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Stimulated Macrophages But Enhances
Arachidonate Release
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ABSTRACT. The diterpenoid ent-8c-hydroxy-labda-13(16),14-dien (“labdane F2”) was obtained from an
anti-inflammatory extract of Sideritis javalambrensis. Labdane F2 inhibited prostaglandin E, generation in cul-
tured mouse peritoneal macrophages, treated with zymosan, ionophore A23187, or arachidonic acid itself, and
in ] 774 macrophage-like cells activated by bacterial lipopolysaccharide (LPS). The mechanism was investigated
by prelabelling the macrophages with radiolabelled arachidonic acid or oleic acid, followed by cell activation in
the presence or absence of nontoxic concentrations of labdane F2. Surprisingly, under those conditions in which
reduced PGE,; generation was observed, labdane F2 consistently enhanced the release of labelled fatty acid, in
a manner similar to that displayed by thimerosal, a known acyl-CoA:lysolecithin transferase inhibitor. Labdane
F2, therefore, appears to possess 2 mutually opposing actions on the eicosanoid system in macrophages: poten-
tiation of delivery of substrate following cell activation, followed by inhibition of conversion of substrate to
product. It was also found that nontoxic concentrations of labdane F2 reduced the expression of the inducible
isoforms of cyclooxygenase and nitric oxide synthase in LPS-treated J774 cells. Thus, this anti-inflammatory
diterpenoid labdane possesses a diverse array of effects impinging on enzyme pathways involved in eicosanoid
generation and other inflammatory pathways in macrophages. BIOCHEM PHARMACOL 51:6:863-868, 1996.
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Recent studies on natural products obtained from plants
from the genus Sideritis (Lamiaceae) have shown that they
possess anti-inflammatory activity in vivo and in vitro [1-3].
We have found that the major diterpenoid product of S.
Javalambrensis, ent-8c-hydroxy-labda-13(16),14-dien (“lab-
dane F2”, structure I), inhibits the generation of cyclo-
oxygenase and 5-lipoxygenase products of arachidonate me-
tabolism in ionophore-stimulated rat peritoneal leukocytes I, labdane F2
[4]. A subsequent study showed that labdane F2 also inhib-
its PGE,* generation in cultured mouse peritoneal macro-
phages, although the precise mechanism and site of action

rophage-like J774 cells. In some experiments, the macro-
phages were prelabelled with radioactive arachidonic or

of the inhibitor was not established [5]. oleic acids to investigate whether or not F2 affects the
We have, therefore, attempted to define the site which release of unsaturated fatty acid precursors from membrane
labdane F2 inhibits eicosanoid generation by testing its ef- phospholipid.

fects on mouse peritoneal macrophages and on mouse mac-

MATERIALS AND METHODS
Isolation of Diterpenoids

The isolation from S. javalambrensis Pau of ent-8a-hydroxy-

;Bg?éliijic:infd I)Sepgrtment of Pharmacology, Complutense University, labda-13(16),14-dien has been described, as have the
+C O“:S;:m’dirl:g l;'lthor‘ sources of materials [5]; thimerosal (ethylmercurithiosalicy-
1 Abbreviations: A23187, calcium ionophore (calcimycin); COX-2, in- clic acid) was obtained from Aldrich Chemical Company,

ducible isoform of cyclooxygenase; DMEM, Dulbecco’s modified Eagle’s Gillingham UK.

medium; LPS, lipopolysaccharide; MTT, thiazolyl blue; NO, nitric oxide; ’

INOS, inducible isoform of nitric oxide synthase; PBS, phosphate buffered Prostaglandin E, Generation by

saline; PGE,, prostaglandin E,; PLA,, phospholipase A,; PMA, phorbol
myristate acetate.
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and cultured in DMEM as before [6]. ]774 cells obtained
from the European Collection of Animal Cell Cultures
(Porton Down, Wiltshire, U.K.) were grown in DMEM
containing 10% fetal calf serum, penicillin (100 IU/mL)
and streptomycin (100 pg/mL). Inhibitors and stimulants or
appropriate volumes of their vehicles (usually 2 uL} were
then added to 0.5 x 10° cells in 24-well plates in 1.0 mL
medium, and incubation continued for a further 1 hr or 16
hr, depending on the stimulus. The inhibitors were usually
added 30 min before the stimulant. The medium was care-
fully withdrawn from each well, centrifuged, decanted, and
subjected to radicimmunoassay for PGE,.

