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Abstract

 

The regulation of allergic and autoimmune inflammatory

reactions by polyunsaturated fatty acids and their metabolic

products (eicosanoids) continues to be of major interest. Our

data demonstrate that arachidonic acid 5,8,11,14-eicosatet-

raenoic acid (20:4n-6) and its hydroxylated derivatives

15(s)-hydroxy-5,8,11,13-eicosatetraenoic acid (15-HETE)

and 15(s)-hydroperoxy-5,8,11,13-eicosatetraenoic acid (15-

HPETE) regulate agonist-induced tumor necrosis factor

alpha (TNF) production, a cytokine that plays a role in

inflammatory diseases. Although 20:4n-6 and 15-HETE

caused a reduction in production of TNF in mononuclear

leukocytes stimulated with phytohaemagglutinin, pokeweed

mitogen, concanavalin A, and 

 

Staphylococcus aureus, 

 

15-

HPETE was far more active. 15-HPETE was also found to

dramatically depress the ability of bacterial lipopolysaccha-

ride to induce TNF production in monocytes and the mono-

cytic cell line Mono Mac 6. These fatty acids depressed the

expression of TNF mRNA in Mono Mac 6 cells stimulated

with LPS; 15-HPETE was fivefold more active than 20:4n-6

and 15-HETE. While 15-HPETE treatment neither affected

LPS binding to Mono Mac 6 cells nor caused a decrease in

CD14 expression, the fatty acid significantly reduced the

LPS-induced translocation of PKC (translocation of 

 

a

 

, 

 

b

 

I,

 

b

 

II, and 

 

e

 

 isozymes), suggesting that 15-HPETE acts by ab-

rogating the early signal transduction events. The findings

identify another molecule that could form the basis for de-

velopment of antiinflammatory pharmaceuticals. (

 

J. Clin.

Invest. 

 

1997. 99:1445–1452.) Key words: polyunsaturated

fatty acids 

 

• 

 

mitogens 

 

• 

 

Mono Mac 6 cells 

 

• 

 

CD14 

 

• 

 

protein

kinase C

 

Introduction

 

Arachidonic acid and leukotrienes regulate phagocyte func-
tion. Arachidonic acid has been shown to stimulate the neutro-
phil respiratory burst (1–3), degranulation (4, 5), adhesion, and

CD11b/CD18 expression (6) and prime neutrophils for in-
creased responses to f-met-leu-phe and PMA (7). In addition,
arachidonic acid stimulates the macrophage respiratory burst
(8). Products of the metabolism of arachidonic acid such as
leukotriene B

 

4

 

 (LTB

 

4

 

) and 5-oxo-6,8,11,14-(E,2,2,2)-eicosatet-
raenoic acid are also well established stimulators of phagocytic
cells (9–13). Consequently, lipoxygenase products have been
implicated as mediators of the allergic and autoimmune in-
flammatory reaction (12, 13). Thus, one major focus of phar-
maceutical development has been the production of antiin-
flammatory agents, based on strategies to inhibit the generation
of lipoxygenase products. Recently, the possibility that lipoxy-
genase-derived products can inhibit the inflammatory response
has also been recognized, where 15(s)-hydroxy-5,8,11,13-eico-
satetranoic acid (15-HETE)

 

1

 

 was shown to cause inhibition of
superoxide production and degranulation of neutrophils acti-
vated with f-met-leu-phe, platelet-activating factor, and LTB

 

4

 

(14), and to inhibit LTB

 

4

 

-induced neutrophil transmigration
across endothelium (15). Such molecules, together with the
possibility of making synthetic derivatives with desirable
properties, can often be considered as avenues to develop ap-
propriate antiinflammatory agents for potential use in inhibit-
ing allergic and autoimmune inflammation.

To further clarify the possible role of lipoxygenase prod-
ucts in the regulation of the inflammatory response, we exam-
ined the effects of 15-HETE and 15(s)-hydroperoxy-5,8,11,13-
eicosatetraenoic acid (15-HPETE) on the production of tumor
necrosis factor alpha (TNF), a proinflammatory cytokine that
plays an important role in exacerbated inflammation and tis-
sue damage. The results show that 15-HPETE is more active
than either arachidonic acid or 15-HETE in inhibiting produc-
tion of TNF and TNF mRNA by human macrophages stimu-
lated by the major microbial product lipopolysaccharide. Evi-
dence suggests that 15-HPETE inhibits the ability of LPS to
induce TNF production at a postreceptor binding level involv-
ing inhibition of LPS-induced protein kinase C (PKC) translo-
cation.

 

Methods

 

Preparation and culture of mononuclear leukocytes and monocytes.

