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Abstract-Prostaglandins containing a cyclopentenone moiety are potent antiviral and antigrowth 
compounds. Some evidence indicates that these prostaglandins are conjugated to glutathione by cells. 
However, the metabolism of one group, the prostaglandins of the A type, is unclear due to conflicting 
reports. We studied the uptake and metabolism of prostaglandin AZ (PGA?) in mouse L1210 leukemia 
and L929 fibroblast cell lines in which this prostaglandin has antiviral and antigrowth effects. Both cell 
types took up the PGA2 and then metabolized it to a more polar compound. Inside L1210 cells, PGA, 
was initially conjugated to glutathione and then reduced at the 9-keto position to form 9-OH-PGA*- 
GSH. The 9-OH-PGA,-GSH was then secreted from the cells and apparently degraded to form the 
CysGly and Cys derivatives. Intracellular glutathione was decreased markedly by the addition of the 
PGAz in L1210 and L929 cells. This result confirms that conjugation of PGAl to glutathione occurs in 
both cell types. Formation of the 9-OH-PGA,-GSH and other glutathione-related conjugates was 
prevented when glutathione was depleted by growth in buthionine sulfoximine. The glutathione-depleted 
cells were insensitive to the cytotoxicity of the PGA2, suggesting that one of the glutathione-related 
conjugates may be involved in the cytotoxicity of PGA*. These results end the controversy over the 
metabolism of PGAz and suggest mechanisms for its antiviral and antigrowth actions. 

Prostaglandins (PGst) containing a cyclopentenone 
moiety (PGAs, PGJs and the related clavnlones and 
punaglandins) are inhibitors of viral replication and 
cell growth at concentrations below the point at 
which they become cytotoxic. Thus, these compounds 
have potential as therapeutic agents and some may 
have a physiological antiviral and/or antitumor 
function. Prostaglandins of the A and J series have 
been found to inhibit the replication of Sendai [l], 
vesicular stoma&is [2], vaccinia [3], herpes simplex 
II [4], and encephalomyelocarditis [5] viruses. This 
group of viruses includes enveloped viruses with 
both single-stranded (-)RNA genomes and double- 
stranded DNA genomes, as well as a single-stranded 
(+)RNA virus lacking an envelope. In addition, the 
growth of several tumor cell lines is inhibited by 
prostaglandins, clavulones and punaglandins. The 
cell lines showing this response include L1210 
leukemia [6] and B16 melanoma [7-91 from mouse, 
and HL60 promyelocytic leukemia [lo], KS62 chronic 
myelogenous leukemia [ll], and melanomas [12] of 
human origin. Thus, it is clear that both the antiviral 
and the antigrowth effects of these prostaglandins 
are quite broad in scope. It is thought that the 
cyclopentenone moiety is required for both antiviral 
[4] and antigrowth [lo, 131 actions of the prosta- 
glandins. Yet, the mechanism(s) of the antiviral and 
antigrowth actions remains unknown. 

* Corresponding author: Dr. Judy Parker, Department 
of Biochemistry, Medical College of Wisconsin, 8701 
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257-8482; FAX (414) 257-2008. 

t Abbreviations: PG, prostaglandin; DTNB, 5,5’- 
dithiobis(2-nitrobenzoic acid); MTT, 3(4,5-dimethyl-thia- 
zoyl-2-yl)2,5-diphenyltetrazolium bromide; and PBS, phos- 
phate-buffered saline. 

To understand the biology and pharmacology of 
cyclopentenone prostaglandins, it is important to 
determine the metabolism of these compounds. 
Recently, it was reported that the cyclopentenone 
prostaglandin A’*-PGJ2 is conjugated to glutathione 
in Chinese hamster ovary and rat hepatoma cells 
[14]. After conjugation, further metabolism led to 
reduction at the 11-keto and A1*-13 moieties. This 
was the first evidence that cells other than red blood 
cells [15-181 and liver [19] also metabolize a 
cyclopentenone prostaglandin by conjugation to 
glutathione. The antigrowth effect of PGAl has been 
reported to be reversible while that of A1*PGJ2 is 
irreversible [20,21]. Thus, it is unclear if metabolism 
of PGAs is different from that of ‘*PGJ2. 
Furthermore, there are conflicting reports of the 
metabolism of PGA1. Free PGAl was reported to 
accumulate inside L1210 leukemia cells and to bind 
to nuclear proteins 120,221. However, in red blood 
cells no free PGAl could be observed and a 
glutathione conjugate was formed inside the cells 
which was in part further reduced at the 9-keto 
position [16-l& 231. We studied the metabolism of 
PGA2 in L1210 and L929 cells in order to resolve 
these conficting reports of PGA metabolism. 

