vitro immunosuppression produced 
by dimethylnitrosamine [ 171. The second method for 
CY metabolite exposure involves exposing splen- 
ocytes to the 4-hydroxy-CY derivative, 4-HC. Since 
PAM and acrolein are known to bind primarily DNA 
[3, 8, 181 and sulfhydryl groups [3, lo], respectively, 
the addition of DNA, 2-mercaptoethanesulfonate 
(MESNA, a sulfhydryl containing compound) or 
reduced glutathione (GSH) to hepatocyte-splen- 
ocyte co-cultures may result in the binding of reactive 
acrolein or 4-HC [lo] and attenuate the suppression 
of in vitro AFC response. Addition of DNA to 
hepatocyte-splenocyte co-cultures has been shown 
previously to inhibit the suppression of the in vitro 
T-dependent AFC response produced by dimethyl- 
nitrosamine [17], a compound known to be metab- 
olized to a DNA alkylating agent [20]. Therefore, 
trapping agents were used to examine the role of 
acrolein and PAM in CY-induced suppression of the 
in vitro AFC response. 

METHODS 

Cyclophosphamide metabolites. Acrolein was 
obtained from the Aldrich Chemical Co. 
(Milwaukee, WI). 4-HC was provided by Dr. 
Michael Colvin (Oncology Division, Johns Hopkins 
University). PAM was provided by Dr. V. L. Naray- 
anan of the Drug Synthesis and Chemistry Branch, 
Division of Cancer Treatment, National Cancer 
Institute. 

Animals. Female B6C3Fl mice, Sendai and hepa- 
titis virus free, 6-10 weeks of age, were used in these 
studies. Mice were received at 4-6 weeks of age from 
the Frederick Cancer Research Center (Frederick, 
MD) and quarantined for at least 1 week; they were 
housed four per cage. Food and water were provided 
ad lib. Mice were maintained on a 12-hr light-dark 
cycle at 21-24” and 4@60% relative humidity. 

Hepatocyte-splenocyte co-culture system. The 
method used to isolate and culture primary mouse 
hepatocytes has been described previously by Kim 
etal. [17]. Hepatocytes were isolated by a collagenase 
perfusion and cultured for 24 hr in 6-well cluster 
plates. This resulted in the formation of a monolayer 
of adhered hepatocytes that were used for the co- 
culture experiments. Details of the co-culture system 
are described in detail by Kim et al. [ 171. Splenocytes 
were prepared at a concentration of 3 x lo7 cells/ 
mL in RPM1 1640 medium containing antibiotic/ 
antimycotic (GIBCO Laboratories, Grand Island, 
NY; 100 units/ml penicillin and streptomycin and 
0.25 pg/mL fungizone), 2 mM I-glutamine (GIBCO 
Laboratories), 75 mM N-2_hydroxyethylpiperazine- 
N’-2-ethanesulfonic acid (HEPES) buffer (GIBCO 
Laboratories) and 0.22% sodium bicarbonate. One 

milliliter of splenocyte suspension was added to the 
hepatocyte cultures. Cyclophosphamide (Sigma 
Chemical Co.), dissolved in RPM1 1640 medium, 
was added to the cultures to obtain final con- 
centrations of 5 and 10 PM. The final concentrations 
of DNA, MESNA, and GSH in the respective wells 
were; 1 mg/mL, 15 ,uM, and 1 mM respectively. 
Higher concentrations of the trapping agents were 
found to suppress the in vitro AFC response. Cul- 
tures were then incubated for 4 hr in 5% CO? at 
37”. Splenocytes were separated from the adhered 
hepatocyte cultures by gentle swirling and were 
washed subsequently with RPM1 1640. The in vitro 
AFC response of the splenocytes was then deter- 
mined. 

In vivo T-dependent AFC response. The method 
used is similar to that reported by Kim et al. [17]. 
Splenocytes were adjusted to a concentration of lo7 
cells/ml in the same medium described for the co- 
culture system with the addition of 50pM 2-mer- 
captoethanol [2-ME) and 10% fetal calf serum 
(Hyclone Laboratories, Logan, UT) and 0.5 mL of 
the suspensions was added per well of 48-well cluster 
plates. Sheep red blood cells (RBC) (5 X lo6 cells/ 
well) were added to each well, and the plates were 
incubated for 5 days at 37” in a special mixture of 
7% 02, 10% CO,, and balanced Nz. After 5 days, 
the number of AFC generated was determined by a 
modification of the Jerne plaque assay as described 
by Holsapple ef al. [21]. The AFC response was 
calculated as the number of AFC/lOh recovered 
spleen cells. Viability of the splenocyte cultures was 
determined by the pronase method [21]. This method 
was found to be more sensitive than the trypan blue 
exclusion method. 

