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Arachidonic acid (AA) metabolites control cell proliferation, among other physiologic
functions. RAW 264.7 macrophages can metabolise AA through the cyclooxygenase and
lipoxygenase (LOX) pathways. We aimed to study the role of AA-metabolites derived from 5-
LOX in the control of RAW 264.7 macrophage growth. Our results show that zileuton, a
specific 5-LOX inhibitor, and nordihydroguaiaretic acid (NDGA), a non-specific LOX inhi-
bitor, inhibit cell proliferation and [*H]-thymidine incorporation in a concentration-depen-
dent fashion. Growth inhibition induced by NDGA can be explained by an apoptotic process,
while zileuton does not seem to induce apoptosis. Moreover, these treatments delay the cell
cycle, as analysed by flow cytometry. On the other hand, the leukotriene (LT) B, receptor
antagonist U-75302, the LTD, receptor antagonists LY-171883 and MK-571, and the cystei-
nyl-LT receptor antagonist REV-5901 also inhibit cell proliferation and [*H]-thymidine
incorporation in a concentration-dependent manner, and delay the RAW 264.7 cell cycle.
However, these antagonists did not induce annexin V staining, caspase activation or DNA
fragmentation. Furthermore, we demonstrated that exogenous addition of LTB, or LTD4
revert the cell growth inhibition induced by zileuton or the leukotriene receptor antagonists
mentioned above. Finally, we observed that LTB, and LTD,, in the absence of growth factors,
have pro-proliferative effects on macrophages, and we obtained preliminary evidences that
this effect could be through mitogen-activated protein kinase (MAPK) and phosphatidyli-
nositol 3-kinase (PI3K) pathways. In conclusion, our results show that the interaction
between LTB, and LTD, with its respective receptor is involved in the control of RAW
264.7 macrophage growth.
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1. Introduction

Arachidonic acid (AA) is usually esterified in the glyceropho-
spholipids of membranes. Upon stimulation, it is released by
selective lipases, and free intracellular AA can be oxidised by
the enzymes of the AA cascade: the cyclooxygenases (COXs),
which produce prostaglandins (PGs) and thromboxanes; the
lipoxygenases (LOXs), which form leukotrienes (LTs), hydro-
xyeicosatetraenoic acids (HETEs) and lipoxins, and cyto-
chrome P-450 monooxygenases. 5-, 12- and 15-LOX are
considered the main LOXs catalyzing the biosynthesis of
biologically active compounds. Thus, AA is metabolised by 5-
LOX yielding 5-HETE and LTA,, the precursor of LTB, and
cysteinyl leukotrienes (CysLTs) such as LTC,, LTD, and LTE,.
Finally, 12- and 15-LOX produce HETEs and lipoxins [1].

In macrophages, AA is mainly metabolised through COXs
and LOXs enzymes, which have been described in this cell type
[2]. 5-, 12- and 15-LOXs are expressed in murine macrophages
[3-5]. Here, we focused on 5-LOX, the key enzyme of
leukotriene biosynthesis, and its role in macrophage prolif-
eration.

The biological effects of LTs depend on its interaction with
specific receptors. Four leukotriene receptors that belong to
the G protein-coupled seven transmembrane domain receptor
family have been characterised: two receptors for LTB, (BLTS)
and two receptors for LTC4/D4/E4 (CysLTRs). BLT1 is a high-
affinity receptor specific for LTB,, whereas BLT2 is a low-
affinity receptor that also binds other eicosanoids [6]. BLT2 is
expressed ubiquitously, in contrast to BLT1, which is
expressed predominantly in leukocytes. Pharmacological
studies have determined that CysLTs activate at least two
receptors, referred to as CysLTR1 and CysLTR2. In macro-
phages, the main receptor expressed is the former, which
preferentially responds to LTD, [7].