METHODS 

Chemicals. Roswell Memorial Park Institute 
(RPMI) medium 1640, minimal essential medium 
with Hanks’ salts (MEM), horse serum, and fetal 
bovine serum were obtained from the Grand Island 
Biological Co. Ethyl acetate, benzene, acetonitrile, 
acetic acid, hydrochloric acid and Cl8 Sep Paks were 
from Fisher Scientific. Streptomycin sulfate was from 
Calbiochem, T&on X-100 from BioRad, and Biosafe 
II scintillation fluid from Research Products 
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International. Silica gel 60 thin-layer chromatography 
plates were from Merck (No. 5721). Tissue culture 
flasks, 96-well plates, and 12-well plates were 
from Costar. Penicillin G, PGAr, PGE*, N-[2- 
hydroxyethyllpiperazine-N’ -[Zethanesulfonic acid] 
(HEPES), glutathione, cysteine, buthionine sulfoxi- 
mine, 5,5’-dithiobis(2nitrobenzoic acid) (DTNB), 
S-sulfosalicylic acid, and 3(4,5-dimethyl-thiazoyl-2- 
yl)2,5-diphenyltetrazolium bromide (M’IT) were 
from the Sigma Chemical Co. PGA2 was also 
purchased from Cayman Chemicals. The dipeptide 
CysGly was purchased from BaChem. 

Cell lines and cell culture. Mouse L1210 leukemia 
cells (ATCC CCL219) were routinely grown in 
RPMI-1640 supplemented with 10% horse serum in 
glass bottles or in plastic flasks. Cells were 
subcultured three times per week and seeded at 
0.2 x 106/mL. Mouse L929 fibroblast cells (ATCC 
CCLl) were grown in MEM supplemented with 10% 
fetal bovine serum and subcultured by standard 
techniques three times per week. All culture medium 
included penicillin and streptomycin. 

Preparation of [3Hlprostaglandin A2 and high 
performance liquid chromatography of prosta- 
glandins. [5,6,8,11,12,14,15-3H(N)]Prostaglandin Ez 
(200 Ci/mmol), obtained from New England Nuclear 
was mixed with 0.5 mL of 0.01 N HCl (pH 2.05). 
The tube was filled with N2, sealed, and heated at 
70” for 15-18 hr. The sample was then extracted 
three times with 1 mL of ethyl acetate and the 
combined organic phase washed with 1 mL of HzO. 
The organic phase was evaporated by a stream of 
N2 and the residue was taken up in the high 
performance liquid chromatography (HPLC) column 
buffer (see below), The sample was next injected 
onto a Beckman Ultrasphere Cis (2 X 150 mm) 
column and isocratically eluted at 0.2 mL/min in 
40% acetonitrile, 0.16% benzene, 0.24% acetic acid. 
The fractions containing [5,6,8,12,14,15-3H(N)]l 
PGAz were pooled, extracted three times with ethyl 
acetate, and dried under a stream of Nz; the residue 
was dissolved in 100% ethanol. HPLC of ethyl 
acetate extracts from experiments with cells was as 
described above except that a Beckman Ultrasphere 
Cis column (4.6 x 150mm) was used at a flow rate 
of 1 mL/min. 

