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ABSTRACT

The metabolism of arachidonic acid (AA) was studied in two pulmonary
hrunthioloalvi-olar-carcinomacell Unes (NCI-H322 and NOM I358) and
two small cell lung carcinoma cell lines (NCI-H69 and NCI-HI28).
Exogenous AA was metabolized only in the NCI-H322 and NCI-H358
cells. There was no detectable metabolism of AA in NCI-H69 or NO-
HI 28 cells, either in the presence or the absence of the calcium ionophore
A23187. The major metabolite of AA isolated from both NCI-H322 and
NCI-H358 cells was prostaglandin E2 (PGF,2). Prostaglandin endoper-
oxide synthase activities, expressed as immnnoreactivePGE2(pmol/min/
mg protein), were 10.3 Â±0.28 (SD) and 4.8 Â±0.48 in NCI-H358 and
NCI-H322 cells, respectively. The rate of production of PGEj by both
NCI-H358 and NCI-H322 cells was linear up to 10 min. Production of
PGEj in both cell Unes was dependent upon substrate concentration and
was maximal above 17 /Â»MAA. Moreover, PGE2 did not undergofurther
metabolism by either the NCI-H358 or the NCI-H322 cells. Aspirin (0.1
mivi),a cyclooxygenase inhibitor, decreased PGEj production by 77 and
60% in NCI-H358 and NCI-H322 cells, respectively. In the presence of
exogenous AA the calcium ionophore, A23187 (20 /IM),stimulated PGEj
production in NCI-H322 cells by almost 2-fold, although it did not affect
PGE2 productionin the NCI-H358 cells. In contrast, A23187 stimulated
the endogenous production of PGE, in both NCI-11322 and NCI-H358
cells by 4- and 9-fold respectively. In addition, both the NCI-H358 and
NCI-H322 cell lines were susceptible to the cytotoxic effects of the
anticanceragent mitoxantrone in both a time and concentrationdependent
manner. In contrast, the two cell lines lacking detectable prostaglandin
synthesis activity, NCI-H69 and NCI-H128 were unaffected by treatment
with mitoxantrone. These results illustrate that there are major differ
ences in the abilities of human lung cancer cell Unes to biosynthesize and
release PGK.2.It is conceivable that such differences might have exploit
able diagnostic and/or therapeutic implications.

INTRODUCTION

PCs4 and other eicosanoids may play a role in certain aspects

of the pathobiology of malignant disease, for example, tumor
promotion (1-11), cellular proliferation, and differentiation
(12). Since the lung is normally a predominant site for prosta
glandin metabolism, the possible importance of PCs and PG
metabolism in the pathogenesis and therapy of primary cancers
originating in lung tissue is of particular interest. Seybcrth et
al. (13) found that production of PGE2 was significantly ele
vated in certain populations of hypercalcÃ©miecancer patients
with primary pulmonary malignancies, classified as squamous
cell carcinomas. Bennett et al. (14) reported that prostaglandin
like material, bioassayable as PGE2 activity, was significantly
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higher in human lung carcinoma tissue than in adjacent normal
lung tissue. Moreover, the amount of prostaglandin-like mate
rial Â¡salutatilefrom human lung carcinoma tissue reportedly
varied with tumor type in the following ascending orden small
cell carcinomas, large cell undifferentiated carcinomas, well-
differentiated squamous carcinomas, poorly differentiated ad
enocarcinomas, poorly differentiated squamous carcinomas,
and well-differentiated adenocarcinomas (14). AKallah et al.
(15) found that the level of immunoreactive PGE2 was higher
in human lung fibrosarcoma tissue than in adjacent nonmalig-
nani tissue. Although these studies indicate that eicosanoid
production is elevated in human lung carcinoma, in fibrosar
coma, and in the tissues of patients with squamous cell carci
noma of the lung, the further clarification of the possible role
of eicosanoids in human lung cancer has been difficult. A major
problem with such studies is the diversity of human lung can
cers, many of which are comprised of a mixture of different cell
types. Well-characterized, representative homogenous cell pop
ulations derived from human lung carcinomas have not been
generally available. As a result, there is a paucity of information
relating to the metabolism of AA and other fatty acid precursors
of eicosanoids in human lung carcinomas. To determine
whether lung cancer cells can biosynthesize PGs, and whether
specific cell types may be responsible for their production, we
have examined the metabolism of AA in established (16, 17)
and morphologically defined (18) HLCCL. In the present study,
four HLCCL were compared. Two are well differentiated
NSCCL derived from human lung adenocarcinoma, NCI-H322
and NCI-H358; the other two are established SCCL, NCI-H69
and NCI-HI28. Ultrastructurally, NCI-H322 cells possess
rough and smooth endoplasmic reticulum and electron-dense
secretion granules which are characteristic of bronchiolar Clara
cells (18). The NCI-H358 cells possess endoplasmic recticulum
in addition to well-defined lamellar bodies, indicative of alveolar
type II cells (18). Both SCCL, NCI-H69 and NCI-H128 are
essentially devoid of endoplasmic reticulum and express fea
tures of endocrine cells (18-20).