 

Peripheral blood mononuclear leukocytes (MNL) were prepared
from the blood of healthy volunteers by centrifugation on hypaque-
ficoll solution (16). The MNL were cultured in 96-well microtiter

 

Address correspondence to Antonio Ferrante, Department of Immu-
nopathology, Women’s and Children’s Hospital, SA 5006, Australia.
Phone: 08 8204 7216; FAX: 08 204 6046; E-mail: aferrant@medi
cine.adelaide.edu.au

 

Received for publication 18 June 1996 and accepted in revised

form 30 January 1997.

 

1. 

 

Abbreviations used in this paper:

 

 15-HETE, 15(s)-hydroxy-5,8,11,13-
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4
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plates (U-bottom; Linbro, ICN-Flow, Sydney, Australia). To each
well containing 100 

 

m

 

l of 2 

 

3

 

 10

 

6

 

 MNL/ml was added 100 

 

m

 

l of either
1 

 

m

 

g/ml PHA, 25 

 

m

 

g/ml concanavalin A, 1/100 dilution of pokeweed
mitogen (670-5360; Wellcome Pharmaceuticals and Reagents Pty.
Ltd., Sydney, Australia; Calbiochem-Behring, Sydney, Australia; and
Gibco Laboratories, Grand Island, NY, respectively) or 5 

 

3

 

 10

 

7

 

 

 

S. au-

reus

 

/ml. The cultures were supplemented with 2.5% human group AB
serum, and then incubated at 37

 

8

 

C in the presence of 5% CO

 

2

 

-air and
high humidity. The incubation times were varied and are as indicated
in Results. After incubation, the cell-free supernatants were collected
for determination of TNF.

Monocytes were purified from the MNL fraction by adherence to
cytodex microcarriers (beads) as described previously (17). In brief,
this involved a 2.5-h incubation of the MNL with the beads in me-
dium 199 containing 10% heat-inactivated human AB serum. The
nonadherent cells were discarded, the beads containing the adherent
cells were washed three times to remove additional nonadherent
cells, and then the adhered cells were released by vortex agitation for
two periods of 1 min each. The monocytes of 

 

.

 

 95% purity were cul-
tured as described above for the MNL using 

 

Escherichia coli

 

 K235
LPS obtained from Sigma Chemical Co. (St. Louis, MO) as a stimu-
lant for inducing TNF production.

 

Mono Mac 6 cells. 

 

Mono Mac 6 cells were kindly provided by
Dr. H.W.L. Ziegler-Heitbrock (18). The cells were grown in RPMI
1640 medium supplemented with 10% fetal calf serum. All media and
reagents were screened for LPS by use of the Limulus Amebocyte
Lysate Assay.

 

Measurement of cytokines. 

 

TNF was measured as previously de-
scribed (19) using ELISA. Monoclonal antibody to TNF alpha, rabbit
anti–TNF polyclonal antisera, and human recombinant TNF (derived
from 

 

E. coli

 

) were kindly provided by Dr. G. Adolf (Ernst-Boeh-
ringer Institut, Vienna, Austria). These were used to set up quantita-
tive ELISA for measuring cytokines in supernatants. The ELISA was
conducted by a series of steps that involved coating of wells of micro-
titer plates with an immunoglobulin G fraction of goat anti–mouse
immunoglobulin G (Cappel Laboratories, Malvern, PA). This was
followed by the addition of the monoclonal antibody to TNF. Serial
dilutions of the supernatants or a known amount of cytokine standard
was added. The amount of cytokine bound was estimated by adding
rabbit anti–TNF antisera followed by a sheep anti–rabbit immunoglob-
ulin–horseradish peroxidase conjugate (Silenus, Melbourne, Australia),
and then the substrate 2,2

 

1

 

-azino-di[3-ethylbenzthiazoline sulfonate-(6)]
(Boehringer Mannheim, Sydney, Australia). After incubation at 37

 

8

 

C
for 45 min, the A

 

414

 

 was measured in a Titertek Multiskan Spectro-
photometer (ICN-Flow). The readings were related to a standard
curve of human recombinant TNF for quantitating the cytokines.

 

Preparation of HPETE and HETE derivatives of 5,8,11,14-eico-

satetraenoic acid. 

 

Arachidonic acid was purchased from Sigma
Chemical Co. The 15-HETE and 15-HPETE were prepared as previ-
ously described (20) and outlined below. 15-HPETE was obtained by
incubating 5,8,11,14-eicosatetraenoic acid (20:4n-6) (50 mg in 1 ml
ethanol) with soybean lipoxidase (7 mg, type 1B; Sigma Chemical Co.)
in 100 ml of 0.1 mol/liter sodium borate, pH 9.0, for 20 min at room
temperature. The reaction mixture was acidified with 5 ml 1 mol/liter
citric acid and fatty acid derivatives were extracted three times with
4 ml diethylether. The sample was evaporated under N

 

