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ABSTRACT

The major dehydration product of prostaglandin D2, 9-deoxy-
A9,A'2(E)-prostaglandin D2, is a potent cytotoxic compound. Like other

cytotoxic prostaglandins, this compound possesses an a, /3-unsaturated
ketone group to which cytotoxic activity has been attributed. This pros
taglandin was found to readily conjugate with glutathione (GSH) in vitro.
When 9-deoxy-A',A'2(E)-prostaglandin D2 was incubated with Chinese

hamster ovary or hepatoma tissue culture cells, it was rapidly taken up
and was recovered in the cell lysate primarily as a GSH conjugate in
which the keto group at C-l 1 and the A12double bond had been reduced.

Identification of the GSH conjugate was accomplished by analysis by
fast atom bombardment mass spectrometry following purification by high
performance liquid chromatography. This GSH conjugate and its cystei-
nylglycinyl and cysteinyl metabolites were also identified in the cell
culture medium. 9-Deoxy-A',A12(E)-prostaglandin D3 inhibited cell pro

liferation of these two cell lines in a concentration dependent manner.
Depletion of intracellular glutathione by treatment with diethyl malÃ©ate
and buthionine sulfoximine decreased the amount of intracellular conju
gated prostaglandin recovered, and significantly enhanced the antiprolif-
erative effect of 9-deoxy-A'-A'2(E)-prostaglandin D2 on the growth of

these cell lines in a concentration dependent fashion. We conclude that
intracellular GSH may modulate the antiproliferative activity of 9-deoxy-
A9,A'2(E)-prostaglandin D2 and, possibly, of other cytotoxic prostaglan

dins.

INTRODUCTION

In recent years, there have been numerous reports describing
the cytotoxic activity of prostaglandin D2 in a large variety of
tumor cell lines (1-8). It has been observed that PGD24 dehy

dration products are formed in the medium during incubation
in cell culture. This was established by identifying these com
pounds in the medium, and by showing that when PGD2 is
incubated in the presence of serum or vertebrate albumin,
dehydration products are formed, probably due to exposure to
an alkaline microenvironment in the albumin binding sites (9).
These compounds exert much greater cytotoxic activity than
PGD2 and most likely are responsible for the cytotoxic activity
originally ascribed to PGD2 (10-13). PGD2-derived compounds
are members of a larger group of eicosanoids which display
cytotoxic activity. Among them are PGA compounds which are
dehydration products of prostaglandin E (14-17) and the ma
rine ecosanoids, clavulones and punaglandins (18, 19). The
exact mechanism by which these compounds exert their cyto-
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toxic effect is not yet fully understood but has been a subject of
many investigations (14, 20-26). However, a common feature
in all these compounds is the presence of a reactive Â«,0-unsat-
urated ketone in the cyclopentenone ring. Prostaglandins that
lack an a,0-unsaturated ketone are not cytotoxic, and it has,
therefore, been assumed that the Â«,#-unsaturated ketone is
essential for exerting cytotoxic activity (27-29).

Â«,0-Unsaturated carbonyls are very susceptible to nucleo-
philic addition reactions with thiols such as glutathione; the
most abundant nonprotein thiol in vivo (30). GSH has been
previously shown to conjugate with some cytotoxic prostaglan
dins of the PGA group (31, 32). It was noted that the inhibitory
effect of PGA on the proliferation of tumor cells was markedly
diminished when GSH was added to cell culture medium con
taining PGA (29). The interaction of a cytotoxic prostaglandin
with intracellular GSH, however, has not been reported.

We have recently shown that 9-deoxy-A9,A12(E)-PGD2, the

major dehydration product of PGD2, also conjugates in vitro
with GSH (33). This reaction is very rapid reaching completion
within about 10 min in the absence of GSH-5-transferase and
GSH-5-transferase further enhances the rate of conjugation by
approximately 2-fold. As 9-deoxy-A9,A'2(E)-PGD2 is known to

be a potent inhibitor of cell proliferation, we examined whether
this compound may interact with intracellular GSH and how
such an interaction may effect its antiproliferative activity. Two
cell lines were studied: rat hepatoma tissue culture and Chinese
hamster ovary cells.