MATERIALS AND METHODS

Chemicals. [1-I4C]AA (specific activity, 60.1 mCi/mmol) was pur

chased from Amersham (Arlington Heights, IL). [5,6,8,11,12,14,15-
3H]PGE2 (specific activity, 165 Ci/mmol) and the radioimmunoassay

kit for PGE2 were obtained from New England Nuclear (Boston, MA).
Aspirin (acetylsalicylic acid), and prostaglandins B, D, E, F, 6-keto-
PGF,â€žTxBj, and 13,14-dihydro-15-keto-PGE2 were obtained from
Sigma Chemical Co. (St. Louis, MO). A23187 (free acid) was obtained
from Calbiochem-Behring (La Jolla, CA). 12-Hydroxyeicosatetraenoic
acid was obtained from Serogen (Boston, MA). Leukotriene B4 was a
generous gift from Dr. J. Rokach of Merck Frosst Canada, Inc. RPMI
1640 and fetal bovine serum were obtained from Biofluids (Rockville,
MD) and HyClone Laboratories (Logan, UT), respectively. Mitoxan
trone (NSC 301739) was provided by the Drug Synthesis and Chemistry
Branch, NIH.

CeU Cuitare. The two NSCCL (NCI-H322 and NCI-H358; passage
25) were grown as monolayers in 75-cm2 plastic flasks. They were

maintained in RPMI 1640 supplemented with glutamine (2 HIM),fetal
bovine serum (10% v/v) and gentamkin (50 /ig/ml) at 37'C in an

atmosphere of 95% air/5% CO,. The cells were subcultured weekly,
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and the medium was changed every 3 days. The cultures were used
when the monolayers were nearly confluent (about 6-8 days). The two
SCCL (NCI-H69 and NCI-HI28) were grown in suspension and main
tained as described above. The original seed stocks of all the above cell
lines were provided by Drs. Gazdar and Minna of the NCI-Navy
Medical Oncology Branch.

[I4C|AA Metabolism by Cultured Cells. Prior to the incubation with
AA, all cell cultures were washed 3 times with 20 ml of Hanks' balanced
salt solution (without Ca2+ or Mg2+). The Hanks' medium (4.0 ml)
containing 1.5 mM Ca2+ was then added to suspend the small cells (2.0
x IO6 cell/ml) or cover the monolayer cells. An aliquot of 0.5 ml

medium was removed to determine the residual PCs. The cells were
then incubated at 37Â°Cfor 10 min and 0.5 ml of the medium was

removed to determine endogenous synthesis of PCs. For kinetic studies,
[I4C]AA (specific activity, 60.1 mCi/mmol) was added to each flask to

final concentrations varying from 1.4 to 33.2 /Â¿M,and cells were
incubated at 37Â°Cfor 5 min. The reaction was terminated by the

removal of the medium and PG production was determined. For the
time course study of AA metabolism, [I4C]AA at a final concentration

of IX /iMwas added to each flask which had been preincubated for 10
min at 37'C. At 3, 6, 10, 15, 20, 25, and 30 min, 200-^1 aliquots of