2

 

 and taken up
in 3 ml hexane/diethylether (9:1 vol/vol) before application to a silicic
acid column (4 g) equilibrated in the same solvent. Unoxidized 20:
4(n-6) was eluted with 120 ml of this solvent and 15-HPETE was
eluted with 120 ml hexane/diethylether (1:1 vol/vol). A portion (5 mg)
of 15-HPETE was reduced to 15-HETE with 2 mg sodium borohy-
dride for 2 h at 4

 

8

 

C and recovered by the addition of 2.5 ml water,
acidification with formic acid, and extraction three times with 4 ml of
diethylether. Fatty acids and their derivatives (20:4n-6, 15-HPETE,
and 15-HETE) were stored in chloroform at 

 

2

 

20

 

8

 

C and purity
checked by thin layer chromatography and where possible by gas-liq-
uid chromatography. The HPETE and HETE derivatives consisted
of at least 95% 15-HPETE and 15-HETE, respectively, with other

isomers making up the rest. There was no evidence of 20:4n-6 in the
preparations.

 

Solubilization of fatty acids. 

 

To overcome fatty acid insolubility
in aqueous solution, we prepared mixed DPC–fatty acid micelles in
HBSS by sonication as previously described (3). Briefly, the appro-
priate amounts of fatty acid and DPC, both dissolved in redistilled
chloroform, were added to 10-ml glass tubes in a 1:4 ratio (by mass)
and the solvent completely evaporated under nitrogen at 30

 

8

 

C. HBSS
(1 ml) was then added and the mixture was sonicated for 2 

 

3

 

 1 min at
4

 

8

 

C (Ystrom Systems Ultrasonicator, Technic Inc., Westwood, NJ)
(power setting, 8; tune setting, 4). Control incubations contained mi-
celles of DPC alone appropriately diluted. This solubilization tech-
nique gave reproducible results. Fatty acids were checked for purity
by silica gel thin-layer chromatography in diethylether/hexane/glacial
acetic acid (60:40:1, vol/vol). The plates were visualized with iodine.
There was no evidence of oxidation products of commercial fatty ac-
ids with storage or after solubilization. The mononuclear cells were
exposed to the fatty acids for 30 min before the addition of the stimulus.

 

cDNA probes. 

 

The human TNF cDNA probe was an 820-bp
EcoRI fragment cloned into a PUC vector obtained from Genentech
Inc. (South San Francisco, CA). The G3PDH cDNA control probe
was a 1.1-kb fragment obtained from Clontech (Palo Alto, CA).

 

RNA isolation and hybridization. 

 

Mono Mac 6 cells (10

 

6

 

 in total
volume of 1 ml) were induced as described in the figure legends.
RNA for slot blots was isolated and prepared by the RNA

 

ZOL

 

TM

 

 B
method for isolation of RNA (Cinna/Biotecx, Friendswood, TX) (21).
The cells were pelleted and lysed by resuspension in 0.4 ml of RNA-

 

ZOL

 

TM

 

 B/10

 

6

 

 cells. To extract the RNA-phenol, 50 

 

m

 

l of chloroform
was added, vigorously shaken for 15 s, and placed on ice for 5 min.
The tubes were centrifuged at 12,000 

 

g

 

 for 15 min at 4

 

8

 

C. The upper
phase was carefully removed and the RNA precipitated by addition
of an equal volume of isopropanol by incubation on ice for 15 min.
The RNA was pelleted by centrifugation at 12,000 

 

g

 

 for 15 min at 4

 

8

 

C.
For preparing a series of threefold dilutions, the RNA samples

were diluted in a diluent solution containing formaldehyde, saline so-
dium citrate (Ajax Chemicals, Sydney, Australia), SDS (ICN, Syd-
ney, Australia), and diethylpyrocarbonate (DEPC, Sigma Chemical
Co.) and heated at 65

 

8

 

C for 5 min. The samples were applied to a
Gene Screen Plus nylon membrane using a slot blot vacuum manifold
(Hoefer Scientific Instruments, San Francisco, CA). The filters were
baked for 2 h at 80

 

8

 

C, and then prehybridization was performed for
16–24 h in a solution containing formamide, dextran-sulphate, SDS,
SSC, Denhardt’s solution, and denatured herring sperm DNA (Du-
Pont-NEN, Boston, MA).

DNA probes were oligolabeled using [

 

a

 

-

 

32

 

P]dCTP as described
(Amersham International, Little Chalfont, UK) and hybridization
was allowed to proceed for 24 h at 42

 

8

 

C. Slot blots were washed in 2

 

3

 

SSC, 1% SDS for 10 min at room temperature, and then repeated at
42

 

8

 

C for 30 min, and then 0.2% SSC, 0.1% SDS at 65

 

8

 

C for 15 min.
Autoradiographs were prepared by exposure with intensifying screens
at 

 

2

 

70

 

8

 

C to XAR films (Eastman Kodak Co., Rochester, NY). The
extent of hybridization was quantified by scanning with a laser densi-
tometer (LKB, Bromma, Sweden) and the relative intensities of the
threefold dilution bands were calculated as the specific density of the
band of interest (background subtracted) divided by the specific den-
sity of the G3PDH reprobing of the same band (background sub-
tracted).