MATERIALS AND METHODS

Unlabeled PGD2 was the generous gift of John Pike of the Upjohn
Co., Kalamazoo, MI. [5,6,8,9,12,14,15-'H]PGD2 (100 Ci/mmol) (50

Â¿iCi)was purchased from New England Nuclear (Boston MA). Human
serum albumin (prepared from fraction V albumin) and DMSO were
from Sigma Chemical Co. (St. Louis, MO). DL-Buthionine-5,/?-sulfox-
Â¡minewas purchased from Chemlog (NJ), DEM was obtained from
Alfa Products (Danvers, MA). Labeled or unlabeled 9-deoxy-A',A12(E)-

PGD2 was generated by incubating PGD2 with human serum albumin
as formerly described (3). Unlabeled 9-deoxy-A',A12(E)-PGD: was also

kindly supplied by Ono Pharmaceutical Co., Osaka. Japan.
CHO cells, growing exponentially in monolayer culture, were main

tained at 37Â°Cand at pH 7.4 in McCoy's Medium 5A (GIBCO),

supplemented with 10% fetal bovine serum (GIBCO). sodium bicarbon
ate (2.2 g/liter), penicillin G sodium (100 units/ml), and streptomycin
sulfate (100 mg/ml) (GIBCO). HTC cells were cultured under identical
conditions by using Dulbecco's modified Eagle's medium (Sigma) sup

plemented with 20% calf bovine serum (HyClone) and antibiotics as
above. Experiments with HTC cells were performed in medium con
taining 10% calf serum.

To determine the effect of intracellular GSH depletion on the inhi
bition of cell proliferation by 9-deoxy-A',A'2(E)-PGD2, 8 x 10" HTC
cells or 3 x IO5CHO cells were seeded in 25-cttr tissue culture flasks

containing 4 ml of medium and were allowed to incubate for 24 h prior
to the commencement of the study.

The cells were then exposed for l h to 100 ^M DEM (dissolved in
0.5 ml DMSO) plus 50 ^M BSO. This was followed by rinsing twice
with Dulbecco's PBS (GIBCO) and further incubation with medium

containing 50 n\i BSO. Cells not exposed to DEM/BSO treatments
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were incubated for l h with medium containing 0.5 HIM DMSO,
followed by rinsing and incubation with BSO-free medium. 9-Deoxy-
A9,A12(E)-PGD2, dissolved in 95% ethanol, was diluted serially with

medium to various concentrations and was then added to the flasks.
The final concentration of ethanol was 0.1%. After 48 h of exposure to
9-deoxy-A9,A12(E)-PGD2 at 37Â°C,the flasks were rinsed with Dulbec-
co's PBS, and the cells which remained anchored to the surface were

trypsinized and counted. These experiments were repeated at least 3
times with a single seed stock. Intracellular GSH levels were measured
from cells rinsed twice with Dulbecco's PBS and lysed in 10% perchloric

acid. GSH was assayed by high performance liquid chromatography
(34).

To assess the uptake of 9-deoxy-A',A12(E)-PGD2, unlabeled and
[3H)-9-deoxy-A9,A'2(E)-PGD2 were dissolved in Duibecco's PBS to a

concentration of 10 jig/ml. The growth medium was aspirated from
75-cm2 flasks which contained exponentially growing cells, and the
cells were rinsed twice with PBS. Prostaglandin-containing PBS was
then applied (4 ml/flask) and the cells were maintained at 37Â°Cin 5%