Direct addition of CY metabolites. The final con- 
centration’ of splenocytes used was lo7 cells/ml of 
medium, as used in the co-culture studies. Acrolein, 
PAM, and 4-HC were freshly prepared in Earle’s 
Balanced Salt Solution (GIBCO Laboratories) con- 
taining 0.1 M HEPES (pH 7.2). and 100 PL of the 
drug solution was added to the respective wells. The 
final concentration of the trapping agents was the 
same as described for the co-culture studies. The 
cultures were incubated for 1 hr at 37” in 5% COz 
while rocking. The plates were centrifuged for 10 min 
at 1200 rpm, and the supernatant fraction was 
discarded. Cells were resuspended in 1 mL of 
medium and centrifuged. The washing procedure 
was repeated. The cells were resuspended in 1 mL 
of medium containing 10% fetal calf serum and 
50pM 2-ME. Sheep red blood cells were added 
(lo7 cells/well) to each well, and the cultures were 
incubated for 5 days. The AFC response and viability 
of the splenocytes were determined as described 
above. 

Data analysis. In each experiment, four replicate 
cultures were prepared for each treatment group. 
Each experiment was repeated at least twice. To 
determine if parametric or nonparametric analysis 
was needed, the data were first analyzed for homo- 
geneity. Dunnett’s t-test was used to compare the 
responses of experimental dose groups with a control 
group of parametric data (data presented in Figs. 1, 
2, 4E, 5B, 5D, 5E, 6B, 6D, and 8). The Wilcoxon 
rank sum test was used to compare treated and 
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Fig. 1. Effect of DNA on the CY-induced suppression of the in vitro AFC response. Splenocytes were 
incubated with hepatocytes and CY (5 and 10pM) in the presence (striped bar) or absence (stippled 
bar) of DNA. As a control, AFC responses of splenocytes only, splenocytes + hepatocytes, and 
splcnocyte + 50 PM CY were also examined with or without the addition of DNA. Each value is the 
mean (*SE) AFC response from four replicate cultures. Asterisks indicate a significant difference from 

control responses (splenocytes i- hepatocytes) (P < 0.05). 

control groups of nonparametric data (data pre- 
sented in Figs. 4A-4D, 4F, 5A, 5C, 5F, 6A, 6C, and 
7). Differences between two groups were analyzed 
by Student’s t-test (data presented in Fig. 3). A level 
of P < 0.05 was considered to be significant. 

RESULTS 

CY-induced suppression of the AFC response of 
splenocytes co-cultured with mouse hepatocytes. Co- 
incubation of splenocytes with both CY and hepa- 
tocytes produced a significant and concentration- 
dependent decrease in the AFC response (5 and 
1OpM) (Fig. 1). At these concentrations of CY, 
cell viability (measured on day 5) was not affected, 
although at a higher concentration of CY (50pM), 
cell viability was decreased significantly (see Fig. 
7A). In all the experiments of this investigation, 
AFC responses of splenocyte cultures exposed to 
either CY only or co-cultured with mouse hepa- 
tocytes did not differ from responses of cultures with 
splenocytes only. The addition of exogenous calf 
thymus DNA to bind and inactivate PAM generated 
by the hepatocytes was found to be ineffective in 
reversing the CY-induced suppression (Fig. 1). The 
AFC response of the control cultures was not affec- 
ted by the addition of 1 mg/mL DNA (Fig. 1). 

In contrast to the effects of exogenous DNA, the 
addition of 15 PM MESNA was found to attenuate 
the suppression produced by CY at 5 and 10 ,uM. A 
50% suppression produced by 5 PM CY was abro- 
gated completely with the addition of MESNA (Fig. 
2). The AFC response was not affected by MESNA 
in splenocytes cultures with or without hepatocytes 
(Fig. 2). 