Uptake and metabolism ofprostaglandin AZ, L1210 
cells (2 x 106) were mixed with 10pM PGAz 
or PGE2 (containing 15,00@-100,000 dpm of 
corresponding [3H]prostaglandin) in 0.2 mL of 
RPMI-1640, 25 mM HEPES, (pH 7.4). Samples 
were heated at 37” in a water bath for the indicated 
times. Then 0.62 mL of cold phosphate-buffered 
saline (PBS) was added to the tubes and the cells 
were pelleted at 500g for 3 min. The supematant 
was transferred to a fresh tube, and the cells were 
washed with 0.3mL PBS and then pelleted again. 
The cells were resuspended in 0.92 mL PBS, 0.2 mL 
RPMI-X40,25 mM HEPES, and the cell suspension 
and the combined supernatants were acidified to 
pH 3.8 with 0.1 N HCl. Each sample was extracted 
three times with 1 mL of ethyl acetate, and aliquots 
of the residual aqueous phase and the combined 
ethyl acetate extracts were counted to determine the 
distribution of the PGAz or PGE*. The volume of 
the L1210 cells was estimated using the equation 

V = 4/3&, since these are spherical cells with an 
approximate diameter of 1Opm. Experiments with 
L929 cells followed a similar procedure except that 
the medium was MEM plus 25 mM HEPES and the 
cells were scraped off the plates. 

Analysis of aqueous phase radioactivity. Aqueous 
phase samples were immediately loaded onto 
individual CL8 Sep Pak columns and the columns 
washed in order with 10mL of 50mM ammonium 
acetate (pH3), 10mL HzO, 10mL heptane, and 
10mL ethanol (100%). The radioactivity in the 
ethanol eluate was concentrated by evaporation 
under a stream of N2 and then injected into a 
Beckman Ultrasphere Cis (4.6 x 150mm) HPLC 
column. The column was eluted with 25% acetonitrile 
in 50 mM ammonium acetate (pH 3.4) for 30 min. 
Then a linear gradient to 35% acetonitrile in 50 mM 
ammonium acetate was applied, followed by further 
elution with the latter mobile phase. The flow rate 
was 1 mL/min, and fractions of 1 mL were collected, 
mixed with scintillation fluid and counted for 3H. 
The 9-OH-PGAr-GSH was prepared essentially as 
described for A1ZPGJ2-GSH [19] except that PGAr 
replaced the A12PGJ2 and after 1 hr at 37” 12.5 mM 
sodium borohydride was added for an additional 
hour. Thin-layer chromatography was on silica gel 
60 plates in n-butanol:acetic acid:H20 (40:10:5) in 
which synthetic PGAr-GSH (unreduced) had an 
Rf = 0.28. 

In vitro formation of PGA2 polar metabolites. 
Approximately lo* L929 cells were washed in 
phosphate-buffered saline and homogenized by 70 
strokes of a Dual1 homogenizer in 2 mL of 1 mM 
EDTA, 0.25 M sucrose, 100 mM sodium phosphate 
(pH 7.0). The homogenate was centrifuged at 9OOOg 
for 10 min at 4”. Reaction mixtures were 0.3 mL and 
contained 1 mM EDTA, 100 mM sodium phosphate 
(pH 7.0), 83 mM sucrose, plus 1OOpM PGA2 
containing 13,500 dpm of [3H]PGA2. Glutathione 
(250 PM) and 0.1 mL of homogenate supernatant 
were present in some tubes as indicated. Tubes were 
shaken at 22” and at various times 5OyL aliquots 
were removed and mixed with 1 mL of 1% formic 
acid to lower the pH to 2.0. The samples were 
extracted three times with ethyl acetate and 0.5 mL 
of the residual aqueous phase was counted for ‘H 
by scintillation counting. 

Assay of PGA2 cytotoxicity. L929 cells (5 x 104/ 
well) were seeded into a 96-well plate in MEM, 10% 
fetal bovine serum with and without 50pM 
buthionine sulfoximine and incubated for 17 hr at 
37”. The medium was then removed and plates were 
washed three times with phosphate-buffered saline. 
Then 0.1 mL of MEM plus 25 mM HEPES was 
added with and without 100 PM PGA2 in triplicate. 
Buthionine sulfoximine (50 PM) was added to those 
wells which had been grown previously with 
buthionine sulfoximine and the cells were incubated 
for 6 hr at 37”. Then 20 pL/well of MTT (5 mg/mL 
in phosphate-buffered saline) was added on top of 
the medium for 1 hr at 37”. The medium was 
removed, 100 PL of 0.04 N HCl in isopropanol was 
added, and the dissolved, reduced MTT was 
determined by absorbance at 570nm in a Biotek 
reader. 