Co2, 95% air. After incubating for 10 or 120 min, the PBS was aspirated
and acidified immediately to pH 3 by addition of l N HC1 to inhibit
further conjugation with GSH. The cells were washed 4 times with ice-
cold PBS and were then scraped into 4 ml of 1% ammonium acetate
solution (pH 3), sonicated on ice (3 times for 15 s) and centrifuged for
20 min at 18,000 x g. The pellet was washed twice with the ammonium
acetate solution, dissolved in l N NaOH, and its radioactivity was
measured. The supernatant, as well as the incubation medium (PBS),
were either extracted with ethyl acetate or applied on a Ci8 SEP-PAK
(Waters Associates, Milford, MA), which was preconditioned by rinsing
with acetonitrile and 50 mM aqueous ammonium acetate (pH 3.4).
After loading the sample, the SEP-PAK was rinsed with 10 ml each of
ammonium acetate, heptane, and finally, with 95% ethanol. The ethanol
eluate was dried under nitrogen and then subjected to reverse phase
high pressure liquid chromatography (CI8 Alltech column, 4.6 x 250
mm) with acetonitrile/50 mM aqueous ammonium acetate (pH 3.4)
(25:75, v/v) run isocratically at 1 ml/min. Fractions (1 ml) were
collected and the compound was detected by either absorbance at 245
nm or by radioactivity. The isolated peaks were further analyzed by fast
atom bombardment mass spectrometry. FAB mass spectra were ob
tained by using a VG 70-250 HF gas chromatography/MS instrument,
equipped with a standard unheated VG FAB ion source and a standard
saddle field gun (Ion-Tech Model BUN) producing a beam of xenon
atoms at 8 keV and 1 mA. The mass spectrometer was adjusted to a
resolving power of 2500, and spectra were obtained by using an accel
erated voltage of 6 kV. Scans were obtained in the negative ion mode.

To measure the activity of HTC cells to metabolize PGD2 to 9a,l lÃŸ-
PGF2, cells were sonicated on ice for 15s. The lysate was then incubated
for 2 h at 37Â°Cin the presence of 0.5 mg/ml of PGD2 and in the

absence or presence of 1 mg/ml of NADPH. After incubation, the
mixture was acidified to pH 3 by addition of l N HC1 and centrifuged
at 13,000 x g. The 9t*,ll/3-PGF2 was then extracted, purified, and
analyzed by gas chromatography/MS as described (35).

LÃ¡clatedehydrogenase activity was measured with Sigma kit 226-B.
7-Glutamyl transpeptidase activity in CHO cells was carried out as
described by Meister et al. (36).

RESULTS

Uptake, Conjugation, and Metabolism of 9-deoxy-A9,A'2(E)-

PGD2 by HTC and CHO cells. Experiments examining cellular
uptake of initiated 9-deoxy-A9,A'2(E)-PGD2 revealed the pres

ence of tritiated prostaglandin in the lysate of both HTC and
CHO cells within 10 min. About 1.7% of the total counts were
taken up by HTC cells and 0.3% by CHO cells. As shown in
Table 1, most of the intracellular counts were detected in the
cell supernatant after lysis and centrifugation. Only a small
fraction remained bound to the cell pellet. When 9-deoxy-
A9,A'2(E)-PGD2 is conjugated with a polar moiety such as GSH,

it cannot be extracted with ethyl acetate at pH 3 and remains
in the aqueous fraction. This is in contrast to unconjugated

Table 1 Effect of GSH depletion on recovery of intracellular

Recovery of [3H]-9-deoxy-A',A'2(E)-PGD2 in the supernatant and cell pellet
following lysis of cells that had been incubated with 9-deoxy-A',A12(E)-PGD2.

9-deoxy-A',A'2(E)-PGD2

CellsHTCCHOTreatmentControl

BSO/DEMControl

BSO/DEM|GSH]Â°52

Â±5C

22Â±87.6

Â±1.2
0.8 Â±0.3Supernatant*1

746 Â±191 (SS)'

672 Â±39(94)276

Â±52 (80)
97 Â±32 (85)Pellet"137

Â±14
170Â±2980

Â±9
113 Â±16

" nmol/106 cells (l h after treatment).
* pmol/10" cells recovered after 10 min of incubation.
c Mean Â±SEM.
d Numbers in parentheses, percentage conjugated.