incubation media were removed for PG analysis. The amount of PCs
formed was calculated by subtracting the amount of PCs present
endogenously from that measured at each time point. In separate
experiments, cells were preincubated at 37Â°Cfor 10 min in the presence
or absence of aspirin (0.1 mM); [14C]AA (specific activity, 60.1 mCi/

nimol) at final concentration of 18 MMwas then added and the cells
were incubated at 37Â°Cfor an additional 10 min. The effect of the

calcium ionophore, A23187, upon stimulation of the metabolism of
AA was determined by the addition of the compound (final concentra
tion, 20 MM),followed by further incubation for 15 min at 37Â°C.At the

end of the incubation, the medium was removed and analyzed for the
presence of PCs.

HPLC Assay of Cyclooxygenase Products from (I4C]AA. PCs and

TxB2 were assayed by reverse phase HPLC by using a modified method
of Van Rollins et ai. (21). Incubation medium (200 M') was injected
onto a Partisi! 5 ODS-3 reverse phase column (Whatman) and eluted
with water:acetonitrile:acetic acid (70:30:0.01) at a flow rate of 1 ml/
min. HPLC was performed with a Model 6000A Chromatograph
(Waters Associates, Milford, MA) equipped with a Kratos 773 Spectro-
flow spectrophotometric detector. UV absorbance was monitored at
193 nm. Under these conditions, retention times for 6-keto-PGF|0,
TxB2, PGF2o, PGE2, and PGD2 were 8.5, 15.5, 21.0, 28.5, and 34.5
min, respectively. Fractions were collected at 1-min intervals and radio
activity was determined by liquid scintillation spectroscopy. To preserve
optimal HPLC conditions, residual AA from each ejection was eluted
from the column with 100% acetonitrile and the column was reequili-

brated after each injection.
HPLC Assay of Lipoxygenase Products from |I4C]AA. To detect

lipoxygenase products, assay procedures described by Borgeat and
Samuelsson (22) were used. A 200-^1 aliquot of the incubation medium
was injected onto a Partisil 5 ODS-3 reverse phase column (Whatman)
using water:methanol:acetic acid (75:25:0.01) at a flow rate of 1 ml/
min to detect dihydroxyeicosatetraenoic acid. The eluate was monitored
at 280 nm, and under these conditions, standards PGB2 and leukotriene
TB4 were eluted at 7.3 and 9.4 min, respectively. Monohydroxyeicosa-

tetraenoic acid was determined by HPLC by using watermethanol:
acetic acid (80:20:0.01) at a flow rate of 1 mi/min. The eluate was
monitored at 235 nm. Under these conditions standard 12-hydroxyei-
cosatetraenoic acid was eluted at 13.6 min. Fractions from each solvent
system were collected at 1-min intervals, and radioactivity was deter
mined by liquid scintillation spectroscopy. After each assay the un-
reacted AA was eluted with 100% methanol, followed by reequilibra-

tion.
RIA of PGE2 Production by Cultured Cells. The levels of PGE2 in the

culture medium were determined with a New England Nuclear '"I

radioimmunoassay kit. The sensitivity of the assay was 0.25 pg and the
extent of cross reactivity between PGE2 and known PCs and other
eicosanoids is less than 4%. The culture media were diluted 250-fold
(with assay buffer), and aliquots of 25, 50, and 100 pi were assayed

directly by the RIA without further purification. The presence of [14C]

AA does not interfere with the assay. The range of the standard curve
used was 0.25 to 25 pg.

DNA and Protein Determination. After removal of the incubation
medium from the flasks of cultured cells grown in monolayers, 10 ml
of phosphate-buffered saline were added to each flask. Each flask was
gently scraped and the suspended cells were collected into tubes and
centrifuged. Cell pellets from incubations containing small cells were
obtained directly by centrifugation. The pellets were sonicated in 0.1
ml 1% sodium dodecyl sulfate solution until a homogeneous suspension
was obtained. The suspension was then diluted to 1.0 ml with phos
phate-buffered saline, and aliquots of the cell suspension were used for
determination of DNA by using a modified method of Cesarone et al.
(23). Aliquots of the same cell suspensions were used for protein
determination with the Bio-Rad Bradford assay (24).