 

Flow cytometry analyses. 

 

After pretreatment with 15-HPETE
or vehicle at 37

 

8

 

C/30 min, the Mono Mac 6 cells were examined either
for the expression of CD14 antigen or ability to bind FITC-labeled
LPS. To examine for the expression of CD14 antigen, the cells were
treated with a monoclonal antibody to CD14 (FMC32; Silenus, Victo-
ria, Australia) or isotype-matched control monoclonal antibody,
washed in isoton II 

 

1

 

 1% BSA, and then treated with FITC-conju-
gated goat anti–mouse IgG (Organon Teknika-Cappel, Durham, NC)
each at 4

 

8

 

C for 30 min. After two washes in Isoton II 

 

1

 

 1% BSA, the
cells were fixed with 1% paraformaldehyde. The fluorescence inten-
sity of the cell population was analyzed by flow cytometry on a FAC-
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Scan

 

®

 

 (Becton Dickinson & Co., Mountain View, CA). Binding of LPS
to Mono Mac 6 was examined by the addition of FITC-labeled LPS
(Sigma Chemical Co.) and incubating at 4

 

8

 

C for 30 min. After incuba-
tion, the cells were processed as above for flow cytometric analysis.
To ensure that LPS binding was to the CD14 receptor, another set of
experiments was set up in which the cells were treated with the anti–
CD14 monoclonal antibody (after the HPETE or vehicle treatment),
and then examined for ability to bind FITC-labeled LPS. For the flow
cytometric analyses, 

 

z 

 

10,000 cells were counted. The data was pro-
cessed with a software Lysis II program (Becton Dickinson & Co.).

 

PKC extraction and assay. 

 

The cells (3 

 

3

 

 10

 

7

 

) were washed in
HBSS and incubated with different concentrations of fatty acids or
stimuli for the time indicated in Results. After incubation, cells were
washed again with HBSS and sonicated in buffer containing 20 mM
Tris, pH 7.5, 5 mM EGTA, 2 mM EDTA, 10 

 

m

 

g/ml leupeptin, 10 

 

m

 

g/
ml aprotinin, 10 

 

m

 

g/ml benzamidine, 1 

 

m

 

g/ml pepstatin A, 15 mM
2-mercaptoethanol, and 10 mM phenylmethylsulfonyl fluoride, and
then centrifuged at 100,000 

 

g

 

 for 30 min. The pellet was resuspended
in sonication buffer with 2% Triton X-100. After 30 min on ice, the
extract was centrifuged at 100,000 

 

g

 

 for 30 min. The supernatant was
adsorbed onto DE 52 (Whatman Ltd, Maidstone, UK) and washed
twice in Hepes. PKC was eluted with 0.2 M NaCl. PKC activity was
assayed by using Histone type III-S (Sigma Chemical Co.) as sub-
strate according to the method of Hardy et al. (22). The reactions
were terminated by spotting aliquots of assay mixtures onto P81 pa-
per (Whatman Ltd.). After three washes in 85 mM orthophosphoric
acid, the radioactivity was determined by liquid scintillation spec-
trometry. For immunoblotting (23), Laemmli buffer was added to
DE52-purified samples. Proteins (20 

 

m

 

g) were separated by SDS-poly-
acrylamide gel (10%) electrophoresis, and then transferred to nitro-
cellulose membranes and probed with isotype-specific PKC antibodies.
The immune complexes were detected by enhanced chemilumines-
cence. Laser densitometry was performed on a personal laser densito-
meter (Molecular Dynamics, Sunnyvale, California) and quantification
achieved using Image Quant Software (Molecular Dynamics).

[

 

g

 

-

 

32

 

P]ATP was obtained from Bresatec (Adelaide, South Austra-
lia). Monoclonal antibodies for PKC isoenzymes were obtained from
Boehringer Mannheim (Mannheim, Germany). Enhanced chemi-
luminescence and reinforced nitrocellulose membranes were from
DuPont-NEN and Schleicher and Schuell (Dassel, Germany), re-
spectively. All other reagents unless indicated were from Sigma
Chemical Co.

 

Statistical analysis. 

 

Differences between the various treatments
were analyzed by either the Student’s 

 

t

 

 test for paired data or Bonfer-
roni’s test for multiple comparisons.

 

Results

 

In initial studies, the effects of arachidonic acid and its oxygen-
ated derivatives on the ability of MNL to produce TNF were
examined. MNL were pretreated for 30 min with either 10 

 

m

 

g/ml
of arachidonic acid, 15-HETE, or 15-HPETE, and then stimu-
lated with either PHA, pokeweed mitogen, concanavalin A, or

 

S. aureus.

 

 Supernatants were collected after 72 h of culture and
the amount of TNF present quantitated by ELISA. The results
from five experiments showed that the 15-HETE had similar
activity to arachidonic acid in its capacity to inhibit TNF pro-
duction (40–50% inhibition), but 15-HPETE was significantly
more active (

 

.