Labelling of Macrophages With
Tritiated Oleic or Arachidonic Acids

Cells were plated out as above, but cultured overnight in
the presence of 0.25 uCi/mL *Hg-arachidonic acid (sp. act.
100 Ci/mmol, Dupont NEN) or 1.5 pCi/mL 9,10-*H-oleic
acid (10 Ci/mmol, Amersham, U.K.}, after which they were
washed twice and exposed to stimulants, with or without
prior addition of test compound or vehicle, as indicated.
The amounts of label were measured both in the medium
and in the cells: thus, the medium was carefully removed
and the cells solubilised in PBS containing 0.5% Triton
X-100. Aliquots of 100 uL of medium and cell extract were
then taken for scintillation counting, and the proportion of
released fatty acid calculated as percentage of the total
present.

MTT Assay for Cell Viability

Cell viability was measured by adding 50 L. 5 mg/ml MTT
(thiazolyl blue) to cells in 24-well plates and incubating for
1 hr at 37°C. After removing the medium, 500 pL isopro-
panol was added to solubilize the blue-coloured tetrazolium
and the plates were shaken for 5 min. Aliquots of 200 uL
were transferred to 96-well plates and the ODss values
were read in a microplate reader. Viability was set as 100%
in control cells.

Western Blotting for Nitric Oxide
Synthase and Cyclooxygenase in J774 Cells

Expression of iNOS and COX-2 proteins was measured by
Western blotting. After washing the cells with PBS, they
were incubated for 5 min with an extraction buffer (0.9%
NaCl, tris-HCl 20 mM, pH 7.6, triton X-100 0.1%, phen-
ylmethylsulphonylfluoride 1 mM, leupeptin 0.01%) with
gentle shaking. The cell extract was centrifuged (4000 g,
4°C, 10 min), and the protein concentration in the super-
natant measured using the Folin-Ciocalteu reagent. Suffi-
cient aliquots of sample were mixed 1:1 with sample buffer
(tris-HCl 20 mM pH 6.8, 20% glycerol, 2% SDS, 5%
B-mercaptoethanol, and 0.025% bromophenol blue) and
boiled for 5 min before electrophoresis in 7.5% sodium

dodecyl sulphate-polyacrylamide gel (5 hr, 500V, 36 mA,
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30 ug protein per track). Separated proteins were trans-
ferred to Biorad nitrocellulose membranes (2 hr, 40V) and
the blot incubated for 1 hr with primary antibody (rabbit
antisera to murine COX-2, Cayman, 1:1000, or to murine
iNOS, gift of Dr. V. Riveros-Moreno, 1:1000). The blot
was incubated with secondary antibody (sheep antirabbit
IgG linked to horseradish peroxidase conjugate, Sigma,
1:2000) for 1 hr and, finally, incubated with ECL reagent
(Amersham) for 1 min and exposed to Hyperfilm-ECL
(Amersham).

RESULTS AND DISCUSSION
F2 Inhibits Enhanced Prostaglandin Generation
in Stimulated Peritoneal Macrophages and J774 Cells

Similar to previous results [5], F2 dose-dependently reduced
PGE, generation by mouse peritoneal macrophages cul-
tured for 16 hr in the presence of calcium ionophore
A23187, arachidonic acid, or zymosan (Fig. 1A).

We, therefore, tested the effects of F2 on PGE, genera-
tion by J774 cells. These cells are derived from mouse mac-
rophages and resemble them in many (but not all) of their
properties. For this reason, ]J774 cells are widely used as a
convenient model for studying macrophage function. The
results in Fig. 1B show that, although 1-hr incubation with
A23187 and arachidonic acid did not cause enhanced
PGE; release from the J774 cells, overnight culture with
bacterial lipopolysaccharide caused a three-fold increase.
This is because LPS causes the induction of cyclooxygen-
ase-2 protein (see below), as well as the concurrent activa-
tion of PLA,-dependent release of the substrate from mem-
brane phospholipids. PGE, release from the LPS-treated
cells was significantly inhibited by F2, whereas basal release
in the control, A23187, and arachidonate-treated cells was
unaffected (Fig. 1B).

These results do not clarify whether or not F2 acts di-
rectly on cyclo-oxygenase or on other processes involved in
cellular activation resulting in eicosanoid generation. One
possible site of action is at the level of phospholipase A;, as
activation of this enzyme is necessary for the release of
arachidonic acid.