Assay of | 'I I|l'(, 1 , Metabolism by Cultured Cells. Cells were washed
three times with 20 ml of Hanks' balanced salt solution (without ( V '
or Mg2+) prior to addition of Hanks' medium containing 1.5 mM Ca2+
(3.0 ml) to cover the cells. Trace amounts of [3H]PGE2 (3.0 /iCi; specific

activity, 165 Ci/mmol) were added to each flask and the mixture was
incubated at 37Â°C.An aliquot of 100 i/l of culture medium was removed

at 0, 10, and 20 min and frozen in an acetone/dry ice bath. A 10-/il
aliquot of the thawed medium was directly assayed for its PGE2 level
by HPLC by using water:methanol:acetic acid (40:60:0.01) at a flow
rate of 1 ml/min. The eluate was monitored at 193 nm. Under these
conditions standards PGE2 and 13,14-dihydro-15-keto-PGE2 were
eluted at 11.3 and 16.4 min, respectively. Fractions were collected at
1-min intervals and radioactivity was determined by liquid scintillation
spectroscopy.

Mitoxantrone-induced Cytotoxicity in HLCCL. Human non-small cell
carcinoma cell lines, NCI-H322 and NCI-H358, were grown as mono-
layers in 35-cm2 wells. The small cell carcinoma cell lines, NCI-H69
and NCI-HI28, were grown as suspension cultures. The culture me
dium, RPMI 1640, was removed from cell suspensions and monolayers
and the cells were washed 2 times with 5 ml of the same medium.
Mitoxantrone, in concentrations ranging from 0.05 to 1.0 mM was
added to the wells and the final volume was adjusted to 2 ml with
RPMI 1640. The cells were then incubated at 37Â°Cin an atmosphere

of 95% air/5% CO2 for 18 h. At various time points, 0.1 or 0.2 ml of
the incubation medium was removed for LDH leakage determination.
The activity of LDH in medium and Triton (0.5%)-treated lysates was
analyzed by measuring the disappearance of NADH (0.1 mg/ml) at 340
nm in the presence of pyruvate (0.75 mmol/liter).

RESULTS

Identification of AA Metabolites Produced by HLCCL. Fig.
\A shows the HPLC elution profile of a mixture of PGs and
TxB2 standards. Fig. \B shows the radiochromatographic pro
file of NCI-H322 cell medium, after incubation with [I4C]AA.

The major radiolabeled peak eluted with the same retention
time as authentic PGE2. This major cyclooxygenase-peroxi-
dase-catalyzed metabolite of AA isolated from both NCI-H322
and NCI-H358 cells has been definitively identified by gas
chromatography-mass spectrometry as PGE2. A preliminary
account of the mass spectral studies has been presented and a
detailed description will be the subject of another publication
from this laboratory.5 A minor peak was observed which cor

responded to authentic PGD2. The lipoxygenase pathway(s) of
[14C]AA in these human cell lines was also investigated by
HPLC assay, but no metabolite(s) (i.e., the mono- and dihy
droxyeicosatetraenoic acid-related as well as leukotriene-related
products) were detected under our assay conditions.

Correlation of Cell Number to DNA and Protein in HLCCL.
At the end of the incubation, the DNA and protein contents of
each flask from each cell line were determined. DNA contents

' Manuscript in preparation.
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Fig. 1. HPLC profile of (A) standards: 6-keto-prostaglandin Fj. (6K-PGF^),
TxB2, PGFfc,, PGE2, PGD2, and (A) an incubation medium from NCI-H322 cells
after incubating with 18.0 MM[MC]AA at 37'C for 10 min. The mobile phase

consisted of water:acetonitrile:acetic acid (30:70:0.01) at a flow rate of 1 ml/min.