1600

1200-

Q. BOO
O

400

IO 30 70

ELUTION VOLUME (ML)
Fig. 1. Reverse phase HPLC of HTC cell supernatant. Following a 10-min

incubation with ['HI^-deoxy-A'.A'^EJ-PGD;, HTC cells were washed, sonicated,
and centrifuged. The cell supernatant was extracted by using a C[8 SEP-PAK
cartridge and the extract was chromatographed onto a dÂ«Alltech column solvent
system: acetonitrile/50 mM aqueous ammonium acetate (pH 3.4) (25:75, v/v),
run isocratically, 1 ml/min, 1-ml fractions.

PGD2 which readily extracts into ethyl acetate at pH 3. When
water and ethyl acetate are mixed, a small amount of the water
(approximately 10%) is taken up by the organic phase. There
fore, when a conjugate is extracted with ethyl acetate, about
10% will also be recovered in the ethyl acetate layer. Of the
counts, 88 and 80% were recovered in the aqueous fraction
following extraction of the intracellular radioactivity of the
HTC and CHO cell supernatant, respectively, indicating that
essentially all of the tritiated compound was in the form of a
polar conjugate.

Reverse phase HPLC analysis of the intracellular radioactive
material following incubation of tritiated 9-deoxy-A9,A12(E)-

PGD2 with HTC cells is shown in Fig. 1. A major peak was
present eluting at a retention volume of 21 ml. Analysis of this
compound by negative ion FAB-MS gave the mass spectrum
shown in Fig. 2. This revealed a prominent ion at m/z 644
which was interpreted as the Mâ€”H~ ion. This ion is 4 atomic
mass units higher than the Mâ€”H~ ion in the negative ion FAB
mass spectrum of the GSH conjugate of 9-deoxy-A9,A12(E)-

PGD2 (33).
We have previously found that 9-deoxy-A9,A12(E)-PGD2 is

efficiently transformed by 11-ketoreductase and a double bond
reductase(s) in GSH depleted 100,000 x g supernatant of rabbit
liver to a compound in which the carbonyl at C-ll had been
reduced to a hydroxyl and in which one of the double bonds
had been reduced.5 We have previously also shown that GSH
preferentially conjugates across the A9 double bond instead of
across the A12double bond (33). In view of these data, we have

interpreted the mass spectrum shown in Fig. 2 to be consistent
with the structure shown in which GSH is attached at C-9 and
in which the carbonyl and the A12 double bond have been

reduced. An observation which is consistent with the proposed

5D. F. Wendelborn and L. J. Roberts II. unpublished data.
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Fig. 2. Negative ion FAB mass spectrum of the major compound that eluted at 21 ml in Fig.

structure is that when analyzed by UV spectroscopy, this com
pound no longer exhibited a UVmax absorption at 245 nm,
indicating the presence of an Â«,/3-unsaturated carbonyl charac
teristic of 9-deoxy-A9,A12(E)-PGD2 (13), but exhibited a UVmax

absorption at 226 nm. There is also a prominent ion at m/z
660 in the mass spectrum in Fig. 2, 16 a.m.u. higher than the
Mâ€”H ion at m/z 640. This was considered to be derived from
oxidation of part of the GSH conjugate to the sulfoxide during
isolation of the compound prior to analysis. As indicated in
Fig. 2, the stereochemical configuration of the GSH conjugate
at C-9 is not indicated, as this information is not provided by
FAB-MS analysis. If the conjugation is largely catalyzed by
GSH-5-transferase, the conjugation at C-9 may be expected to
be stereoselective. However, because GSH conjugates with 9-
deoxy-A9,A'2(E)-PGD2 rapidly nonenzymatically, the intracel-
lular conjugate may be racemic at C-9.