The suppression of the AFC response produced 
by 10 PM CY in the presence of hepatocytes (7% of 
control) was attenuated with the addition of 1 mM 
GSH to splenocyte cultures (74% of control) (Fig. 
3). The addition of 1 mM GSH did not alter the AFC 
response of either splenocytes alone, splenocytes and 
10 PM CY, or splenocytes and hepatocytes (Fig. 3). 

Effects of 4-HC, acrolein, and PAM on AFC 
responses and cell viability. Incubation of splenocyte 
cultures with 4-HC for 1 hr at concentrations of 10 
and 30pM significantly suppressed the AFC 
response, whereas a significant decrease was not 
observed with a concentration of 3 PM (Figs. 4A, 5A 
and 6A). Exposure of splenocytes to acrolein at 
a concentration of 10pM resulted in a significant 
decrease in the AFC response (Figs. 4C, 5C and 
6C). At a higher concentration (30 PM), both AFC 
responses and cell viability were decreased. In con- 
trast to 4-HC and acrolein, lo- to 30-fold greater 
concentrations of PAM were required to produce a 
significant decrease in the AFC response. In 
addition, the concentration-AFC response curve for 
PAM was much steeper than for 4-HC and acrolein. 
Concentrations of PAM 300 PM or greater produced 
a decrease in the AFC response (Figs. 4E, 5E and 
6E). 

A concentration of 4-HC which produced a 70% 
suppression of the AFC response did not produce a 
decrease in cell viability (Fig. 7B). In contrast, a 
70% decrease in the AFC response produced by 
acrolein and PAM was associated with a 30% 
decrease in cell viability (Fig. 7C and D). At a 
concentration of 4-HC (30pM) which produced a 
97% decrease in the AFC response, cell viability 
was decreased by 33% (Fig. 7B). Concentrations of 
acrolein and PAM which produced a 95 and 99% 
suppression in the AFC response also resulted in a 
65 and 48% decrease in cell viability respectively 
(Fig. 7C and D). 

Effects of DNA, MESNA, and GSH on the sup- 
pression of the AFC response produced by 4-HC, 
acrolein, and PAM. The suppression of the AFC 
response produced by 4-HC and acrolein was not 
altered with the addition of calf thymus DNA (Fig. 
4, B and D). However, the 80% decrease in the AFC 
response produced by 350 PM PAM was abrogated 
with the addition of DNA to a 14% decrease. Sup- 
pression of the AFC response produced by PAM 
was not affected by the addition of 10 and 100pM 
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Fig. 2. Effect of MESNA on the (X-induced suppression of the in vitro AFC response. Splenocytes 
were incubated with hepatocytes and CY (5 and 10 ~4Mf in the presence (striped bar) or absence (stippled 
bar) of 1.5 PM MESNA. The control cultures were comprised of splenocytes only, 
splenocytes + hcpatocytes, and splenocytes + 10 PM CY. Each value is the mean (?SE) AFC response 
from four replicate cultures. Asterisks indicate a significant difference from control responses 

(splenocytes + hepatocytes) (P i 0.05). 

SPlenocyteS ’ Splenocytes ’ Splenocytss 1 Splenocytes + hepatocytes 
+ 10 uM CY + hepatocytes +10uMCY 

Fig. 3. Effect of GSH on the U-induced suppression of the in oitro AFC response. Splenocytes were 
incubated with hepatocytes and CY (IOpM) in the presence (striped bar) or absence (stippled bar) 
of 1 mM GSH. As a control, AFC responses of splenocytes only, splenocytes + hepatocytes, and 
splenocyte + lO@M CY were also examined with or without the addition of GSH. Each value is the 
mean I+SE\ AFC response from four replicate cultures. The asterisk indicates a significant difference 

from control responses (splenocytes + hepatocytes) (P < 0.05). 

without 

4-HC (cm) ACROLEtN (uM) PAM (uM) 

Fig. 4. Effect of DNA on the 4-HC-, acrolein-, and PAM-induced suppression of the i,t vitro AFC 
response. Splenocytes were exposed to 4-HC (A,B) acrolein (C,D), or PAM (E,F) with (B,D,F) or 
without (A,C,E) 1 mg/mL calf thymus DNA. Each value is the mean (*SE) AFC response of four 
replicate cultures. Asterisks indicate a significant difference from AFC responses of vehicle (VH) 

exposed splenocytes (P < 0.05). 
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Fig. 5. Effect of MESNA on the 4-HC-, acrolein-, and PAM-induced suppression of the in uitro AFC 
response. Splenocytes were exposed to 4-HC (A,B) acrolein (CD), or PAM (E,F) with (B,D,F) or 
without (A,C,E) 15pM MESNA. Each value is the mean (?SE) AFC response of four replicate 
cultures. Asterisks indicate a significant difference from AFC responses of vehicle (VH) exposed 

splenocytes (P < 0.05). 