Table 1 Production ofPGEi by human lung cancer cell lines
l'( i !â€¢..production (pmol/min/mgprotein)Non-small

cellcarcinoma[I4C]AA(18

M)No
additionNCI-H35810.3

Â±0.28 (100)"

0.6 Â±0.08 (6)cNCI-H3224.8

Â±0.48 (100)

1.2 Â±0.25(25)'Small

cellcarcinomaNCI-H69

NCI-HI28ND*
ND

ND ND
(endoge-
nous)
" Means Â±SD of triplicate incubations. Numbers in parentheses represent

percentages of values obtained from incubations containing [MC]AA. I'dl , was
quantified by using RIA as described in "Materials and Methods."

* ND, nondetectable.
' Significantly different from control values. P < 0.001.

in human lung cancer lines NCI-H322, NCI-H358, NCI-H69,
and NCI-H128 cells were 12.3 Â±1.5, 14.2 Â±0.75, 19.8 Â±0.21,
and 29.8 Â±3.3 ng/10* cells, respectively. In addition, the protein

content of each cell line was 200.6 Â±18.1, 201.2 Â±35.6, 164.4
Â±19.5, and 209.6 Â±38.4 Mg/106 cells, respectively. The num

bers represent the mean Â±SD from 10 determinations. The
specific activity of AA metabolism was expressed as pmol/min/
mg protein.

|'4C|AA Metabolism by HLCCL. As shown in Table 1, NCI-
H358 and NCI-H322 cells, both NSCCL, were capable of
metabolizing exogenously added [I4C]AA to PGE2. It should be

noted that the metabolism of exogenously added AA by cells
from as early as passage 5 was essentially identical to that
observed in those cells used in this study (passage 25). However,
PGE2 formation was 20-25% higher in cell lines from the
earlier passage ( 12.8 Â±0.6 and 6.4 Â±0.3 pmol/min/mg in NCI-
H358 and NCI-H322 cells, respectively). In contrast, there was
no detectable PGE2 after incubation with [14C]AA in either
NCI-H69 or NCI-HI28 cells, both SCCL. The endogenous or
basal production of PGE2 by NCI-H358 cells was significantly

less (6% of total production in the presence of 18 ^M (I4C]AA)
than that of NCI-H322 cells (25% of total PGE production in
the presence of 18 pM [I4C]AA). It is important to note that no

residual PGE2 was detected prior to the incubation since the
cells were thoroughly washed with Hanks' buffer before incu

bation. Formation of PGE2 in both the NCI-H322 and NCI-
H358 cells was linear for up to 10 min in the presence of
exogenous AA (18 ^M), as shown in Fig. 2. Fig. 3 illustrates
the formation of PGE2 with increasing substrate concentrations
in both NCI-H358 and NCI-H322 cell lines. The rates of
production of PGE2 reached their maxima when the concentra
tions of [I4C]AA were above 18 /IM; however, the rate of
formation of PGE2 was significantly higher in the NCI-H358
cells than in the NCI-H322 cells.

Table 2 summarizes the effects of various treatments on the
formation of PGE2 from AA by these cell lines using the RIA
as well as the HPLC assay. It is important to note that while
the RIA measures the total amount of immunoreactive PGE2
formed by these cells, the determination by HPLC utilizing
[14C]AA involves dilution of the 14C pool by endogenous AA

metabolism. The quantitative differences between the RIA and
HPLC assay therefore represents the metabolism of endoge
nous AA by these cell lines. While no significant difference in
quantitation between the HPLC assay and the RIA was ob
served in NCI-H358 cells, as much as a 2-fold dilution is
observed in the NCI-H322 cells in the presence of A23187
(Table 2).

Aspirin (0.1 IHM),a fatty acid cyclooxygenase inhibitor, in
hibited PGE2 production by NCI-H358 cells and NCI-H322
cells, by 77 and 60%, respectively (Table 2). A23187, a calcium
ionophore inhibitor, inhibited PGE2 production by NCI-H322
cells, but stimulated PGE2 production by 76% by NCI-H322

l NGH322

I NCIH 366

15

TIME {min)

Fig. 2. Time course for formation of PGE2 by NCI-H322 and NCI-H358
cells. Incubations were carried out at 37*C in the presence of 18 MMAA as
described in "Materials and Methods." l'( ,1 production was assayed by RIA.

Points, mean of triplicate incubations; bars, SD.