Effect of PGA2 on cellular glutathione. L1210 
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Fig. 1. Uptake and metabolism of PGAr in L1210 cells. 
L1210 cells (2 x 106) were incubated at 37” in 0.2 mL of 
RPM1 l&to,‘25 mM’ HEPES (pH7.4) with 10pM PGAr 
(containing 15,000-106,000 dpm of [3H]PGAJ. At various 
times the cells were separated from the medium and each 
sample was extracted with ethyl acetate at pH4 as in 
Methods. Radioactivity in the samples is presented as 
percent of total for each time point. Values are means 
f SD of five experiments except at 10 and 30 min where 
the values are the average of two experiments only. Key: 
(A) cells: (W) ethyl acetate phase, and (0-O) aqueous 
phase; (B) medium: (O-O) ethyl acetate phase, and 

(0-O) aqueous phase. 

cells (0.5 x l@/mL) were mixed with various 
concentrations of PGAz or PGE, in RPMI-1640, 
25 mM HEPES. Three experiments had a total of 
2 mL cells/sample and one experiment had 10 mL/ 
sample. After 1 hr at 37” the cells were pelleted at 
5OOg for 3 min, resuspended in 1 mL of PBS, and 
transferred to an Eppendorf tube. The cells were 
pelleted again and then dissolved in 30 PL of 1% 
Triton X-100. Each sample then received 38 ,uL of 
10% S-sulfosalicylic acid and 50 PL HrO. Precipitated 
protein was removed by centrifugation at 10,000g 
for 10min. Aliquots of the supematant were then 
assayed for glutathione. 

We measured total glutathione (> 95% GSH) in 
the supematants using the DTNB/glutathione 
reductase procedure first described by Owens and 
Belcher [24]. We followed the modification of 
Anderson [25], however; total sample volume was 
0.215 mL and we read the absorbance of the samples 
every minute at 405 nm in a Biotek 96-well plate 
reader. 

RESULTS AND DISCUSSION 

We found that the L1210 cells took up PGAs and 
immediately metabolized it to a more polar 
compound(s) in experiments where radioactive 
PGAr was used to trace the total PGAs (Fig. 1). 
Formation of the polar compound(s) was detected 
by the fact that it partitioned into aqueous solution 
rather than ethyl acetate at pH 3-4, whereas PGAs 
were extracted into ethyl acetate under these 
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Fig. 2. Formation of polar metabolites of PGA2 in L929 
cells. L929 cells (approx. W/well) in a 12-well plate were 
exposed to 50 PM PGAz (containing 18,000 dpm of [3H]- 
PGAr) in 0.3 mL of MEM, 25 mM HEPES pH 7.4. At 
each time shown, the cells and medium were extracted 
together at pH4 with ethyl acetate as in Methods. 
Radioactivity partitioning into each phase is shown as 
percent of total. Each point is the average of two duplicate 
wells. Key: (C-O) aqueous phase, and (O-0) organic 

phase. 

conditions. The polar metabolite(s) appeared in the 
medium after it was observed in the cells. The L929 
cells also metabolized PGAz to a polar compound 
(Fig. 2). PGA2 (as organic soluble radioactivity) was 
present in the cells at about 1 PM. Under identical 
conditions PGEz remained 98% or more in the 
medium after 6 hr, although some breakdown of the 
PGEz into more polar compounds did occur (not 
shown). Clearly, PGEr does not become cell 
associated in contrast to the accumulation of a PGAr 
metabolite inside the cells. This suggests that the 
cyclopentenone moiety (which appears when PGEr 
is dehydrated to PGAr) is required for formation of 
the polar metabolites which are found in the cells. 