Cell growth is controlled by mitogens like growth factors.
The interaction of growth factors with their cell surface
receptors leads to multiple signalling events including the
activation of several phospholipases, which in turn can lead to
the release of AA and the production of AA metabolites. Thus,
epidermal growth factor (EGF) induces LOX metabolism in
A431 cells, HeLa cells and fibroblasts [8], and LTB, synthesis in
guinea pig gastric chief cells [9]. LOX metabolites are also
involved in basic fibroblast growth factor-induced endothelial
cell proliferation [10]. In addition, LTs and HETEs have recently
been described as survival factors. Thus, there is evidence that
12-LOX regulates the serum-supported survival of W256
carcinosarcoma cells of monocytoid origin [11]. Moreover,
Ghosh and Myers [12] observed that only 5-LOX inhibitors
produce apoptosis in human prostate cancer cells, while 12-
LOX, COX and cytochrome P-450 inhibitors do not induce
programmed cell death. Thus, a number of studies have
suggested that 5-LOX is involved in cell proliferation, although
its effect on cell growth is cell-type specific. Thus, the 5-LOX
pathway appears to facilitate the growth of several cell types
such as pulmonary artery endothelial cells [13] and mesangial
cells [14]. In contrast, it suppresses the growth of other cells,
e.g. glioma cells [15] and murine Leidig cells [16].

Little is known about the role of the 5-LOX pathway in the
proliferation of macrophages. Recently, Titos et al. [17]
suggested that 5-LOX pathway metabolites participate in

the regulation of Kupffer cell growth and survival in a model
of liver fibrosis. The aim of this study was to explore the
effects of 5-LOX pathway metabolites on serum stimulated
RAW 264.7 macrophage proliferation. Our results suggest
that LTB, and LTD, interaction with its specific receptors,
are involved in RAW 264.7 cell cycle progression and serum-
induced macrophage proliferation. Moreover, we show that
the inhibition of macrophage proliferation by 5-LOX pathway
inhibition was not consequence of a pro-apoptotic effect.
Furthermore, we show that LTB, and LTD4 have mitogenic
effects in absence of growth factors, suggesting the involve-
ment of mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K) pathways in these
events.

2. Materials and methods
2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), foetal bovine
serum (FBS), penicillin, streptomycin and versene-EDTA were
purchased from BioWhittaker Europe (Verviers, Belgium).
Nordihydroguaiaretic acid (NDGA), zileuton, LTB4;, LTDy,
PD098059, wortmannin, propidium iodide, Triton X-100,
ribonuclease A from bovine pancreas, acridine orange,
ethidium bromide and Bay u9773 were provided by Sigma
Chemical Co. (St. Louis, MO, USA). Leukotriene antagonist
receptors U-75302, LY-171883, MK-571 and REV-5901 were
supplied by Cayman Chemical Co. (Ann Arbor, MI, USA).
[Methyl-*H]thymidine (20 Ci/fmmol) was from American Radi-
olabeled Chemicals Inc. (St. Louis, MO, USA). All chemicals
were of the highest quality available commercially.

2.2. Cell culture

Murine RAW 264.7 macrophages (ATCC TIB-71) were cultured
in DMEM supplemented with 10% FBS, penicillin (100 U/ml)
and streptomycin (100 ng/ml). Cells were seeded in 24-well
plates (tissue-culture cluster 24; Costar Cambridge, MA, USA)
or in tissue-culture 100 mm-dishes (Costar), and allowed to
adhere at 37 °C in 5% C0O,/95% air for 24 h. Finally, cells were
re-seeded by scraping off with versene-EDTA.

2.3.  Cell growth assay

The effect of the treatments was assessed on macrophages
plates at 25 x 10° cells/well in 24-well plates, cultured for 24 h
in DMEM supplemented with 10% FBS. After 24 h of serum
starvation, cells were incubated for 48 h in 10% FBS medium in
the presence of various compounds. Finally, the medium was
aliquoted to determine floating cells and attached cells were
scraped off with versene-EDTA. Cells were counted under a
microscope using ethidium bromide/acridine orange staining
to assess viability.

2.4.  Analysis of DNA synthesis

DNA synthesis was measured by a [*H]-thymidine incor-
poration assay, which involved culturing macrophages in
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24-well plates in DMEM with 10% FBS at a density of
25 x 10° cells/well. After 24 h, serum starvation cells were
incubated for 48 h with the treatments and [*H|-thymidine
(0.25 p.Ci/well) was added for the last 24 h. [*H]-thymidine-
containing media were aspirated, cells were overlaid with
1% Triton X-100 and then scraped off the dishes. Finally,
the radioactivity present in the cell fraction was measured
by scintillation counting, using a Packard Tri-Carb 1500
counter.