IAAI (â€žMl

Fig. 3. Formation of PGE2 by NCI-H322 and NC1-H358 cells with varying
concentrations of [MC]AA. Incubations were carried out for 5 min at 37*C as
described in "Materials and Methods." I'dl production was assayed by RIA.

Points, mean of triplicate incubations: bars, SD.
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Table 2 Quantitation ofPGE-Â¡by NCI-H358 and NCI-H322 cells in the presence and absence of aspirin and A231S7 by using RIA and HPLC assays

PGE2 production (pmol/min/mg protein)

NCI-H358 NCI-H322

Additions HPLC assay RIA HPLC assay RIA
["C]AA
|I4C]AA + aspirin (0.1 rain)
Â¡14C]AA+ A23187 (20 /IM)

11.1 Â±2.1(100)*

2.5 Â±0.2 (23r
12.8 Â±1.7(115)

11.0 Â±1.0 (100)
2.5 Â±0.2 (23)*

10.4 Â±2.2 (95)

4.0 Â±0.3 (100)
1.3 Â±0.2 (33)c
5.2Â±0.3(130)c

5.6 Â±0.3 (100)
2.2 Â±0.1 (40)'
9.8 Â±0.6(176)*

* Mean Â±S.D. of triplicate incubations. Numbers in parentheses represent percentage of values obtained from incubations containing [I4C]AA alone. PGE2 was
quantified by using RIA and HPLC assay as described in "Materials and Methods."

* Significantly different from control values. P < 0.001.
c Significantly different from control values. P < 0.01.

cells (Table 2). A23187 markedly stimulated the endogenous
production of PGE2 by both NCI-H322 and NCI-H358 cells
by 360 and 860% over basal levels, respectively (Fig. 4).

Metabolism of PGE2 by NCI-H358 and NCI-H322 Cells. [3H]
PGE2 was incubated with NCI-H358 and NCI-H322 cells to
determine whether they were capable of metabolizing PGE2.
The levels of [3H]PGE2 in the incubation medium remained

unchanged over the period of incubation with each of these cell
lines (data not shown). Furthermore, a possible metabolite of
PGE2, 13,14-dihydro-15-keto-PGE2, was not detected in either
of these two cell lines using our HPLC assay system.

Mitoxantrone-induced Cytotoxicity in HLCCL. The cytotox-
icity of mitoxantrone, an anticancer agent, was assessed by
determining LDH leakage in the four cancer cell lines under
study. As illustrated in Fig. 5, mitoxantrone exhibited a differ
ential toxicity in NCI-H358, NCI-H322, NCI-H69, and NCI-
HI 28 cells. The cytotoxicity of mitoxantrone in the NCI-H358
and NCI-H322 cell lines was concentration dependent. In con
trast to the susceptibility of both the NCI-H358 and NCI-H322
cells to mitoxantrone-mediated toxicity, NCI-H69 and NCI-
HI 28 cells were resistant to this drug. Fig. 6 shows the time-
dependent leakage of LDH in the four cell line after exposure
to mitoxantrone (1.0 HIM).LDH leakage continued to increase
for at least 18 h in the NCI-H358 and NCI-H322 cells. No
cytotoxic effect of mitoxantrone (as evidenced by LDH leakage)
was observed in either the NCI-H69 or NCI-HI28 cells.

DISCUSSION

The four HLCCL used in these studies have previously been
characterized according to their morphological, ultrastructural,
and biochemical features (18). Two of the cell lines used in

(A) NCI-H322 Cells

100

â€”Arachidonic acid

+ Arachidonic acid

A23187

-A23187

I
0 500 1000 1500
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IBI NCI-H358 Cells

2000

â€”Arachidonic acid

+ Arachidonic acid

IH + A23187

A23187

2000O 500 1000 1500

% of Basal Activity

Fig. 4. Effect of calcium ionophore A23187 on the formation of PGE2 by
NCI-H322 and NCI-H358 cells in the presence and absence of exogenously added
AA. Incubations were carried out at 37'C in the presence or absence of 18 ?M