4.HC (uM) 

VH 10 30 

ACROLEIN (uM) 

VH 100 300 600 

PAM (uhf) 

Fig. 6. Effect of GSH on the 4-HC-, acrolein-, and PAM-induced suppression of the in vitro AFC 
response. Splenocytes were exposed to 4-HC (A,B) acrolein (C,D), or PAM (E,F) with (B,D,F) or 
without (A,C,E) 1 mM GSH. Each value is the mean (*SE) AFC response of four replicate cultures. 
Asterisks indicate a significant difference from AFC responses of vehicle (VH) exposed splenocytes 

(P < 0.05). 

guanosine (Fig. 8B and C). Co-incubation of splen- splenocyte cultures also resulted in the complete 
ocytes with MESNA did not affect the 4-HC- and abrogation of the acrolein-induced suppression (Fig. 
PAM-induced suppression of the AFC response (Fig. 6D). The suppression produced by 10 PM 4-HC and 
5, B and F). The suppression of the AFC response 300 PM PAM was also attenuated with the addition 
and cell viability produced by 10 and 30 PM acrolein, of GSH (Fig. 6B and F); however, the effects of GSH 
on the other hand, was reversed completely with were not as dramatic when observed with acrolein. 
the addition of MESNA. The addition of GSH to Exposure to 300 PM PAM produced a statistically 
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Fig. 7. Relationship between cell viability and AFC response of CY (A), 4-HC (B), acrolein (C), and 
PAM (D) exposed splenocytes. Each value is the mean percent of control (*SE) cell viability and AFC 
response of at least two experiments. Percent cell viability of control cultures ranged from 37 to 57%. 
AFC responses of control cultures ranged from 485 to 2590 AFC/106 spleen cells. Three concentrations 
of CY. 4-HC, acrolein and PAM which produced graded levels in suppression of AFC responses were 
plotted. The numbers above each data point indicate the micromolar concentration of the corresponding 
drug. Significant differences from control AFC responses (*) and cell viability (**) are indicated 

(P < 0.05). 

significant decrease in cell viability of 18%. With the 
addition of GSH, cell viability was not affected by 
this concentration of PAM. 

DISCUSSION 

Whether PAM and/or acrolein play a major role 
in the immunosuppressive actions of CY is not clearly 
understood. There have been several studies to 
examine the contribution of each metabolite in pro- 
ducing the effects of CY. Many of these studies have 
concentrated on the anti-proliferative or cytotoxic 
effects of CY and either used a hepatocyte co-culture 
system to generate CY metabolites [ll, 141 or direct 
addition of activated derivatives of CY [13,15]. 
These activated derivatives spontaneously break 
down to 4-hydroxy-CY (i.e. 4-HC or 4-alkyl-sul- 
fidocyclophosphamide). The results of studies util- 
izing these two approaches have been inconsistent 
with one another in regard to determining the role 
of acrolein in mediating the actions of CY. 

To determine which metabolite of CY produces 
immunosuppression, splenocytes were exposed to 
CY metabolites by using a hepatocyte co-culture 
system or by directly adding 4-HC to splenocyte 
cultures. To discriminate between suppression pro- 
duced by either PAM or acrolein, nucleophilic 
macromolecules were added to cultures to trap extra- 
cellular metabolites. DNA was used to trap PAM, 
and MESNA and GSH were used to bind acrolein. 

As a control, the effects of these trapping agents on 
the PAM- and acrolein-induced suppression of the 
in vitro AFC response were also investigated. 