High performance liquid chromatography (HPLC) 
was used to identify the metabolites of PGAz in both 
the medium and the cells. The radioactive material 
which could be extracted into ethyl acetate from the 
medium was analyzed by HPLC. This material was 
all PGAr initially and although the PGAz decreased 
over time (as the cells took it up) no nonpolar 
metabolites that extract into ethyl acetate appeared 
(not shown). The radioactivity which extracts into 
the aqueous phase was found both in cells and in 
the medium. The predominant polar metabolite of 
PGAr from inside the cells eluted at 18 min with 
minor peaks at 12, 16 and 22 min (Fig. 3A). In the 
samples from the medium, the major peak eluted at 
17 min with minor peaks at 11, 20, 22 and 24 min 
(Fig. 3B). Synthetic PGA,-GSH reduced at the 9- 
keto position (9-OH-PGAr-GSH) eluted as a major 
peak at 18min and a minor peak at 16min (not 
shown). As we used sodium borohydride to prepare 
the 9-OH-PGAs-GSH standard, two stereoisomers 
could result, explaining the presence of two peaks 
in the standard. Unreduced PGAr-GSH eluted at 
21 min and PGAz eluted at 75 min under these 
conditions. The predominant polar metabolite in 
both the cells and the medium thus appeared to be 
9-OH-PGAs-GSH. Only one stereoisomer of 9-OH- 
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Fig. 3. HPLC analysis of PGA2 metabolites extracted into 
aqueous phase. L1210 cells were incubated with PGA2 as 
in Fig. 1 except that 20 PM PGAz containing 200,000 dpm 
of [3H]PGA, was used. Glutathione was depleted in one 
sample by growing the cells in 1 mM buthionine sulfoximine 
24 hr before and during the PGAl exposure. Radioactivity 
extracted into the aqueous phase was desalted and analyzed 
on an Ultrasphere CL8 column as described in Methods. 
Elution was begun with 25% acetonitrile in 50mM 
ammonium acetate (pH3.4) for 30min; then a linear 
gradient over 10 min to 35% acetonitrile in the ammonium 
acetate was applied, followed by elution with the latter. 
Fractions (1 mL) were collected and ‘H was determined by 
scintillation counting. Results are shown as percent of 
initial total radioactivity at the start of the experiment. (A) 
Control cell-associated material. (B) Control medium. (C) 

Medium from glutathione-depleted cells. 

PGAP-GSH was found as would be expected to 
result from enzymatic reduction. A small amount of 
unreduced PGA2-GSH was also detected in the cell 
samples (22 min) . 

It is likely that the peaks at 20 and 24min were 
breakdown products of the 9-OH-PGA2-GSH which 
were generated by the action of y-glutamyl 
transpeptidase and peptidases after the major cellular 
metabolite was secreted. These enzymes do, in fact, 
degrade other GSH conjugates [26]. We have 
detected such products (PGA&ys and PGA1- 
CysGly) in the medium by thin-layer chromatography 
which does not separate the reduced and unreduced 
compounds. Atsmon et al. [14] have also observed 
this degradation of A12PGJ2-GSH in Chinese hamster 
ovary and rat hepatoma cells. Another report also 
found PGAl and 9-OH-PGAI conjugated to cysteine 
and CysGly after 72 hr in media from B104 
neuroblastoma and C6 glioma cells [27]. 

We examined metabolism of PGA2 in L1210 cells 
that were depleted of intracellular glutathione to 
< 2% of the control level by growth in the presence 
of buthionine sulfoximine. Only 5% of the total 
radioactivity became cell associated after 3 hr in the 
glutathione-depleted cells compared to 34% cell- 

Table 1. Amino acid analysis 

Ratio of amino acid to glutamic 
acid 

Synthetic PGA*- 

Glutamic 
acid Glycine 

Cysteic 
acid 

GSH 1.0 0.88 0.18 
Major cell product 1.0 1.15 0.24 

Synthetic PGA,-GSH and the aqueous phase of cell 
samples were purified by CIs Sep Pak and then thin-layer 
chromatography as described in Methods. The samples 
were eiuted with 50:50 ethanol:H,O from the section of 
the plate comigrating with the PGA,-GSH standard. 
Samples were oxidized with performic acid (to convert 
cysteine to cysteic acid) and hydrolyzed in 6 N HCI. 

associated radioactivity in control cells. The polar 
metabolites from the glutathione-depleted cells had 
the following distribution (as percent of total): 
59min, 1%; 12min, 0.3%; PGA,-GSH (reduced 
and unreduced), 0.5%; other, 1% (not shown). The 
GSH-depleted cells also contained about 2% organic 
soluble material which was presumably PGA2. Thus, 
these cells contained approximately 2% of the 
amount of PGA,-GSH found in the control cells. 
This is in good agreement with the depletion of GSH 
to about 2% of the control cell amount and it is 
clear that loss of glutathione blocked production of 
the PGA2-GSH. 