When HTC cells were incubated with PBS containing [JH]-
9-deoxy-A9,A'2(E)-PGD2 (10 /Â¿g/ml)for 10 min, only 10% of

the tritiated compound which remained outside the cells was in
a conjugated (unextractable) form. However. 63% of the com
pound recovered in the PBS was conjugated after 120 min of
incubation. When the extracellular radioactive material was
analyzed by reverse phase HPLC following a 120-min incuba
tion with HTC cells, 4 radioactive peaks were detected: com
pound I at 10 ml, compound II at 21 ml, compound III at 36
ml, and compound IV at 60 ml elution volume (Fig. 3).

Compound II had a retention volume the same as that of the
GSH conjugate shown in Fig. 2, and analysis of this compound
by negative ion FAB mass spectrometry gave a mass spectrum
essentially identical to that shown in Fig. 2. On this basis,
compound II was identified as the GSH conjugate of 9-deoxy-
A9,AI2(E)-PGD2 depicted in Fig. 2, in which the GSH is at
tached at C-9 and in which the carbonyl at C-l 1 and the A12

double bond have been reduced. The negative ion FAB mass
spectrum of compound III gave a base ion at m/z 458 (Fig. 4).
This is the expected Mâ€”H ion for the cysteine conjugate
derivative of compound II. The negative ion FAB mass spec
trum of compound IV was characterized by a base ion at m/z
515 which is consistent with the Mâ€”H ion of the cysteinylgly-

3000 -

2000

1000

IV

0 10 20 30 40 50 60 70

ELUTION VOLUME IMLI

Fig. 3. Reverse phase HPLC of HTC cell medium. Following incubation of
HTC cells for 120 min in PBS containing |'H]-9-deoxy-A*,A'2(E)-PGDj. the

medium was collected and analyzed by reverse phase HPLC as described in Fig.

cinyl conjugate derivative of compound II (Fig. 5). The nature
of these results suggested that 9-deoxy-A9,A'2(E)-PGD2 initially
undergoes conjugation with GSH across the A9 double bond,

followed by further metabolism by 11-ketoreductase, a double
bond reducÃase, 7-glutamyl transpeptidase, and dipeptidase.

Conjugation with GSH almost certainly occurs prior to reduc
tion of the carbonyl at C-l 1 since the carbonyl renders the A9

double bond susceptible to nucleophilic addition. To further
support the suggestion that these cells contain 11-ketoreductase

activity, the ability of these cells to transform PGD2 to 9Â«,11/3-
PGF2, the product of 11-ketoreductase metabolism of PGD2

(37), was examined. PGD2 was incubated with lysed HTC cells
for 2 h in the presence of NADPH. Analysis by GC/MS
revealed that the HTC cell lysate indeed catalyzed the transfor
mation of PGD2 to 9a,l l/a-PGF2 (data not shown).

When CHO cells were similarly treated with PBS containing
9-deoxy-A9,A'2(E)-PGD2, 8% of the compound recovered in the

medium was conjugated after 10 min and 38% was conjugated
after 120 min of incubation. No conjugation was observed if
the PBS was preincubated in the presence of cells for 120 min,
removed, and then exposed for 2 h to the prostaglandin. Also,
no free (reduced or oxidized) GSH was detected in the PBS
after 120 min of incubation with either cell line when 9-deoxy-
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Fig. 4. Negative ion FAB mass spectrum of peak III in
Fig. 3.
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Fig. 5. Negative ion FAB mass spectrum of
peak IV in Fig. 3.

A9,AI2(E)-PGD2 was not present. These results indicate that
conjugation of 9-deoxy-A',Al2(E)-PGD2 with GSH occurs ex

clusively inside the cell and the conjugates then subsequently
exit the cell and appear in the culture medium.