 

 96% inhibition) than arachidonic acid and
HETE (data not presented) when examined at the equivalent
concentration of 10 

 

m

 

g/ml.
Further studies were undertaken using purified macro-

phages and a macrophage cell line, Mono Mac 6. The results
showed that 15-HPETE was significantly more effective than
arachidonic acid (

 

P

 

 

 

,

 

 0.05) and 15-HETE (

 

P

 

 

 

,

 

 0.01) in inhib-
iting the LPS-induced TNF production (Fig. 1). Studies on cell

viability by the trypan blue dye exclusion method and lactate
dehydrogenase release showed that these fatty acids at these
concentrations had no effect on cell viability (data not pre-
sented).

Examination of the time course of TNF mRNA production
in Mono Mac 6 cells showed that TNF mRNA was not de-
tected in noninduced cells, but after stimulation with LPS,
TNF mRNA was first observed at 30 min, peaked at 90 min,
and had fallen to low levels by 180 min (Fig. 2). The effects of
arachidonic acid and its derivatives on TNF mRNA were ex-
amined. The data in Fig. 3 show that 15-HPETE markedly in-
hibited the LPS-induced expression of TNF mRNA. When
comparing the effects of arachidonic acid, 15-HETE, and 15-
HPETE on the level of TNF mRNA, it was evident that while
all three inhibited the LPS-induced TNF mRNA levels, the
relative effects of these paralleled those of the effects on TNF
release by these cells. The results show that 15-HPETE was
significantly more active than either 15-HETE (

 

P

 

 

 

,

 

 0.001) or

Figure 1. The effect of 20:4n-6, HETE, and HPETE on LPS-induced 
TNF production in (A) monocytes and (B) Mono Mac 6 cells. Leuko-
cytes were pretreated for 30 min with the fatty acids, and then chal-
lenged with LPS (1 mg/ml). Production of TNF was measured after 
24 h of incubation. The results are presented as mean6SEM of tripli-
cate cultures. Similar results were seen in two other experiments. Sta-
tistical analyses **P , 0.01 compared with vehicle treatment control. 
For monocytes, 15-HPETE vs. 20:4n-6, P , 0.05; 15-HPETE vs. 15-
HETE, P , 0.01. For Mono Mac 6, 15-HPETE vs. 20:4n-6, P , 0.01; 
15-HPETE vs. 15-HETE, P , 0.001.
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arachidonic acid (

 

P

 

 

 

,

 

 0.001) (Fig. 4). A concentration-related
effect was seen between 0.5 and 2.5 

 

m

 

g/ml (Fig. 5 

 

A

 

). The min-
imal fatty acid concentration to significantly affect TNF mRNA
was 300 ng/ml for 15-HPETE compared with 5 

 

m

 

g/ml for
arachidonic acid and 15-HETE (data not presented).

The effects of 15-HPETE on TNF mRNA expression were
dependent on the duration of the pretreatment (Fig. 5 

 

B

 

).
Maximal inhibition occurred with 60-min preincubation with
the fatty acid. However, inhibitory effects of 15-HPETE were
still evident even without pretreatment.

The effects of HPETE on agonist-induced TNF mRNA
production were examined over a range of LPS concentration
of 0.1, 0.5, 1.0, and 1,000 ng/ml. The responses in relation to
TNF mRNA production to all the LPS concentrations were
similarly inhibited by 5 

 

m

 

g/ml of HPETE. The relative percent
inhibition of LPS-induced TNF mRNA production expressed
as mean

 

6

 

SEM of six determinations from two to four dif-
ferent experiments were 94.063.1, 92.863.3, 94.563.0, and
97.361.3 for 0.1, 0.5, 1.0, and 1,000 ng/ml of LPS, respectively.

It is possible that one of the targets of 15-HPETE is an LPS
receptor such as the CD14 antigen. The results showed that 15-
HPETE caused no change in the expression of CD14 on Mono
Mac 6 (Fig. 6 A). Furthermore, there was no change in the

Figure. 2. Steady state mRNA levels of TNF in Mono Mac 6 cells. 
(A) Slot blots showing levels of TNF mRNA from cells incubated at 
378C for 90 min in either the presence or absence of 1 mg/ml of LPS. 
The mRNA was analyzed at threefold dilutions (left to right). (B) 
The time course of TNF mRNA accumulation in cells induced by 
LPS. At selected intervals after LPS addition (zero time), RNA was 
extracted and quantified. Each point is the mean of three experi-
ments.