Polar metabolites were also found in the medium 
of the glutathione-depleted cells. When analyzed by 
HPLC there were peaks at 26 and 59 min, but none 
of the peaks seen in medium from control cells were 
present (Fig. 3C). The peak at 59 min sometimes 
appearedwhen PGA2andglutathione were combined 
in the test tube and therefore was probably a result 
of nonenzymatic breakdown of the PGA2 and did 
not contain glutathione. The peak at 26min 
comigrated with an unreduced PGA2-Cys standard. 
This unreduced PGA2-Cys probably resulted from 
direct conjugation of cysteine to PGA2 since it 
cannot be a breakdown product of the 9-OH-PGA2- 
GSH. 

We also found that the major metabolite from the 
cells comigrated with synthetic PGA,-GSH in thin- 
layer chromatography (which cannot separate the 
reduced and unreduced versions of this compound 
[16]). An amino acid analysis of the predominant 
polar metabolite from the cells (isolated by thin- 
layer chromatography) found glutamic acid and 
glycine in equimolar amounts; however cysteine (as 
cysteic acid) was present in lower amounts (Table 
1). Synthetic PGA2-GSH analyzed under the same 
conditions gave nearly identical results. The low 
yield of cysteine was probably due to incomplete 
performic acid oxidation during sample preparation 
for amino acid analysis. If the PGA2 molecule is 
covalently bound via the thiol of the Cys residue, 
then the thiol would be resistant to performic acid 
oxidation. Only the cysteine released from the PGA2 
during the performic acid treatment would be 
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Fig. 4. Formation of polar metabolites of PGA, in L929 
cell-free extracts. A cell-free extract prepared from L929 
cells was mixed with 0.25 mM $lutathione and 0.1 mM 
PGA, containing 13,500 dpm of [ H]PGAr as described in 
Methods. At times shown aliquots were removed, acidified 
to pH 2, and extracted three times with ethyl acetate. The 
radioactivitv in the aqueous phase was determined by 
scintillationW counting and indicates the amount of polar 
metabolite(s) produced. Key: (W) extract + glutathione 
+ PGA,; (A-A) glutathione + PGAr; (A-A) extract 

+ PGA,; and (0-O) PGAr alone. 

oxidized. This could explain the small amount of 
cysteic acid that was found. 

The nucleophilic thiol group can react spon- 
taneously with a&unsaturated carbonyl compounds 
such as the cyclopentenone moiety on PGA2 provided 
the concentrations of each reactant are sufficient 
[28]. However, we found that extracts from L929 
cells catalyzed the formation of the polar metabolite 
from PGAr (Fig. 4). Glutathione S-transferases can 
catalyze conjugation of PGAi with glutathione in 
vitro [29]. Thus it is probable that inside the cells 
this ubiquitous family of enzymes is involved in the 
formation of the PGA,GSH since the concentration 
of the PGAr is never very high inside the cell. 
Indeed, Atsmon et al. [14] also found that cell 
extracts catalyze the formation of A”PGJr-GSH. 
Cagen et al. [16] showed that the thiol is indeed 
covalently linked to C-11 of PGAi in the g-OH- 
PGAi-GSH produced by red blood cells. Our g-OH- 
PGAr-GSH standard had the GSH linked at the C- 
11 position, since it was produced by spontaneous 
reaction followed by reduction with sodium boro- 
hydride. It is therefore likely that the cell product 
we observed was also linked at C-11 to glutathione, 
since a different linkage would affect the HPLC 
retention time. 