Effects of GSH Depletion on Cellular Uptake and Antiprolif-
erative Activity of 9-Deoxy-A9,A12(E)-PGD2. A 1-h treatment

m/z
with DEM/BSO decreased the intracellularGSH concentration
in HTC and CHO cells (Table 1). In HTC cells, the GSH levels
fell from a control value of 52.0 Â±5.0 to 22.0 Â±8.0 nmol/106

cells. In CHO cells, the 1-h DEM/BSO treatment lowered

GSH levels from a control value of 7.6 Â±1.2 to 0.8 Â±0.3nmol/
IO6cells. These data show that the DEM/BSO exposure pro-
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duced a 55 and 89% reduction in the GSH concentration,
respectively. These are statistically significant as determined by
a paired Student's t test (P < 0.001 ). There was also a significant
reduction in the amount of 9-deoxy-A9,A'2(E)-PGD2 recovered

from both HTC and CHO cells following incubation of 9-
deoxy-A9,A12(E)-PGD: with GSH depleted cells (Table 1).

These uptake experiments showed a 52% decrease (P < 0.002)
in the compound recovered in HTC cells and a 41% decrease
(P < 0.02) in the compound recovered in CHO cells as deter
mined by a paired Student's t test. The reduction was observed

in the cell supernatant after lysis. No significant change was
measured for either cell line in the pellet from the lysed cells.

To assess the effect of GSH depletion on the antiproliferative
activity of 9-deoxy-A9,A'2(E)-PGD2, cells were treated with

increasing concentrations of the prostaglandin for 48 h in the
presence or absence of BSO as described in "Materials and
Methods." Cells which remained on the surface of the flasks

were trypsinized and counted. Trypan blue dye exclusion tests
and colony forming assays showed these cells to be viable,
whereas the cells floating in the medium did not exclude trypan
blue (data not shown). At the end of the 48-h BSO exposure,
the GSH concentration in HTC cells was 3% of control values
and in CHO cells it was 8% of control values. Fig. 6 represents
the mean of 3 experiments with each cell line. In both cell lines
there was a significantly enhanced inhibition of cell prolifera
tion by 9-deoxy-A9,A'2(E)-PGD2 when the cells were exposed
to DEM/BSO treatment. The dose-response curve, character
izing HTC cells, was biphasic (Fig. 6A). There was an initial
threshold or shoulder followed by an exponential curve. Addi
tion of DEM/BSO reduced the size of the shoulder and reduced
the slope of the exponential curve. In CHO cells, the dose-
response curve was best fitted by a simple exponential (Fig.
6B). Exposure to DEM/BSO reduced the slope. To quantitate
the data, inhibition of cell proliferation, expressed as relative
cell number, was plotted against the prostaglandin concentra
tion (Fig. 6, C and D). Relative cell number represents the
quotient obtained after the cell number measured in the pres
ence of 9-deoxy-A9,A'2(E)-PGD2 was divided by the cell number

measured in its absence. Cytotoxicity produced by exposure to
4, 8, or 10 Mg/ml of 9-deoxy-A9,A12(E)-PGD2 was significantly
increased in both cell lines as determined by a paired Student's

t test (P < 0.05; Fig. 6, C and D). The concentrations of 9-
deoxy-A9,A'2(E)-PGD2 required to reduce proliferation by 50%

were derived from these data (Fig. 6, C and D) and decreased
from 9.1 Â±0.9 to 4.8 Â±0.1 Mg/ml in HTC cells and from 9.5
Â±1.9 to 4.0 Â±0.9 //g/ml in CHO cells when cells were depleted
of glutathione by DEM/BSO treatment.