2.5.  Fluorescent-activated cell sorting (FACS) analysis/flow
cytometry cell cycle analysis

Macrophages were seeded in 100 mm-dishes and 24 h later,
they were serum starved. After 24h without FBS, the
percentage of cells in Go/G; was about 80%. Cells were then
cultured in 10% FBS-DMEM containing the treatments.
Thereafter, they were scraped, fixed with 70% ethanol and
stored at 4 °C for at least 2 h. Next, low-molecular weight
DNA was extracted from cells, which were stained for 1 h at
room temperature with a 20 pg/ml propidium iodide solu-
tion in PBS containing 0.1% Triton X-100 and 0.2 mg/ml
DNase-free RNase A. Cells were analysed on an Epics XL
flow cytometer (Coulter Corporation, Hialeah, FL). DNA was
analysed (Ploidy analysis) on single fluorescence histograms
by Multicycle software (Phoenix Flow Systems, San Diego,
CA).

2.6. Measurement of LTB,

Cells were cultured in plates at 25 x 10° cells/well in 24-well
plates for 24 h in DMEM supplemented with 10% FBS. After
24 h of serum starvation, cells were incubated for 48 h in 10%
FBS medium in the presence of several products. An aliquot of
culture supernatant medium was analysed by an enzyme
immunoassay kit (Cayman Chemical Co., Ann Arbor, MI, USA)
following the manufacturer’s protocol.

2.7. Measurement of annexin V binding

RAW 264.7 macrophages were cultivated in media containing
10% FBS with treatments for 48h at 37 °C. Thereafter,
treatments were removed and cells were stained with
fluorescein-isothiocyanate-labelled annexin V and propidium
iodide following the manufacturer instructions (Roche Diag-
nostics, Mannheim, Germany). Representative samples were
viewed with an inverted fluorescence microscope system
(Nikon Eclipse TE200) linked to a CCD camera.

2.8.  Caspase activity determination

RAW 264.7 macrophages were cultivated in media containing
10% FBS with treatments for 48h at 37 °C. Thereafter,
treatments were removed and cells were stained with FITC-
VAD-FMK, which binds to activated caspases in apoptotic
cells, following the manufacturer instructions (Medical and
Biological Laboratories, Nagoya, Japan). Samples were viewed
with an inverted fluorescence microscope system (Nikon
Eclipse TE200) linked to a CCD camera, and caspase positive or
negative cells were counted.

2.9. Measurement of DNA fragmentation

Degradation of chromosomal DNA was evaluated with TUNEL
method. RAW 264.7 macrophages were cultivated in media
containing 10% FBS with treatments for 48 h. Next, cells were
fixed with 4% paraformaldehyde and permeabilized with 70%
ethanol. Thereafter, 3'-OH DNA ends generated by DNA
fragmentation were labelled with fluorescein-dUTP, mediated
by terminal deoxynucleotidyl transferase, and were analysed
on a Epics XL flow cytometer (Coulter Corporation, Hialeah,
FL).

2.10.  Data analysis
Results are expressed as mean + S.E.M. Differences between

control and treated cultures were tested using Student’s
t-test.
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Fig. 1 - Effect of 5-LOX inhibitors on 10% FBS-induced
macrophage proliferation and [*H]-thymidine
incorporation. Macrophages (25 x 10° cells/well) were
plated and cultured in 10% FBS-DMEM. The next day,
media were removed and free FBS-DMEM was added for
24 h. Cells were then incubated with 10% FBS-DMEM or
with 10% FBS-DMEM containing NDGA or zileuton. After a
2-day treatment, cells were scraped off and counted (A), or
the last 24 h [*H]-thymidine (1 pCi/well) was added and
radioactivity in cell lysates was determined in a
scintillation analyser (B). Results are means + S.E.M. from
three experiments performed in triplicate. P < 0.05
compared with non-treated cells. Baseline levels of cell
number and [’H]-thymidine incorporation in serum-free
medium were 56.256 + 1.725 cells and 6.182 + 167 dpm,
respectively.
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3. Results

3.1.  Effect of LOX inhibitors on growth, DNA synthesis
and cell cycle distribution of RAW 264.7 macrophages

To determine the role of 5-LOX metabolites in macrophage
growth induced by FBS, cells were exposed to the specific 5-
LOX inhibitor zileuton [18] (0.05-50 uM). We compared the
effect of zileuton with a non-selective LOX inhibitor as NDGA
[19] (0.05-50 uM). As shown in Fig. 1A, both compounds
significantly inhibited cell growth in a concentration-depen-
dent manner. Ethidium bromide/acridine orange staining
and morphologic examination revealed that the LOX inhibi-
tors did not affect cell structure or cell viability (data not
shown). Only 50 uM NDGA showed an appreciable reduced
cell viability.