Figure 3. The effects of HPETE on TNF mRNA expression in Mono 
Mac 6 cells stimulated with 1 mg/ml LPS for 90 min. (A) Slot blots 
showing the effects of 30-min pretreatment with 5 mg/ml HPETE on 
TNF mRNA expression (presented as threefold dilutions from left to 
right). (B) The results are the mean6SEM of three experiments. 
These are expressed as a percentage of the LPS response (100%). 
***P , 0.001; significantly different from the vehicle control and 
HPETE treatments.

Figure 4. Effects of 20:4n-6, 
HETE, and HPETE on 
LPS-induced TNF mRNA 
expression in Mono Mac 6 
cells. (A) Slot blots (pre-
sented as threefold dilu-
tion) showing the effects 
of 30-min pretreatment of 
cells with vehicle or 5 mg/
ml of 20:4n-6, HETE, and 
HPETE on 1 mg/ml LPS-
induced TNF mRNA ex-
pression after 90-min
incubation at 378C. (B) 
Comparisons between the 
effects of 20:4n-6, HETE, 
and HPETE (at 5 mg/ml), 
shown as percent maxi-
mum stimulation standard-
ized against the LPS-vehi-
cle treatment. Each point 
was significant compared 

with vehicle control. *P , 0.05, **P , 0.01. The HPETE effect was 
significantly different from the effects seen with both 20:4n-6 and 
HETE, P , 0.001. (Percent inhibition of LPS-vehicle control values 
for 20:4n-6, HETE, and HPETE were, respectively, 48.8, 66.5, and 
90.7%.)
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ability of the 15-HPETE–treated cells to bind FITC-labeled
LPS (Fig. 6 B). This LPS binding was inhibited to a similar ex-
tent in vehicle and 15-HPETE–treated cells by the addition of
anti–CD14 antibody (Fig. 6 B).

Mono Mac 6 cells treated with either 1 ng/ml or 1 mg/ml
LPS showed translocation of PKC from the cytosol to a partic-
ulate fraction (Fig. 7). Treatment of the cells with the fatty acid
totally abrogated both the 1 ng/ml and 1 mg/ml LPS-induced
translocation of PKC as determined by enzyme assays using
Histone type III-S as substrate (Fig. 7). The data in Fig. 8 A
show that pretreatment with 15-HPETE inhibited the LPS-
induced translocation of the a, bI, bII, and e isozymes of PKC.
There was some translocation of PKC induced by 15-HPETE
(Figs. 7 and 8, A and C), but when LPS was also added, this
membrane-bound PKC decreased. This raised the possibility
that the combined action of 15-HPETE and LPS resulted in in-
creased degradation of translocated PKC. Examination of to-
tal PKC in the cell showed that there was essentially no differ-
ence between untreated Mono Mac 6 cells and those treated

with either 15-HPETE alone, LPS alone, or the combination
of 15-HPETE and LPS (Fig. 8, B and D).

Discussion

Receptor ligation on various cell types by a host of endoge-
nous or exogenous mediators leads to the activation of phos-
pholipase A2 and release of arachidonic acid from membrane
phospholipids (24). This cellular activation is associated with the
stimulation of the lipoxygenase enzyme system that leads to
the oxygenation of arachidonic acid and the generation of
5-HPETE, 12-HPETE, and 15-HPETE, respectively. These
then either spontaneously or catalytically convert to the corre-
sponding HETE forms. 5(S) HETE can also be converted into
its 5-oxo derivative in a reaction catalyzed by a specific 5(S)
hydroxyeicosanoid dehydrogenase (25). The metabolism of

Figure 5. (A) The concentration-related effects of HPETE on LPS-
induced TNF mRNA in Mono Mac 6 cells. The data are expressed as 
percent inhibition compared with the vehicle-treated cells and are 
presented as the mean6SEM of three experiments. (B) The effect of 
HPETE pretreatment time on LPS-induced TNF mRNA production 
in Mono Mac 6 cells. Cells were pretreated with 5 mg/ml of HPETE 
for the times indicated, and then stimulated with 1 mg/ml LPS for 
TNF mRNA for 90 min at 378C. The mRNA was analyzed, quanti-
tated, and expressed as percent inhibition induced by HPETE of the 
LPS-induced reponse. Mean6SEM of three experiments.

Figure 6. The effect of HPETE on CD14 expression and LPS binding 
to Mono Mac 6. Flow cytometric analyses of Mono Mac 6 cells 
stained with either (A) anti–CD14 monoclonal antibody and FITC-
labeled rabbit anti–mouse IgG conjugate, or (B) FITC-labeled LPS. 
Also shows the effects of pretreating cells with 50 mg/ml anti–CD14 
monoclonal antibody on the binding of FITC-labeled LPS at 1 mg/ml.
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arachidonic acid via the cyclooxygenase pathway generates
prostaglandins such as PGE2 and thromboxanes such as TxA4.