DISCUSSION

In the present study, we have shown that 9-deoxy-A9,A12(E)-

PGD2 is rapidly taken up by HTC and CHO cells and essentially
quantitatively converted intracellularly to a polar conjugate.
Narumiya et al. (2l, 22) have also observed a rapid uptake of
the same compound in the LI210 murine leukemia cell line,
most of which was recovered in the nucleus in a nonextractable
form. They, however, did not identify the nature of the nonex
tractable material. In contrast to their findings, most of the
radioactivity in our experiments was recovered in the superna
tant after lysis of the cells, not in the pellet. This could be
attributed, at least in part, to technical differences in cell
processing, such as sonication and centrifugation. As we have
shown in the HPLC and FAB-MS analyses, the compound is

HTC CHO

10s BSO

. A

BSO

. B

8 10 8 10

|iq / ml
9 - Deoxy A', A11(E) - PGD2

S 10Â°

- D

6 8 10

iig / ml
9 - Deoxy AÂ«,A'2(E) - PGD,

8 10

Fig. 6. Effect of glutathione depletion on proliferation of cell exposed to 9-
deoxy-A'.A'2(E)-PGD2. Plated cells were treated with BSO/DEM for 1 h, fol

lowed by rinsing and applying fresh medium containing BSO and increasing
concentrations of 9-deoxy-A9,A':(E)-PGD; (with BSO. â€¢¿�).Other cells were

treated with DMSO for 1 h. rinsed and supplied with fresh medium containing
only 9-deoxy-A*,A'2(E)-PGD2 (without BSO, O). Cells were allowed to incubate

for 48 h. Attached cells were then counted. Points, average of at least ÃŒexperi
ments; bars, SEM. . additive effect of GSH depletion and exposure to 9-
deoxy-AÂ°.Al;-PGD2. A, HTC cells; B. CHO cells. C and D. the data shown in A

and B are expressed as the relative cell number which represents the quotient
obtained after the cell number measured in the presence of 9-deoxy-A*.A'J(E)-

PGD2 was divided by the cell number measured in its absence. The intercept of
the dashed line with the A' axis represents the estimated concentration of 9-deoxy-
A',A'!(E)-PGDj required to decrease proliferation by 50%. Error bars are shown

when they exceed the diameter of the symbol. C. HTC cells; D, CHO cells.

largely conjugated with intracellular GSH in CHO and HTC
cells. The GSH conjugate then undergoes further metabolism,
resulting in reduction of the keto group at C-l 1 by 11-ketore-
ductase, reduction of the A12double bond, and further metabolic
degradation by -y-glutamyl transpeptidase and dipeptidase.

In both cell lines, 9-deoxy-A9,A'2(E)-PGD2 is not only rapidly

taken up by the cells, but also appears in the medium within 2
h as a reduced conjugate of GSH or its metabolites. When cells
were incubated for 2 h without the prostaglandin, there was no
evidence of effluxed free GSH (or its metabolites). Moreover,
9-deoxy-A9,A'2(E)-PGD2 remained unconjugated when added

to PBS which had been preincubated with cells. This suggests
that the compound is first taken up by the cell, subsequently
conjugated with GSH, metabolized, and then effluxed. Follow
ing incubation of tumor cells for 12 h with PGA,, Vulliez-Le
Norman et al. (38) have also identified cysteine and cysteinyl-
glycine adducts of PGA, in the medium.

9-Deoxy-A9,A12(E)-PGD2 inhibits proliferation of HTC and

CHO cells, as has been reported in many other cell lines (12,
13, 21, 22). In our study, we have shown that depletion of
intracellular GSH in both CHO and HTC cells by DEM/BSO
treatment enhanced their sensitivity to the antiproliferative
effect of 9-deoxy-A9,A'2(E)-PGD2. Simply depleting intracellu-
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lar GSH in both CHO and HTC cells without exposing them
to 9-deoxy-A9,A'2(E)-PGD2 was associated with approximately

a 33% reduction in proliferation. GSH depletion by itself has
been known to inhibit cell proliferation (39-42). However, this