The effect of LOX inhibitors on RAW 264.7 growth was also
examined by [*H]-thymidine uptake. Serum strongly increases
the rate of [*H]-thymidine incorporation in RAW 264.7
macrophage cultures. Zileuton and NDGA induced a concen-
tration-dependent inhibition of [*H]-thymidine uptake by
macrophages after 48 h of exposure (Fig. 1B).

Finally, we quantified cell cycle changes induced by LOX
inhibitors by flow cytometry. RAW 264.7 macrophage cultures
that had been Gy/G; synchronised by 24 h serum starvation
were incubated with 10% FBS-medium containing zileuton
(5 M) or NDGA (5 pM). Cells were then collected and stained
with propidium iodide and cell cycle distribution was
analysed. Zileuton raises the percentage of Go/G; population
and reduces the percentage of cells in S phase at 24 and 36 h
(Table 1). Thus, 5-LOX inhibition appears to induce an
appreciable cell cycle delay. In contrast, NDGA at 24h
increases the percentage of cells in Go/M phase and decreases

Table 1 - Effect of LOX inhibitors and leukotriene receptor

antagonists on cell cycle distribution in RAW 264.7
cultures

Percentage of cells

Go/G1 S Go/M
Time 24 h
Control 59.1 +0.38 31.7 + 1.90 9.2+1.58
Zileuton 65.0 £ 0.12" 27.0 £0.20 8.0+0.32
NDGA 47.9+226 31.3 +0.57 20.8 +2.64
U-75302 63.5+0.10" 29.5+0.13 7.0+0.21
LY-171883 67.2 +0.35 25.5+0.55 7.440.25
Time 36 h
Control 56.2 & 1.09 37.2+1.36 6.6 +0.85
Zileuton 58.1 + 0.60 30.5+1.10° 11.4 +1.70
NDGA 57.4 +0.85 30.9 + 1.55 11.8 £0.70"
U-75302 61.4 +0.50" 33.7 +1.40 4.9 +0.95
LY-171883 61.4 +0.85 30.04+0.20° 8.7 £0.65

Cells were cultured with DMEM-FBS 10% in presence of zileuton
5 M, NDGA 5 pM, U-75302 10 pM or LY-171883 100 uM for 24 or
36 h. Finally, they were harvested and fixed with ethanol, and DNA
was stained with propidium iodide. DNA content was analysed by
FACS. Data are expressed as percentage of cells in the G¢/G4, S and
G,/M phases of cell cycle. Data are the means + S.E.MM. of three
experiments performed in duplicate. P < 0.05 compared with non-
treated cells.

the number of cells in G¢/G; phase, while at 36 h, the
percentage of cells in each cell cycle phase is closer to control
values.

In parallel, we have confirmed that zileuton and NDGA
inhibit LTB, production induced by 10% FBS in RAW 264.7 cell
culture macrophages. Thus, control culture medium presents
209.9 +30.5 pg LTBy/ml, whereas macrophages incubated
with zileuton (5 uM) and NDGA (5 pM) present 15.2 + 1.1 and
10.7 + 1.5 pg LTB4/ml, respectively.