These arachidonic acid metabolic products have a wide
range of biological properties that form the basis of physiolog-
ical vs. pathophysiological responses in health vs. disease
states, respectively (26). Some of the well defined biological
activities of the leukotrienes are chemotactic activity (LTB4),
smooth muscle contraction (LTC4), SRS-A–like action (LTD4),
and proinflammatory activity (LTE4). In the case of prosta-
glandins, PGD2, PGE1, and PGE2 cause broncho- and vasodi-
lation and PGF2 is a broncho- and vasoconstrictor. The throm-
boxanes, A2 and B2, contribute to pathogenesis through their
properties as platelet activators and vasodilators. Further-
more, because of the role of eicosanoids in the regulation of
processes of the inflammatory response, there have been wide-
spread attempts to treat a range of autoimmune and allergic
inflammatory diseases by altering the production of these
eicosanoids.

Arachidonic acid has been shown previously to have a wide
range of biological effects on leukocytes. These include effects
on neutrophils (1–7), with respect to activation of NADPH ox-
idase, increased expression of CR3, degranulation, enhanced

cytotoxic properties, and increased adhesion. Activation of the
macrophage respiratory burst by arachidonic acid has also
been reported (8, 27). These functions are associated with the
proinflammatory properties of this polyunsaturated fatty acid

Figure 7. The effect of HPETE treatment on LPS-induced PKC 
translocation in Mono Mac 6 cells. Mono Mac 6 cells were pretreated 
with 5 mg/ml of HPETE (h) or vehicle alone (j) for 30 min at 378C, 
and then treated with either 1 mg/ml (A) or 1 ng/ml (B) LPS, and the 
ability of the agonist to induce translocation of PKC was examined. 
The activity of PKC was assayed as described in Methods. The data 
represent the mean6range of duplicate assays of one experimental 
run and are representative of two other experiments.

Figure 8. The effect of HPETE treatment on the LPS-induced trans-
location of PKC isozymes. Mono Mac 6 cells were preincubated with 
5 mg/ml HPETE for 30 min, and then treated with 1 mg/ml LPS. After 
5 min, PKC fractions were prepared and immunoblotted with 
isozyme-specific antibodies as described in Methods. (A) Transloca-
tion of PKC isozyme. (B) Total PKC isozyme. (C and D) Quantifica-
tion of (A) and (B), respectively, by direct laser densitometry as de-
scribed in Methods. The data are representative of three 
experiments; the percent inhibition (6SEM) of LPS-induced translo-
cation of the PKC isozymes, a, bI, bII, and e by HPETE were 
91.463.2, 44.1610.00, 62.7610.8, and 68.767.7, respectively.
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and most likely exacerbate the effects induced by its metabolic
product, LTB4, of the lipoxygenase pathway. The antiinflam-
matory activity has been associated with products of the
arachidonic acid metabolism in the cyclooxygenase pathway.

We now describe a novel activity of the arachidonic acid
metabolic product, 15-HPETE, of the lipoxygenase pathway in
relation to antiinflammatory properties. Arachidonic acid, 15-
HETE, and 15-HPETE all depressed TNF production by hu-
man MNL in response to various stimulators, PHA, concanava-
lin A, pokeweed mitogen, and S. aureus. Further investigations
conducted with purified monocytes and a monocytic cell line,
Mono Mac 6, showed that arachidonic acid, 15-HETE, and 15-
HPETE all inhibited the LPS-induced TNF production. While
arachidonic acid and 15-HETE had comparable activity, 15-
HPETE was significantly more active. The effects of these
fatty acids were reflected in the TNF mRNA expression and
15-HPETE was significantly more inhibitory than either ara-
chidonic acid or 15-HETE. The minimal concentration of fatty
acid required to cause significant inhibition of LPS-induced
TNF mRNA expression was 5 mg/ml for arachidonic acid and
15-HETE and , 1 mg/ml for 15-HPETE. The inhibition by 15-
HPETE was in fact evident at 300 ng/ml.

These concentrations of AA and its metabolites are found
in pathophysiological fluids. Eissen (28) showed plasma free
AA levels in human malaria patients to be . 100 mM (z 33.3
mg/ml). Yasuda et al. (29) reported that brain free AA levels
were 50 mM (z 16.7 mg/ml) rising to 500 mM (z 167 mg/ml)
under ischemic conditions. Walenga et al. (30) found the
HETE levels increase to 40 mM (z 13.3 mg/ml) in blood stimu-
lated with various agents. HPETE has also been reported to
reach levels that we found to be active in inhibiting TNF pro-
duction, 0.7 mM (z 0.23 mg/ml) (31). Under certain conditions
or diseases where a reduced or compromised concentration of
reductases occurs, 15 HPETE accumulates, as seen in HIV
infections (32). Indeed, there are pathological conditions
where HPETE levels of z 20 mM (z 6.7 mg/ml) have been
measured (33).