AA for 10 min. A23187 (20 n\i) was added and the cells were further incubated
at 37'C for 15 min as described in "Materials and Methods." PGE2 production

was assayed by RIA. Columns, mean of triplicate incubations; bars, SI).
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Fig. 5. Cytotoxicity of mitoxantrone in two cell lines expressing PES activity
(NCI-H358 and NCI-H322) and in two cell lines devoid of PES activity (NCI-
H69 and NCI-H 128).
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23456

INCUBATION TIME (hrl

18

Fig. 6. Time-dependent cytoxicity of mitoxantrone in two cell lines expressing
PES activity (NCI-H358 and NCI-H322) and in two cell lines lacking PES
activity (NCI-H69 and NCI-H 128).

these studies, NCI-H69 and NCI-H 128, possess features typical
of SCCL, and are known to have high levels of L-dopa decar-
boxylase (20). The two NSCCL, NCI-H322 (derived from Clara
cells) and NCI-H358 (derived from type II cells), retain features
of well-differentiated adenocarcinomas. AA did not undergo
significant metabolism in the SCCL, NCI-H69 and NCI-H 128
(Table 1). Conversely, AA was converted to a predominant fatty
acid cyclooxygenase product which was identified as PGE2 by
NCI-H322 and NCI-H358 cells by using high-pressure liquid
chromatography and radioimmunoassay (Fig. 1). This metab
olite was confirmed as PGE2 by gas chromatography-mass
spectrometry.5 The rate of production of PGE2 from exogenous
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AA by both NCI-H358 and NCI-H322 cells was linear up to
10 min (Fig. 2). Furthermore, production of PGE2 in both cell
lines was dependent upon the exogenous AA concentration and
was maximal above 17 /XMAA. In the presence of exogenous
AA, the quantity of PGE2 synthesized was consistently greater
by the NCI-H358 cells than by the NCI-H322 cells (Tables 1
and 2). In contrast, the rate of endogenous synthesis of PGE2
by the NCI-H322 cells is higher (25% of total PGE2 production
in the presence of exogenous AA) than that by the NCI-H358
cells (6% of total production in the presence of exogenous AA)
(Table 1). This observation is substantiated by the differences
seen in the quantitation of AA metabolites by either RIA or
HPLC (Table 2). The RIA determines PGE2 formed from both
exogenously added ['"CJAA and from endogenous AA, where
as the HPLC assay determines [14C]PGE2 formation from ex
ogenously added [I4C]AA only, the specific activity of which

decreases as a consequence of dilution by the endogenous pool
of AA. The difference between the HPLC value and the higher
RIA estimate therefore represents PGE2 formation from en
dogenous AA. By this criterion, endogenous PGE2 formation
represents 28% of total PGE2 production in NCI-H322 cells
but is essentially zero in NCI-H358 cells in the presence of
exogenous [14C]AA. Moreover, the utilization of endogenous

AA for PGE2 synthesis increases to 47% of total PGE2 produc
tion in the presence of exogenous [MC]AA in NCI-H322 cells

exposed to A23187. These results suggest that although the
NCI-H322 cells have a lower PES activity toward exogenous
AA, they have a higher rate of endogenous AA metabolism as
compared to that of the NCI-H358 cells. Differences in endog
enous metabolism between tumor cell lines may be important
with respect to their intrinsic capacity to metabolize AA, espe
cially after exposure to stimulators such as A23187 (22, 25-
28) and bradykinin (29-31).

There was apparently little or no lipoxygenase-catalyzed me
tabolism of AA in these cell lines; only negligible amounts of
both leukotriene-related, and hydroxyeicosatetraenoic acid-re

lated products were detected. However, the possibility cannot
be eliminated that lipoxygenase and/or other PG-synthesizing
enzymes could have been lost during successive cell passages.
Aspirin (0.1 HIM)significantly inhibited the formation of PGE2
by 77 and 60% by NCI-H358 cells and NCI-H322 cells, respec
tively (Table 1), substantiating the presence of the cyclooxygen-
ase component of the PES system in these cells. This is con
sistent with Falzon et al. (32), who showed that the PES-
catalyzed activation of diethylnitrosamine in the NCI-H358
cells was also inhibited by aspirin.