We investigated whether PGAr would become 
more toxic when glutathione was not present. 
Intracellular glutathione in L929 cells was depleted 
to < 2% of control levels by growth in the presence 
of buthionine sulfoximine. Surprisingly, loss of 
glutathione protected the L929 cells from the toxicity 
of PGAs (Fig. 5). The results of the MTT 
spectrophotometric assay were additionally sup- 
ported by the fact that the cell monolayer was 
destroyed by 1OOpM PGAz but this did not occur 
in cells depleted of glutathione by buthionine 
sulfoximine. Since the PGAr-GSH conjugate and 
derivatives are not made in glutathione-depleted 

ESO: - - f + 
PGA2: - + + 

Fig. 5. Prevention of PGA2 cytotoxicity by depletion of 
glutathione. L929 cells in 96-well plates were grown for 
17 hr with and without 50 nM buthionine sulfoximine. The 
medium was removed and the monolayers were washed 
three times with phosphate-buffered saline. Then MEM, 
25 mM HEPES with and without 100 PM PGAr was added 
and buthionine sulfoximine readded to the appropriate 
wells. After 6 hr at 37”. M’I’T was added and incubation 
continued for another hour. Then the amount of reduced 
MTT (indicating the cells with functional mitochondria) 
was determined by absorbance at 570nm. Results 
(mean f SD of four experiments) are the absorbance at 
570 nm shown as percent of control (As,,,,, = 0.39 + 0.04) 

with no buthionine sulfoximine or PGA,. 

cells, these data suggest that perhaps one of these 
conjugates is responsible for the toxicity of PGAz. 

We wanted to know whether the conjugation of 
the PGA;! to glutathione affected the content of 
glutathione in the L1210 and L929 cells. The 
formation of total polar metabolites was not saturated 
as the prostaglandin A2 concentration was increased 
in L1210 cells (Fig. 6A). In parallel to the formation 
of polar metabolite, the glutathione content of the 
cells was reduced (Fig. 6B). The decrease in 
glutathione was specific for prostaglandin A2 since 
ethanol (as used for the highest prostaglandin 
addition) and prostaglandin E2 were unable to 
decrease the glutathione content. The content of 
glutathione in L929 cells was similarly reduced by 
PGAr.* 

Glutathione content is variable for different cell 
types and fluids but usually in the range of 0.1 to 
10mM. The L1210 cells as we grow them had 
approximately 1 nmol glutathione/106 cells or 1 mM. 
After a 1 hr exposure to 30 PM PGAr, 2.5 nmol of 
polar metabolite was made by 2 X lo6 cells (Fig. 
6A). This value is close to the 1.8 nmol predicted to 
be lost in 1 hr from 2 x 106cells (90% decrease at 
25 PM PGAr, Fig. 6B). The slight discrepancy may 
be due to the fact that glutathione controls its own 
synthesis. When intracellular glutathione is low, 
pglutamylcysteine synthetase is released from 
feedback inhibition by glutathione and more 
glutathione is consequently produced [30]. Thus, it 
is likely that additional glutathione is synthesized in 
the cells exposed to the prostaglandin and more 
metabolite can be made than would be predicted 
from the basal level of glutathione. It has been 

* Parker J and Ankel H, manuscript in preparation. 

BP 43:5-J 
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Fig. 6. Effect of PGAz concentration on PGA,-GSH 
formation and glutathione content in L1210 cells. (A) 
L1210 cells were mixed with different concentrations of 
PGAz for 1 hr as in Fig. 2. Each sample contained 
13,000 dpm of [‘H]PGA2. The combined cells and medium 
were acidified and extracted with ethyl acetate to determine 
the total amount of polar radioactivity in each sample. 
Results are presented as nanomoles polar metabohtes per 
sample. (B) L1210 cells were mixed with different 
concentrations of PGAz or PGEz in RPM1 1640, 25 mM 
HEPES (pH 7.4) for 1 hr. Then the glutathione content of 
the cells was determined as in Methods. Results presented 
as percent of control are the means f SD of four 
experiments except that 1 ,uM was tested only once. 
Glu~thione content of control cells was 350 +: l@pmo&’ 
106 cells for the four experiments. Key: (H) PGAz. 

(0) PGEr, and (M) ethanol (0.125%). 

repo~edthatPGA~~nducesanincreaseinglutath~one 
in the Ll210 cells 1311. This increase was due to 
enhanced transcription of the y-glutamylcysteine 
synthetase and was not observed until after 6 hr of 
PGAr treatment. The authors suggested it might be 
nuciear binding of PGAs that leads to enhanced 
transcription of this gene. We found that at times 
earlier than 6 hr PGA2 led to a loss of glutathione 
in the same L1210 cells. It is possible that it is the 
loss of glutathione that stimulates transcription of 
the y-glutamylcysteine synthetase gene. 