3.2.  Effect of leukotriene receptor antagonists on growth,
DNA synthesis and cell cycle distribution of RAW 264.7
macrophages

To provide further evidences of the role of 5-LOX pathway on
RAW 264.7 macrophage proliferation, we used leukotriene
receptor antagonists such as LY-171883 and MK-571 as LTD,
receptor antagonists [20,21], U-75302 as LTB, receptor antago-
nist [22] and REV-5901 as CysLTs receptor antagonist [23].
Treatment with these specific antagonists and Bay u9773, a
CysLTR1 and CysLTR2 antagonist [24], reduced cell number in
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Fig. 2 - Effect of leukotriene receptor antagonists on 10%
FBS-induced macrophage proliferation and [*H]-thymidine
incorporation. Cells (25 x 10® cells/well) were plated and
cultured in 10% FBS-DMEM. The next day, media were
removed and free FBS-DMEM was added for 24 h. Cells
were then incubated with 10% FBS-DMEM or with 10%
FBS-DMEM (grey bars) containing LY-171883 (square bars),
MK-571 (black bars), U-75302 (white bars), REV-5901
(vertical line bars) and bay u9773 (horizontal line bars).
After a 2-day treatment, cells were scraped off and
counted (A) or [*H]-thymidine (1 pCi/well) was added for
the last 24 h and radioactivity in cell lysates was
determined in a scintillation analyser (B). Results are
means * S.E.M. from three experiments performed in
triplicate. ‘P < 0.05 compared with non-treated cultures.
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a concentration-dependent manner. Thus, the treatments
produced a maximum growth inhibition around of 50% for LY-
171883 (100 wM), MK-571 (10 pM), U-75302 (10 uM), REV-5901
(10 pM) and Bay u9773 (1 nM), respectively (Fig. 2A). Similar
data were obtained with the leukotriene receptor antagonists
on [°H]-thymidine incorporation by macrophages, although
the effect was not as strong as in cell growth inhibition
(Fig. 2B). Macrophages were also exposed to the receptorial
antagonists to determine the effect of treatments on cell cycle
progression. Table 1 shows that LTD, receptor antagonist (LY-
171883, 100 uM) and LTB, receptor antagonist (U-75302, 10 pM)
at 24 and 36 h markedly increased the number of cells in Go/G;
phase and impaired the percentage of cells in S phase.
Moreover, to demonstrate the specific effect of zileuton and
leukotriene receptor antagonists on cell proliferation, we
added exogenously the corresponding treatments in presence
of LTB,4 or LTD,. Thus, our results show that zileuton effects on
cell growth and DNA synthesis were reverted by LTB, and LTD,
(Fig. 3A). In a similar way, the inhibitory effect of U-75302 and
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Fig. 3 - Effect of exogenous LTB,/LTD, on cell proliferation
and [°H]-thymidine incorporation inhibited by zileuton or
leukotriene receptor antagonists. Cells were treated for
48 h with zileuton (5 pM), U-75302 (1 pM) or LY-171883
(10 pM), or the inhibitor/antagonists in the presence of
0.01 pM LTB, or 0.1 pM LTD,. Cells were scraped off and
counted (A) or [’H]-thymidine (1 pCi/well) was added to the
cells for the last 24 h and radioactivity in cell lysates was
determined in a scintillation analyser (B). Results are
means * S.E.M. from three experiments performed in
triplicate. P < 0.05 compared with non-treated cultures.
'P < 0.05 compared with cells treated only with the
antagonist.
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Fig. 4 - Mitogenic effects of LTD, and LTB, in absence of
growth factors. Cells were incubated for 48 h with the
leukotrienes at 0.001 and 0.01 pM in medium without fetal
bovine serum, or leukotrienes at 0.01 pM and PD098059
(PD) 10 pM or wortmannin (WM) 0.1 pM. Cells were
scraped off and counted (A) or [*H]-thymidine (1 p.Ci/well)
was added to the cells for the last 24 h and radioactivity in
cell lysates were determined in a scintillation analyser (B).
Data are means * S.E.M. from three experiments
performed in triplicate. P < 0.05 compared with the control
group. 'P < 0.05 compared with cells treated with LT at
0.01 pM.

LY-171883 on cell growth and [*H]-thymidine uptake was also
reverted by exogenous addition of LTB, or LTDy, respectively
(Fig. 3B).