A23187 stimulates AA metabolism by activating the calcium-
dependent phospholipase (25) with a subsequent increase of
free AA (22,26-28). Interestingly, in the presence of exogenous
AA, A23187 did not stimulate production of PGE2 by the NCI-
H358 cells, but increased its formation by the NCI-H322 cells
by 76%. In contrast, the endogenous production of PGE2,
without the addition of exogenous AA, is significantly stimu
lated by the A23187 above the basal level in both the NCI-
H322 and NCI-H358 cells (Fig. 4).

It is known that PGE2 can rearrange nonenzymatically to
PGA2 or undergoes further metabolism in vivo and in vitro to
PGF2, and to 13,14-dihydro-15-keto-PGE2 by 9-keto reducÃase
and prostaglandin-15-dehydrogenase-13,14 reducÃase, respec
tively (33). PGE2, however, is not further metabolized by either
NCI-H322 or NCI-H358 cells, suggesting the absence of these
enzymes in these cell lines. A PGE2 metabolite has been de
tected in the urine of lung tumor-bearing patients (13). Our
present results thus raise the possibility that in vivo, lung PGE2

synthesized and secreted by one carcinoma cell type may be
further metabolized by normal and/or other lung cell types.

Our findings suggest the possibility that certain types of
human lung carcinomas such as the NSCCL synthesize and
secrete PGE2 in vivo. This explanation might help reconcile
earlier clinical observations that the synthesis and release of
PGs, especially of the E series, are markedly increased in certain
cancer patient populations (34-43). For example, Seyberth et
al. (13) observed that PGE2 production was significantly ele
vated in hypercalcÃ©miecancer patients, the majority of whom
exhibited squamous carcinoma of the lung. Bennett et al. (14)
reported that larger quantities of PGE2-like material were is-

olable from more highly differentiated NSCCL than from less
differentiated NSCCL and from SCCL. The possibility that the
synthesis of PGE2 and related eicosanoids may be a unique
characteristic of a group or subclass of human lung carcinomas
warrants further investigation.

PGE2 has been shown to suppress lymphocyte proliferation
and lymphokine production (44, 45). This prostanoid also
inhibits macrophage and natural killer cell-mediated cytotox-

icity to malignant cells in vitro (46, 47). PGs and related
eicosanoids have also been implicated as meditors in certain
aspects of the metastatic dissemination of primary human
tumors (42). The role of PGE2 and related eicosanoids in these
aspects of the pathobiology of human lung cancer remains to
be explored.

It is also conceivable that major differences in the PES system
might be exploitable for the development of chemotherapeutic
agents preferentially targeted to specific subset(s) of human
lung cancers. For example, it is well established that a variety
of compounds undergo oxidative metabolism during PG bio
synthesis in vitro (48, 49); moreover, selective cytotoxicity is
observed in tissue with substantial PES activity, but lacking
significant P-450 monooxygenase activity, after exposure to
certain xenobiotics (50, 51). In the present studies, when NCI-
H322 and NCI-H358 cells which possess high PES activity
were exposed to mitoxantrone in vitro, a time- and dose-de

pendent leakage of the cytosolic enzyme LDH was evident.
Furthermore, the NCI-H358 cell line which possesses higher
PES enzyme activity (2-fold) than the NCI-H322 cell line is

more susceptible to the cytotoxic effect of mitoxantrone (Figs.
5 and 6). In addition, aspirin (0.2 nm) and indomethacin (0.1
IHM)which inhibit PES activity in these cell lines (Table 2) also
inhibited mitoxantrone-induced cytotoxicity in the NCI-H358
and NCI-H322 cell lines (data not shown). In contrast, NCI-
H69 and NCI-HI28, which are apparently devoid of PES

activity, are resistant to mitoxantrone toxicity. In other related
preliminary experiments, utilizing ram seminal vesicular micro-
some preparations, which are exceedingly high in PES, we have
confirmed that mitoxantrone (l4C-labeled) can be bioactivated

by a PES-dependent mechanism to a highly reactive metabolite

that binds to cellular macromolecules.These results further
suggest a correlation between the PES activity and the cytotox
icity of mitoxantrone which merits further exploration.
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