We now understand how PGAr is metabol~ed in 
two cell lines that exhibit antiviral and antigrowth 
effects of the cyclopentenone prostaglandins. This 
knowledge has major implications for the mech- 
anism(s) of the antiviral and and antigrowth actions 
of these prostaglandins. We found 1 w intact PGAz 
and accumulation of I)-OH-PGA,-GSH to nearly 
2~~ inside the L1210 cells. Our results thus 
indicate that the metabolism of PGAr in L1210 and 
L929 cells is similar to that of the red blood cell 
[16,18] and contradict a previous report of intact 
PGAi accumulating to 2OO#M inside L1210 cells 

[22]. Thus, if intact PGA2 is indeed the active 
compound for either of these effects, then it must 
act either at 1 @vf inside the cells or from outside 
the cells. The alternative is that the reaction of 
cyclopentenone prostaglandins with glutathione is 
directly involved in the antiviral and/or antigrowth 
effects. 

We have shown that neither the PGA?-GSH and 
its derivatives nor the decrease in glutathione content 
caused by PGAr was responsible for the antiviral 
action of PGAr.* Yet it is possible that one of the 
conjugates is responsible for the antigrowth effect 
of PGAr since the toxicity of PGAr at 6 hr was 
dependent upon the presence of glutathione. 
Nonetheless, it is not clear if the acute toxicity we 
measured at 6 hr is the same mechanism that accounts 
for the antigrowth effect of PGAr. Gouin et al. 1321 
reported previously that a PGAi-CysGly conjugate 
has antigrowth effects on B104 neuroblastoma and 
C6 glioma cells. However, others found that 
glutathione depletion enhances the antigrowth effect 
of Ar2PGJ2 [14]. Thus, one report supports and one 
contradicts the hypothesis that one of the conjugates 
is responsible for the antigrowth effect. In the latter 
work diethyl maleate was combined with buthionine 
sulfoximine to deplete glutathione, and it is possible 
that the addition of the diethyl maleate had some 
non-specific effects on the cells. 

Lastly, the depletion of intracellular glutathione 
by these prostaglandins may be a critical step in the 
antiviral or antigrowth action. It has already been 
shown that reduction of intracellular glutathione 
with buthionine sulfoximine blocks the progression 
of mitogen-stimulated peripheral blood mononuclear 
cells into S phase [33] and inhibits the growth of 
several other cell types [34-361. It is interesting that 
the cyclopentenone prostaglandins also block 
progression through the cell cycle of HeLa cells 
[21,37] and melanoma cells [38] in late Gi. The fact 
that depletion of glutathione enhances the antigrowth 
effect of A12PGJ2 1141 could be interpreted as support 
for the hypothesis that loss of glutathione is the 
antigrowth mechanism (i.e. combination of two 
mechanisms to depleteglutathione). Yet, asdiscussed 
above, ~-glutamylcysteine synthetase is induced by 
long exposure to PGA, [31]. If this is a general effect 
of cyclopentenone prostaglandins, then cells should 
be able to eventually return giutathione to normal 
levels in the presence of the prostaglandin as long 
as substrates for glutathione synthesis are not 
exhausted. Thus, although we have some intriguing 
prospects, more analysis is needed before the 
antigrowth or antiviral mechanism of the cyclo- 
pentenone prostaglandins will be understood. 

It is difficult to predict if cyclo~ntenone 
prostaglandins have a physiological role as antiviral 
and antigrowth agents. PGA2 has been observed in 
several tissues and fluids [39] but it has been argued 
that this is entirely due to artifact from the acid 
extraction used to isolate the prosta-glandins [40]. 
Indeed, acidic pH [41] as well as albumin [42-44] 
accelerates the dehydration of PGE to PGA and 
PGD to PGJ. It seems probable that PGA and PGJ 
do occur in certain tissues and fluids which are 

* Parker J and Ankel H, manuscript in preparation. 
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naturally acidic (such as stomach, duodenum, skin, 
vagina, and urine) provided that the precursors PGE 
and PGD are present. It is not clear if enough 
cyclopentenone prostaglandins would be present in 
these tissues to have any natural protective effects. 
However the pharmacological potential of these 
compounds certainly is great. 
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