The above results suggest that LTB, and CysLTs such as
LTD, are involved in the signal transduction pathways
induced by FBS, and that these eicosanoids can be regarded
as co-mitogenic factors. To determine the mitogenic effect of
5-LOX pathway metabolites on RAW 264.7 macrophages, we
performed the assays in absence of serum. LTB, and LTD,
(0.001-0.01 pM) significantly increased [*H]-thymidine uptake
in our experimental conditions (Fig. 4B). LTB, was more
mitogenic than LTD,. Thus, LTB, (0.01 uM) doubled [*H]-
thymidine uptake. Since DNA synthesis can occur without cell
division, the effects of LTs/CysLTs on RAW 264.7 growth were
also determined. LTB, and LTD, also enhanced cell prolifera-
tion (Fig. 4A). Thus, LTB, (0.01 uM) approximately doubled cell
numbers and LTD, (0.01 nM) also significantly increase cell
growth although less than LTB,. Next, we have checked the
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Table 2 - Effect of LOX inhibitors and leukotriene receptor antagonists on apoptosis in RAW 264.7 macrophage cultures

Treatment Apoptosis
Annexin V*/PI” (early apoptosis) Annexin V'/PI" (late apoptosis/necrosis) Annexin V /PI" (necrosis)

Control 2.0+0.26 3.6 £0.32 0.8 £0.14
Staurosporine (1 wM) 5.8+0.84" 93.1+0.99° 1.1+0.37
NDGA (5 pM) 1.8 +0.58 7.5+0.65 1.3+041
NDGA (50 uM) 12.1+1.88" 81.1+299 6.8+ 1.60"
Zileuton (5 pM) 3.5+0.52 7.7 £1.37 2.3+047
Zileuton (50 p.M) 1.4+0.17 6.8+ 0.63" 5.440.83"
REV-5901 (10 pM) 0.2+0.14 0.7 £0.22 0.3+£0.11
MK-571 (10 pM) 2.0£0.51 6.3+ 1.63 2.0£0.67
LY-171883 (100 pM) 1.7 £0.40 6.7 +0.62" 1.3+0.22
U-75302 (10 pM) 1.0 4 0.00 1.7 £0.11 0.1+0.11

Cells were incubated for 48 h with DMEM-FBS 10% in the presence of NDGA, zileuton, REV-5901, MK-571, LY-171883 or U-75302. Apoptosis was
measured by annexin-V and PI staining. Staurosporine was used as a positive control. Data are expressed in percentages and are
means + S.E.M. from three experiments performed in triplicate. P < 0.05 compared with non-treated cells.

metabolic pathways involved on this mitogenic effect. Thus,
Fig. 4A and B shows that the MAPK kinase inhibitor PD98059
[25] inhibits cell proliferation and [*H]-thymidine incorpora-
tion induced by LTB,; and LTD,. In the same way, the PI3K
inhibitor wortmannin [26] also reduced cell growth and [*H]-
thymidine uptake induced by LTB, and LTD, on RAW 264.7
(Fig. 4A and B).

3.3.  Effect of LOX inhibitors and leukotriene receptor
antagonists on RAW 264.7 macrophage apoptosis

Previous studies have shown that 5-LOX inhibitors induce
apoptosis. To test whether 5-LOX inhibitors or leukotriene
receptorial antagonists decrease RAW 264.7 proliferation by
induction of apoptosis, we measured annexin V and propi-
dium iodide staining in these cells. The inside-outside
translocation of phosphatidylserine from the plasma mem-
braneis accentuated in the early stage of apoptosis. Annexin V
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Fig. 5 - Effect of 5-LOX inhibitors and leukotriene receptor
antagonists on caspase activation and DNA fragmentation
in RAW 264.7 macrophage cultures. Macrophages were
incubated for 48 h with DMEM-FBS 10% in the presence of
NDGA 50 pM, zileuton 50 uM, LY-171883 100 pM, MK-571
10 pM, REV-5901 10 pM or U-75302 10 pM. Next, activated
caspases were labelled and detected by fluorescence
microscope. On the other hand, DNA ends derived from
chromatin fragmentation were labelled and measured by
flow cytometry. Results are means *+ S.E.M. from three
experiments performed in triplicate. P < 0.05 compared
with non-treated cultures.

staining was performed to determine this translocation.
Zileuton and LTs/CysLT receptor antagonists did not markedly
raise annexin V staining (Table 2), whereas NDGA (50 n.M)
significantly increased the percentage of annexin V-positive or
annexin V- and propidium iodide-positive cells, suggesting
that it induces apoptosis. These effects were correlated with
the caspase activation and the DNA fragmentation. Thus,
zileuton and LTs/CysLT receptor antagonist did not induce
caspase activation, whereas cell treated with NDGA showed
marked caspase activation (Fig. 5). Finally, we observed that
zileuton and LTs/CysLT receptor antagonists did notinduce an
appreciable DNA fragmentation, whereas NDGA induced a
marked DNA fragmentation (Fig. 5).