Utilizing a mouse hepatocyte and syngeneic mouse 
splenocyte co-culture method, suppression of the in 
uitro AFC response by CY was attained. This is 
consistent with a previous report that suppression of 
the AFC response was produced by CY with a mouse 
splenocyte and rat hepatocyte co-culture system [ 171. 
At a concentration of 10 PM CY, a 6%98% sup- 
pression of the AFC response was observed without 
a significant decrease in cell viability. The addition 
of DNA to splenocyte cultures did not alter this 
suppressive effect, whereas MESNA and GSH were 
able to attenuate the immunosuppressive effects of 
CY. In contrast, the suppression of the AFC 
response produced by dimethylnitrosamine in the 
presence of hepatocytes was abrogated with the 
addition of calf thymus DNA [17]. As a control, it 
was demonstrated that the suppression produced by 
PAM was attenuated with exogenous DNA. It is 
also important to note that a lo- to 30-fold greater 
concentration of PAM was required to produce an 
equivalent suppression observed with either CY and 
hepatocytes, 4-HC, or acrolein. Powers and Sladek 
[22] also found that 4-HC was twenty times more 
potent than PAM in its ability to kill tumor cells. 
These findings would suggest that the immuno- 
suppression is not mediated by PAM formed outside 
of the lymphocyte. In contrast to DNA, guanosine 
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Fig. 8. Effect of guanosine on the PAM-induced sup- 
pression of the in virro AFC response. Splenocytes were 
exposed to vehicle (VH) or PAM and incubated with 
medium or guanosine [lo PM (B) and 100 PM (C)l. Each 
value is the mean (?SE) AFC response of four replicate 
cultures. Asterisks indicate a significant difference from 
AFC responses of vehicle (VH) exposed splenocytes 

(P < 0.05). 

did not affect the suppression produced by PAM. 
This was unexpected since PAM is known to bind to 
nucleotides of DNA [3,8,18]. 

The addition of MESNA was very effective in 
reversing the suppression of the AFC response pro- 
duced with acrolein. Thus, the finding that MESNA 
is able to attenuate the suppression produced by 
hepatocyte-generated CY metabolites suggests that 
the decreased response was mediated, in part, by 
acrolein. Another possible explanation may involve 
the binding of MESNA to the hepatocyte-generated 
4-hydroxy-CY. As demonstrated by Hohorst et al. 
[19,23], sulfhydryl groups of compounds may bind 
to the hydroxyl group in the 4 position, stabilize 4- 
hydroxy-CY, and thereby decrease the amount of 
PAM and acrolein formed. This is supported by 
the findings that the administration of cysteine or 
MESNA results in a decrease in the efficacy of 4- 
sulfidoethylthio-CY derivative (activated) in pre- 
venting leukopenia and its antitumor actions [24]. 
However, the results of this study demonstrate that 

MESNA is unable to reverse the 4-HC-induced sup- 
pression. Furthermore, the results of other inves- 
tigators suggest that suppressive actions of CY are 
not attenuated by MESNA. Al-Safi and Maddocks 
[25] reported that MESNA does not alter the 4-HC- 
induced suppression of the in vitro mixed lymphocyte 
response. MESNA was also ineffective in altering 
the mutagenicity of various CY metabolites [26]. 
Moreover, in vivo MESNA treatment to prevent 
bladder epithelial damage (toxicity mediated by 
acrolein [27]) has not been found to alter the anti- 
tumor effects of CY [28-301. Thus, contrary to the 
findings by Hohorst et al. [19] and Wagner et al. [24], 
it appears that the sulfhydryl-containing MESNA 
does not readily bind 4-hydroxy-CY. In light of these 
findings and those which indicate that cellular uptake 
of MESNA is limited [31,32], MESNA may be able 
to attenuate the CY-induced suppression of in vitro 
AFC responses by binding hepatic-generated extra- 
cellular acrolein rather than extracellular 4-hydroxy- 
CY or intracellular acrolein. In addition, the lack of 
an effect of MESNA on the 4-HC-induced sup- 
pression of the AFC response suggests that the action 
of 4-HC is not mediated by acrolein formed extra- 
cellularly. 

Glutathione, like MESNA, was also able to atten- 
uate completely the actions of acrolein. However, in 
contrast to the actions of MESNA, GSH was found 
to attenuate slightly the suppressive actions of 4-HC 
and PAM. The effect of GSH on 4-HC may be 
attributed to the binding of the sulfhydryl group of 
GSH to extracellular 4-hydroxy-CY, thereby 
decreasing its actions. The action of GSH on PAM 
may be related to the findings that the cytotoxic and 
anti-proliferative actions of PAM on tumor cell lines 
were inversely correlated with intracellular levels of 
GSH and glutathione S-transferase activity [33, 341. 
The differences between the actions of GSH and 
MESNA may be attributed to the greater amount of 
GSH (1 mM) that could be used in the assay in 
comparison to the concentration of MESNA 
(15 PM). In addition, the relative reactivities of 4-HC 
and PAM for sulfhydryl groups may vary between 
different compounds. Since these results dem- 
onstrate that GSH is able to reverse only slightly the 
actions of 4-HC and PAM, it appears that sulfhydryl 
containing compounds do not readily bind and inac- 
tivate 4-hydroxy-CY and PAM as previously 
described by others [19,33,34]. 