F2 Augments Unsaturated Fatty Acid
Release in Peritoneal Macrophages and J774 Cells

To investigate the direct effects of F2 on phospholipase A,,
the cells were prelabelled with arachidonic acid as de-
scribed in Methods, and then stimulated with A23187 or
PMA. These substances are known to cause both arachi-
donate release and PGE, generation in mouse peritoneal
macrophages [6-8], but their effects on the release of
arachidonate in J774 cells have not been investigated.
A23187 and PMA increased the release of arachidonic acid
in mouse peritoneal macrophages (Fig. 2A, open columns),
consistent with their known ability to activate arachido-
nate-specific cytosolic PLA, [9]. Surprisingly, it was found
that the addition of F2 caused an increase in the amount of
arachidonate released into the medium, both in unstimu-
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FIG. 1. Inhibition of PGE, generation by labdane F2 in mouse peritoneal macrophages (panel A) and J774 murine
macrophage-like cells (panel B). The mouse peritoneal macrophages were incubated for 16 hr after adding 10~? M
calcium ionophore A23187, 107 M arachidonic acid or 20 wg/mL zymosan. The 774 cells were incubated for 1 hr after
adding 10™* M calcium ionophore A23187 or 10~ M arachidonic acid, and 16 hr for the cells alone or after adding 500
ng/mL LPS. In all cases, labdane F2 was added 30 min before the stimulants. Results show mean = SEM for duplicate
determinations from 4 wells per treatment (mouse peritoneal macrophages) or 8 wells (J774 cells). The symbols * and
** indicate statistically significant reductions compared to vehicle-treated controls containing an equal volume of
DMSO, P < 0.05, 0.01.

A B

s0- | [__] o treatrment 147 [ ] ro treatment

d F2:30uM

Percentage gachidonate released
" L L L

o

cells A23187

FIG. 2. Effect of pretreatment for 30 min with labdane F2 on the release of labelled arachidonate from mouse
peritoneal macrophages (A) and J774 cells (B) under control conditions (addition of vehicle only) or after treatment
for 2 hr with 107> M A23187 or 10~ M PMA. Results show mean = SEM for duplicate determinations from 4 wells
per treatment (A) or 7 wells (B). The symbols *,** indicate statistically significant increases compared to vehicle-
treated controls. P < 0.05, 0.01, and *,** indicate statistically significant increases after treatment with F2 compared
to vehicle alone, P < 0.05, 0.01, respectively.
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TABLE 1. Effect of thimerosal on arachidonate release from J774 cells

% arachidonate

% arachidonate release

% arachidonate release

Treatment release control + thimerosal, 1 x 10°M + thimerosal, 3 X 10° M
No addition 4505 74+1.1% 214 £2.1F
+PMA 107°M 55+1.1 8.4+0.7* 16.9+1.2¢
+A23187 107°M 11.4+1.0 16.3+1.5* 17.2£2.2%

Thimerosal was added 30 min prior to adding the stimulants at the concentrations indicated, followed by a further 2-hr incubation. Results show mean values from 7 wells for

each treatment, and the symbols * and + indicate statistically significant increases (Students unpaired t-test), P < 0.05 and 0.001, respectively.

lated cells and in those treated with PMA and A23187,
although the latter was not significant (Fig. 2ZA). However,
in J774 cells, only A23187 caused release of arachidonic
acid, although this was significantly increased by pretreat-
ment with 3 x 107> M F2 (Fig. 2B). Labdane caused small,
but nonsignificant, increases in arachidonate release in
control and PMA-treated ]774 cells.

One explanation for these results could be that F2 might
also act to inhibit acyl-CoA: lysolecithin acyltransferase.
This enzyme reinserts fatty acids into the sn-2 position of
lysophospholipids, thus restoring the membrane fatty acid
architecture of phospholipids (the so-called Lands cycle)
[10, 11]. Thimerosal is known to inhibit this enzyme [12,
13]. Indeed, thimerosal also potentiated arachidonate re-
lease in J774 cells under basal and stimulated conditions
(Table 1). However, the higher dose of thimerosal (3 x 107°
M) was associated with considerable toxicity after 2-hr ex-
posure, as was obvious from visual inspection of the cells.

Oleic acid may also be incorporated into the sn-2 posi-
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FIG. 3. Effect of A23187 and PMA on the release of prein-
corporated arachidonic acid and oleic acid from mouse peri-
toneal macrophages in the presence and absence of labdane
F2 (30-min pretreatment, 2-hr incubation). Results show
mean = SEM for duplicate determinations from 8 wells per
treatment, derived from 2 separate experiments. Symbol
indicates statistically significant increase compared to vehi-
cle-treated control, P < 0.05; *,** indicate statistically signif-
icant increases after treatment with F2 compared to no
treatment, P < 0.05, P < 0.01, respectively.

tion of membrane phospholipids, but is not released selec-
tively by cytosolic PLA,. However, it may be released by
other PLA ;s such as the mammalian nonpancreatic 14 kDa
enzymes [14, 15]. Figure 3 compares the release of prein-
corporated arachidonic acid and oleic acid from mouse peri-
toneal macrophages. Like arachidonate, the preincorpo-
rated oleic acid was released from the washed macrophages
during 2-hr incubation, but this was not augmented by
treatment of the cells with A23187 or PMA. On the other
hand, F2 significantly increased the release of free oleic acid
as it did for arachidonic acid (Fig. 3), as would be expected
if the reacylation reaction was impaired.