4, Discussion

AA release and eicosanoid syntheses are early events of the
mitogenic process induced by growth factors and subsequent
cell proliferation. Thus, we observed that PGs and PGs
interaction with its receptors are involved in the cell cycle
progression and cell growth of 3T6 fibroblasts [27]. However,
these cells failed to produce appreciable amounts of LTs. To
gain more insight into the role of the 5-LOX pathway in the
regulation of the mitogenic process, we examined the
response of macrophages to 5-LOX inhibitors and leukotriene
receptor antagonists, since these cells are able to produce LTB,
and CysLTs [28].

There are four main structurally unrelated inhibitors of 5-
LOX: redox inhibitors as NDGA, iron ligand inhibitors as BW
755C or BW A4C, AA analogs such as AA-861 or 5,8,11,14
eicosatetraynoic acid and N-hydroxyurea derivatives such as
zileuton. NDGA is not selective to 5-LOX because inhibits 12-
LOX [29] and 15-LOX [30] and other redox enzymes such as
cyclooxygenases [31] and cytochromes P-450 [32] that are
involved in AA metabolism. However, zileuton was not
reported to affect these enzymes. Thus, zileuton appears a
more specific 5-LOX inhibitor.

Our results shown that zileuton hinders cell growth and
[*H]-thymidine uptake, as well as LTB, synthesis in RAW 264.7
macrophage cultures. This treatment also appears to delay the
RAW 264.7 macrophage cell cycle accumulating cells in Go/G;
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phase. Thus, if a given response is inhibited by zileuton, the
catalytic activity of 5-LOX pathway appears involved in RAW
264.7 macrophage proliferation. These results agree with
Vargaftig and Singer [33], who suggested that zileuton reduces
the fibroblast-like cell proliferation induced by interleukin-13.

Once secreted extracellularly, LTs act on specific receptors,
and several studies have pointed to the presence of LTB,
receptors [6] and CysLTRs [34] in macrophages. Thus, we
aimed to elucidate the effect of LTs interaction with its
receptors on the control of serum-induced RAW 264.7
macrophage progression through the cell cycle and subse-
quent proliferation.

REV-5901 inhibited RAW 264.7 macrophage proliferation
and [*H]-thymidine uptake without cytotoxicity at the con-
centrations and for the incubation times used. REV-5901 is a
CysLTR antagonist but also a 5-LOX inhibitor. Thus, it can be
argued that the effect of REV-5901 on RAW 264.7 growth was
due to 5-LOX inhibition, as reported above for zileuton. To
evaluate the role of CysLTRs in RAW 264.7 growth, we also
used LY-171883 and MK-571, two selective antagonists of
CysLTR1 that specifically blocked the binding of LTD,4 [20]. The
effects of both compounds and the reversion of LY-171883
inhibition by exogenous LTD, addition clearly suggested that
LTD, interaction with CysLTR1 is involved in FBS-induced
RAW 264.7 proliferation. Moreover, we did not observed an
additional macrophage growth inhibition when we used a
dual CysLTR1 and CysLTR2 antagonist such as Bay u9773.
These data suggest the main role of CysLTR1 versus CysLTR2
in the control of RAW 264.7 growth. On the other hand, a
selective BLT1 receptor antagonist, U-75302 [22], inhibited FBS-
induced RAW 264.7 proliferation, which was abolished by
exogenous LTB,. Thus, these results also implicate LTB4 BLT1
interaction in RAW 264.7 growth. These findings agree with
Vargaftig and Singer [33] who demonstrated that MK-571
reduces fibroblast-like cell proliferation, and Ciccarelli et al.
[35] that reported the role of CysLTR1 in astrocyte growth. On
the other hand, the LTD, receptor antagonist LY-171883 and
the CysLTR antagonist REV-5901 have also been proposed as
antipancreatic cancer agents because they inhibit thymidine
incorporation and induce apoptosis in MiaPaCa-2 and AsPC-1
cells [36]. In contrast to our results, Przylipiak et al. [15]
reported that LTD, inhibits thymidine incorporation in the
human mammary carcinoma cell line MCF-7, which is
reverted by LY-171883. On the other hand, Porreca et al. [37]
showed that MK-571 inhibits the stimulatory effect of LTD, on
thymidine incorporation in vascular smooth muscle cells in a
dose-dependent manner. Here, inhibition of the 5-LOX path-
way seriously hindered RAW 264.7 macrophage growth,
whereas exogenous addition of 5-LOX pathway metabolites
significantly reverted these effects, supporting the co-mito-
genic effect of LTs/CysLTs.