effect is not uniform and depends on the cell line and the degree
to which GSH concentrations are reduced (43-46). The mech
anism by which 9-deoxy-A9,A12(E)-PGD2 exerts its antiprolif-

erative action probably is not simply by conjugating with GSH
and thus lowering intracellular GSH concentrations. Although
9-deoxy-A9,A12(E)-PGD2 inhibits proliferation of HTC cells, we

could not detect an appreciable reduction in intracellular GSH
concentration following exposure of the cells to the prostaglan-

din for 4 h (data not shown). This is not an unexpected finding
in view of the fact that GSH concentrations are very high and
comparatively only small quantities of 9-deoxy-A9,A'2(E)-PGD2

are taken up by the cells.
The question whether any of the 9-deoxy-A9,A'2(E)-PGD2

adducts (GSH, cysteinyl-glycine, and cysteine), formed in these
cells may in part be responsible for the cytotoxic activity of 9-
deoxy-A9,A12(E)-PGD2 has not been resolved in the present

work. GSH conjugates of some xenobiotics, or their metabo
lites, may lead to bioactivation of an enzymatic system which
results in toxic metabolites (47). Gouin et al. (48) identified a
cysteinyl-glycine conjugate of PGA, in which the C-9 keto group
had been reduced in the medium following incubation of PGA
with tumor cells, and reported that this conjugate possessed
cytotoxic activity. Formation of a cysteinyl-glycine derivative
from a GSH conjugate requires an enzymatic reaction involving
7-glutamyl transpeptidase (49). Although the HTC cells have
7-glutamyl transpeptidase activity which resulted in the for
mation of a cysteinyl-glycine conjugate of 9-deoxy-A9,A12(E)-

PGD2, no 7-glutamyl transpeptidase activity was detected in
the CHO cells (data not shown). Moreover, the fact that GSH
depletion enhanced the inhibitory effect of 9-deoxy-A9,A'2(E)-

PGD2 would not seem consistent with the possibility that the
GSH conjugate of this prostaglandin or one of its derivatives is
actually responsible for the antiproliferative activity of this
prostaglandin in CHO and HTC cells.

These results, therefore, suggest that the availability of un-
conjugated 9-deoxy-A9,A'2(E)-PGD2 within the intracellular

matrix may be required for this compound to exert its cytotoxic
effect, at least in CHO and HTC cells. It has been suggested
that 9-deoxy-A9,A12(E)-PGD2 expresses this activity via an in

teraction in the nucleus (23). When the prostaglandin enters
the cell, some of it may be transported to the target organelle
(e.g., nucleus) where it may bind to sulfhydryl residues on
proteins, etc. The remainder may rapidly conjugate with cyto-
solic GSH or efflux out of the cell. We have found that although
9-deoxy-A9,A'2(E) PGD2 quantitatively conjugates nonenzy-

matically with GSH in vitro in the presence of a molar excess
of GSH, the rate of conjugation is dependent on the concentra
tion of GSH even though there is a molar excess present. At
higher concentrations of GSH, the rate of the conjugation
reaction is more rapid. Therefore, it is possible that when
intracellular concentrations of GSH are reduced, the rate of
conjugation with GSH is slower. This may then allow more of
the unconjugated compound to interact with critical factors
involved in cell proliferation.

The role of GSH levels in modifying the cellular response to
anticancer drugs has been extensively studied in recent years,
and the effect of GSH depletion on potentiating the response
is being currently investigated (50-54). In the present study, we
have obtained direct evidence that 9-deoxy-A9,A'2(E)-PGD2

conjugates with GSH intracellularly, and that this interaction

can modulate the cytotoxic activity of the compound. 9-Deoxy-
A9,A12(E)-PGD2 represents a group of prostaglandins which are

potential antineoplastic drugs. The fact that its action is en
hanced by GSH depletion in cell culture merits further investi
gation regarding the possibility that in vivo GSH depletion may
also enhance the cytotoxicity of the compound.
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