The relative differences of effects between these fatty acids
on cytokine production differ from those on the neutrophil
and macrophage respiratory burst. Arachidonic acid stimu-
lates both the neutrophil and macrophage respiratory activity
(1–3, 8, 27) and increases this response to other agonists (7).
Both 15-HETE and 15-HPETE had no effect on this neutro-
phil response (3) and our recent evidence suggests that this is
also so for macrophages (unpublished observations). These
differences in effects of arachidonic acid vs. 15-HETE and 15-
HPETE are found with respect to other neutrophil functions
such as degranulation (34) and migration inhibition activity
(35). Thus, the effects on cytokine production constitute the
first demonstration that products of arachidonic acid metabo-
lism via the lipoxygenase pathway can depress macrophage
function associated with inflammation. Interestingly, the 15-
HPETE exhibited significantly more cytokine production in-
hibitory activity than either 15-HETE or arachidonic acid.

The possible mechanisms by which 15-HPETE may inhibit
the LPS-induced TNF production were partly studied. It was
evident that these effects are post–LPS-receptor binding. This is
supported by the finding that better inhibition of TNF mRNA
occurred if the cells were pretreated with the fatty acids rather
than added simultaneously with the LPS. Prior stimulation of
Mono Mac 6 cells with LPS followed by the addition of 15-
HPETE produced very little change in TNF production (data

not presented). Furthermore, examination of LPS binding to
Mono Mac 6 cells treated with 15-HPETE was normal, as was
the expression of the CD14 receptor (involved in LPS bind-
ing). LPS dose response curves showed that HPETE inhibited
production of TNF equivalently from 0.1 to 1,000 ng/ml. This
shows that the inhibition is relevant to both the LBP-CD14
pathway as well as the non–CD14 pathway, the latter most
likely to be also involved at the higher LPS concentration.

Further studies suggested that the 15-HPETE–induced in-
hibition was related to effects on the early signal transduction
events. Previously, it has been reported that LPS-induced TNF
production by monocytes requires the activation of PKC (36),
an observation consistent with our findings (unpublished ob-
servations). While 15-HPETE per se translocated PKC to a
particulate fraction in Mono Mac 6 cells, pretreatment with the
15-HPETE not only prevented LPS from stimulating the trans-
location of the PKC isozymes, a, bI, bII, and e, but the fatty
acid also caused a loss of membrane-bound PKC isozymes in
cells that were subsequently exposed to LPS. The exact mech-
anism involved is unclear but this was not due to increased
degradation of PKC as all cells, treated or untreated with
HPETE, were found to contain similar amounts of the various
PKC isozymes. Previous studies with neutrophils have shown
that 15-HETE added to neutrophils is rapidly incorporated
into membrane phospholipids (15). Thus, it seems that this re-
modeling of membrane phospholipids, while not altering the
expression of the LPS receptor, could be responsible for alter-
ing the ability to translocate PKC. Our studies on the effects of
fatty acids on PKC have shown that these fatty acids not only
activate PKC in vitro (22), but also in cells (23). Although the
15-HPETE can translocate and activate PKC, activation of
PKC per se is not sufficient to stimulate the production of
cytokines since the 15-HPETE did not stimulate TNF pro-
duction. This is consistent with previous findings on agonist-
induced TNF production in macrophages (36).

The data illustrate the potent antiinflammatory potential of
products of the arachidonic acid metabolism via the lipoxygen-
ase pathway. In particular, 15-HPETE was a highly effective
inhibitor of TNF production by macrophages stimulated with a
variety of agonists. The findings signify another immunoregu-
latory mediator associated with inflammation and cell activa-
tion, and support and extend previous reports that showed that
a product of the lipoxygenase pathway, namely 15-HETE,
downregulates the inflammatory response by inhibiting neu-
trophil chemotaxis and the neutrophil oxygen radical produc-
tion (14, 15). Here our work emphasizes the ability of 15-
HPETE to perform as a very effective inhibitor of TNF
production. Thus, while the tissue/fluid concentrations of
HPETE are much less than AA and HETE, HPETE may be
just as effective as the former two as it is more active on a mo-
lar basis. The major pathogenetic effects of bacterial LPS are
mediated through the stimulation of release of pyrogenic cy-
tokines such as TNF, IL-1b, and IL-6 from a variety of tissues,
in particular from the mononuclear phagocytic system (37). In
this manner, TNF, through its interaction with endothelial
cells, causes a general inflammatory response leading to sepsis
with severity depending on the persistence of the damage and
whether at one or more sites (37). TNF is a major contributor
to the pathophysiology of a variety of diseases (37) and many
efforts have been made to attempt to understand the pathways
that lead to inhibition of its production or activity. The data
presented identify another pathway by which regulation of the
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production of LPS-induced TNF may be achieved. Of impor-
tance is that the identification of specific structural elements of
fatty acids (as seen here for HPETE), which are strong inhibi-
tors of cytokine production, is relevant to drug design for anti-
inflammatory agents.
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