The finding that GSH is able to abrogate the CY- 
induced immunosuppression (with a hepatocyte-co- 
culture system) suggests a role of extracellular acro- 
lein. Similar conclusions were obtained by Ohno and 
Ormstad [ 1 l] in which the cytotoxicity of hepatocyte- 
activated CY produced in isolated kidney cells was 
found to be attenuated with exogenous GSH. Crook 
et al. [14] detected single-strand DNA breaks in 
K562 human leukemia cells exposed to either CY or 
acrolein in the presence of isolated hepatocytes. 
Exposure to PAM did not produce this type of DNA 
damage. In contrast, exposure of L1210 cells to 
sulfido derivatives of CY (spontaneously hydrolyzes 
to 4-hydroxy-CY) or PAM produces DNA cross- 
links, while acrolein only produces single-strand 
breaks [15]. 

Concentrations of CY, 4-HC, PAM, and acrolein 
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Fig. 9. Model of possible mechanisms of CY-induced immunosuppression by hepatocyte-activated CY 
metabolites and 4-hydroperoxy-CY. Each of the important steps is indicated by the circled letters (a- 
e). 4-Hydroxy-CY (4-OH-CY) is produced either by a cytochrome P450-mediated reaction within the 
hepatocyte (a) or by the spontaneous decomposition of 4-HC in aqueous conditions (e). 4-Hydroxy-CY 
rearranges to aldophosphamide and spontaneously decomposes to acrolein and PAM intracellularly (b 
and d) or extracellularly (c). These reactive intermediates may bind cellular nucleophiles and thereby 

mediate their immunosuppressive actions. 

which produced greater than 95% suppression of 
the AFC response also significantly decreased cell 
viability. However, an 87% suppression in the AFC 
response with CY and a 67% decrease with 4-HC 
did not result in an alteration in cell viability. In 
contrast, the acrolein- and PAM-induced sup- 
pression in the AFC response (70%) was associated 
with a significant suppression in cell viability. This 
suggests that the cytotoxic actions of PAM and acro- 
lein may mediate, in part, the suppression of the 
AFC response. Similar effects on the AFC response 
and cell viability were also reported previously [35]. 
The differences between the actions on cell viability 
,ith directly added and hepatocyte-generated acro- 
lein and PAM may be attributed to the sudden 
exposure of the splenocytes to these metabolites 
above threshold levels, whereas a slower rate of 
metabolite exposure is obtained with the hepatocyte 
co-culture system. 

Based on the results of this study and others, the 
mechanism of immunosuppression produced by CY 
with a hepatocyte co-culture system may be different 
from that produced with the direct addition of 4-HC. 
This explains the contradictory findings reported by 
others. It is hypothesized that 4-hydroxy-CY gen- 
erated within hepatocytes (Fig. 9a) may break down 
to PAM and acrolein within the hepatocyte or exit 
hepatocytes (Fig. 9b). Acrolein and PAM may exit 
hepatocytes (Fig. SC), bind to surface or intracellular 
macromolecules of neighboring lymphocytes, and 
result in a decreased AFC response (Fig. 9d). 
Exogenous MESNA or GSH binds to acrolein and 
abrogates the suppression. This appears to be the 
major mechanism of immunosuppression by CY in 
vitro with the use of hepatocyte activation. Extra- 
cellular 4-hydroxy-CY may enter lymphocytes and 
break down to PAM and acrolein. This spontaneous 
reaction may primarily occur intracellulary and thus 
account for the absence of an effect of MESNA on 
the 4-HC-induced immunosuppression (Fig. 9e). To 
determine if acrolein formed within lymphocytes 
from 4-hydroxy-CY is capable of suppressing the 

AFC response, agents which are able to increase 
intracellular levels of GSH in lymphocytes will be 
examined in future studies (i.e. ethyl-ester of GSH). 
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