Although LTB,-BLT1 and LTD4—-CysLT1 interaction may be
involved in FBS-induced RAW 264.7 proliferation, we cannot
rule out the involvement of other receptors in the mechanisms
of action of LTs/CysLTs in macrophage growth such as
peroxisome proliferator-activated receptor-a.

Several authors reported the impairment of cell growth as
consequence of apoptosis by 5-LOX inhibitors [12,17]. How-
ever, our results show that 5-LOX inhibitors such as zileuton
and REV-5901 or LT/CysLTs antagonist such as U-45302, LY-

171883 or MK-571 did not produce the detachment of
macrophages, were not cytotoxic and did not induce a marked
phosphatidylserine externalization, caspase activation or
DNA fragmentation. Only NDGA induced annexin V staining
and caspase activation and the subsequent DNA fragmenta-
tion. Recently, Romano et al. [38] observed that NDGA induces
growth arrest of human malignant pleural mesothelial cells by
an apoptotic process. Thus, although NDGA has been widely
used as a 5-LOX inhibitor, the precise association between the
inhibition of 5-LOX by NDGA and the events induced by NDGA
described in this paper is not clear. We must consider that
NDGA also inhibits 12-LOX and 15-LOX [29,30]. Furthermore,
NDGA induces membrane alterations [39], increases intracel-
lular calcium [40] and disrupts the filamentous actin cytoske-
leton [41], events that may be related to cell detachment, the
increase of cells in G,/M phase and especially apoptosis. Thus,
the inhibition of RAW 264.7 growth by NDGA may be
consequence, at least in part, of the pro-apoptotic action,
whereas the blockage of 5-LOX pathway by zileuton or LT/
CysLT antagonists decrease RAW 264.7 macrophage prolifera-
tion without inducing apoptosis.

Panettieri et al. [42] noted that LTD, enhances EGF-induced
human airway smooth muscle proliferation, but LTD, alone
does not exert the same effect. In contrast, Paruchuri and
Sjolander [43] demonstrated that LTD, increases the cell
number and DNA synthesis of intestinal epithelial cells. In this
way, Tong et al. [44] showed that LTB, stimulates thymidine
incorporation in a concentration- and time-dependent man-
ner and stimulate ERK1/2 phosphorylation in pancreatic
cancer cells. In our study when LTD, or LTB, was added
exogenously in absence of FBS, [*H]-thymidine uptake and cell
proliferation increased in RAW 264.7 cultures. It is noteworthy
that the concentrations of exogenous LTs that evoke sig-
nificant effects on RAW 264.7 proliferation are in a range
similar to the amount released from macrophage cultures in
our experimental conditions. Moreover, we have contributed
suggesting that the pro-proliferative effect of LTB, and LTD,
may be mediated by MAPK and PI3K cascades activation.
Results in agreement with Klein et al. [45] who showed that
LTB, can stimulate ERK and Akt phosphorylation in human
neutrophils, and with Paruchuri et al. [46,47] who suggested
that the mitogenic effect of LTD, is mediated by the activation
of the MAPK ERK1/2 and Akt in intestinal epithelial cells.

To our knowledge, the effects of the 5-LOX-pathway on
RAW 264.7 macrophage growth have not been described so far.
In the present study, we provide several lines of evidence that
support our hypothesis that the interaction of 5-LOX meta-
bolites of AA (LTB4 and LTD,) with their plasma membrane
receptors can influence RAW 264.7 macrophage cell cycle and
proliferation.
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