F2 is Not Cytotoxic to J774 Cells but Protects Against
NO Toxicity by Reducing LPS-Induced NO Generation

It was previously shown that F2 at concentrations up to 3 X
10~° was not cytotoxic to neutrophils or macrophages [5],
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FIG. 4. Effect of labdane F2 and the treatment with A23187,
AA, and LPS on the viability of J774 cells. In all cases,
labdane was added 30 min before the cellular stimulant. AA
and A23187 were added for 2 hr, whereas exposure to LPS
or cells alone was 16 hr. Amounts of NO released into the
culture medium are shown under the columns and were
measured using the Griess reagent. NO levels were not mea-
sured in J774 cells treated with A23187 or AA because these
treatments do not activate the L-arginine:NO system under
these conditions. Results show mean *+ SEM for 4 tests and
symbols *,*** indicate statistically significant decrease
compared to vehicle-treated control, P < 0.05, P < 0.001,
whereas *** indicate statistically significant increases in vi-
ability caused by preincubation with F2, P < 0.05, P < 0.01.
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FIG. 5. Effect of labdane F2 on expression of LPS-induced
iNOS and COX-2 enzyme proteins. Top part shows immu-
noelectrophoretic identification of the two enzymes in ex-
tracts from J774 cells treated as follows: A, cells alone; B,
16-hr treatment with 500 ng/mL LPS; C to F, as B but pre-
treated for 30 min with labdane F2 at concentrations (pM)
of 3, 10, 30, and 100. The bottom panels show the amounts
of proteins as measured using a densitometer scanner and
MCID software (Imaging Research Inc., Canada), expressed
as arbitrary units.

although 10 x 107> M was weakly cytotoxic and mildly
haemolytic. This was checked in the present experiments
using J774 cells incubated in the presence of 1 x 107 M
and 3 x 107 M F2, and tested for viability using the MTT
assay. This method measures mitochondrial respiratory in-
tegrity and has been widely used in studies of cell viability
[16]. Figure 4 shows that treatment of J774 cells with
A23187 and arachidonate for 2 hr did not adversely affect
their viability, and that this was not altered by F2 at the
concentrations tested, except for a small but significant loss
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of viability in cells treated with arachidonate + 3 x 107
M F2.

In contrast, 16-hr incubation with bacterial lipolysaccha-
ride significantly reduced macrophage viability. However,
F2 offered protection that was dose-related (Fig. 4). We
attribute this to the ability of F2 to inhibit the generation
by these cells of NO. The figures below the columns in Fig.
4 show that the diterpenoid labdane significantly reduced
NO generation in a dose-dependent manner, and this has
subsequently been confirmed (L. Pang and ] R S Hoult,
unpublished experiments).

Treatment of ]774 cells with LPS is known to cause the
induction of the isoforms of nitric oxide synthase and cy-
clooxygenase (iNOS and COX-2, respectively), thought to
be responsible for the large increases in generation of NO
and PGE,. In view of the ability of F2 to inhibit production
of both these mediators in LPS-treated ]774 cells, we in-
vestigated its effects on iNOS and COX-2 expression using
Western blotting. This confirmed the induction of iNOS
and COX-2 enzymes by LPS, but also showed that F2 re-
duced their expression (Fig. 5). This could explain why
labdane F2 reduces the generation of PGE, and NO under
the present experimental conditions.

In summary, we have found that the anti-inflammatory
plant-derived labdane F2 inhibits prostaglandin generation in
stimulated macrophages. However, it also enhances the re-
lease from membrane phospholipids of unsaturated fatty acids
such as oleic acid and arachidonic acid. This could be due to
inhibition of acyl-CoA:lysolecithin transferase, although this
needs to be tested directly. However, there is no structural
resemblance between labdane F2 and thimerosal, a known
inhibitor of acyl-CoA:lysolecithin transferase. An alternative
possibility is that the highly lipophilic labdane F2 might in-
terpolate into biomembranes in a manner sufficient to alter
the activity of enzymes embedded in them. Whatever the
precise explanation, we have shown that F2 appears to possess
2 mutually opposing actions on the eicosanoid system in mac-
rophages: potentiation of delivery of substrate following cell
activation, followed by inhibition of conversion of substrate
to product. Labdane also prevents the induction of both
iNOS and COX-2 by LPS in J774 cells without apparent
cell toxicity. This might be the primary explanation for its
inhibitory effects on mediator production and requires further
analysis. Thus, overall, it is clear that this diterpenoid pos-
sesses a unique and diverse array of properties that lead to the
alteration of proinflammatory enzyme pathways in macro-
phages.

L. Pang thanks the World Hedlth Organisation for a Fellowship. Par-
tially supported by the CRF (University of London) and Complutense
University (Madrid) .
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