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Alveolar lining fluid regulates mononuclear phagocyte 
5-lipoxygenase metabolism

S.M. Phare, M. Peters-Golden, M.J. Coffey

Arachidonic acid (AA), which is hydrolysed from
membrane phospholipids by phospholipase A2, is con-
verted to leukotrienes (LT) by the enzyme 5-lipoxygenase
(5-LO), with the aid of 5-LO activating protein (FLAP)
[1]. The main 5-LO products of AA are LTB4, LTC4, and
5-hydroxyeicosatetranoic acid (5-HETE) and these have
been implicated in a number of disease states, including
pulmonary diseases such as asthma [2] and interstitial lung
disease [3, 4]. The cell with the greatest capacity for LT
synthesis in the lung is the alveolar macrophage (AM).
This cell is the main resident pulmonary immune effector
cell and serves to defend the alveolar space against foreign
antigens and microbes [5, 6].

AM are derived from peripheral blood monocytes
(PBM), which migrate into the lung and undergo a proc-
ess of differentiation into mature macrophages. It has been
previously demonstrated that the AM has a greater capac-
ity for LT synthesis than its precursor, the PBM [7–9], or
other nonpulmonary macrophages, e.g. the peritoneal mac-
rophage (PM) [10]. The increased 5-LO metabolic capac-
ity of AM as compared to PBM can be attributed
primarily to an increased level of FLAP expression, and to
a lesser extent to increased 5-LO expression [9]. The find-
ing that interstitial pulmonary macrophages share with
PBM a lim-ited capacity for LT synthesis indicates that the
high LT synthetic capacity of AM only develops upon

entry into the alveolar space [10]. It has also been reported
previously that the AM LT synthetic capacity declines
over time in culture, suggesting that the maintenance of
5-LO metabolism is dependent on factors present in the
alveolar environment [11].

These observations led to the hypothesis that factors in
the alveolar space may be important in the upregulation of
5-LO metabolism in PBM as they move into the lung and
differentiate into AM. Furthermore, the alveolar environ-
ment may be essential for the maintenance of AM LT syn-
thetic capacity. Therefore, this study examined the effect
of alveolar lining fluid (ALF) on mononuclear phagocyte
5-LO metabolism. Initially, the capacity of ALF to upreg-
ulate 5-LO metabolism in PBM was examined. Subse-
quently, the role of ALF in maintaining the high level of
5-LO metabolism in AM was investigated.

Methods

Isolation of human peripheral blood monocytes and rat
alveolar and peritoneal macrophages

Human PBM were isolated from venous blood drawn
from normal volunteers. Cells were purified by a magnetic
cell sorter (Miltenyi Biotec, Auburn, CA, USA), as describ-
ed previously [12]. Cells prepared by this method have
consistently been shown to be quiescent, as judged by a
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lack of eicosanoids generated in the absence of an exoge-
nous stimulus. This method yielded PBM that were >97%
pure by differential staining and >95% viable, as indicated
by trypan blue exclusion. The rat AM was studied because
it is a good model of human AM 5-LO metabolism, and
has been well characterized in the authors' laboratory [10,
13]. Rat PM were studied as a model of nonpulmonary
macrophages, since rat PBM are difficult to obtain in suf-
ficient numbers to study. AM and PM were obtained from
150 g specific pathogen-free female Wistar rats, as des-
cribed previously [13]. For the isolation of cells, lavage
buffer consisting of 0.15 M NaCl, 2.7 mM ethylenediami-
netetraacetic acid (EDTA), 20 mM HEPES, 5.5 mM dex-
trose, 100 U·mL-1 penicillin, 100 µg·mL-1 streptomycin and
0.25 mg·mL-1 amphotericin B was used. In order to obtain
resident AM, rats were anaesthetized with sodium pento-
barbital i.p. and the lungs were excised and lavaged in 5-
mL aliquots with a total of 50 mL cold lavage fluid. Lav-
aged fluid was centrifuged at 500 g for 10 min at 4°C and
the cell pellet resuspended in Ca2+-free and Mg2+-free Dul-
becco's phosphate-buffered saline (PBS). Microscopic ex-
amination of cytocentrifuge preparations stained with a
modified Wright-Giemsa stain (Diff-Quick; American Sci-
entific Products, McGraw Park, IL, USA), revealed that
the cells were >90% AM, and >98% AM following adher-
ence. Viability was >95%, as assessed by trypan blue ex-
clusion.

Resident PM were obtained from separate animals, which
were anaesthetized with ether. After a superficial midline
incision, the skin overlying the abdomen and thorax was
reflected laterally and the animals were exsanguinated by
cutting a subclavian vessel. Peritoneal lavage was per-
formed by the sequential injection into the peritoneum and
aspiration of three 10-mL aliquots of iced lavage fluid
containing 10 U·mL-1 of heparin. Recovered fluid was
pooled and centrifuged at 500 g for 10 min at 4°C. Eryth-
rocytes in the cell pellet were hypotonically lysed, tonic-
ally restored with 2×PBS and resuspended for counting in
a haemocytometer. Microscopic examination of cytocen-
trifuge preparations stained with Wright-Giemsa indi-
cated that ~81% of lavaged cells were macrophages,
increasing to >98% pure with adherence, and >95% via-
ble, as ass-essed by trypan blue exclusion [14].

Alveolar lining fluid

To obtain ALF diluted in a standard manner, rats were
lavaged as described above with 10 mL of sterile lipopoly-
saccharide (LPS)-free Dulbecco's modified Eagles med-
ium (DMEM) in place of the lavage buffer used to isolate
AM. This fluid is a best approximate for ALF, but does
also contain fluid from the large and small airways. Lav-
aged cells were pelleted by centrifugation and the super-
natant was subsequently filtered (0.2 µm) to ensure that it
was sterile for culturing cells in vitro.

Cell-culture conditions.

Isolated PBM, AM and PM were resuspended in
LPS-free DMEM at 0.5×106·mL-1 and plated as follows:
0.2 mL·well-1 in 96-well plates for enzyme immunoassay
(EIA), 1 mL·well-1 in 24-well plates for [3H]AA release
studies, and 5 mL·35 mm-1 culture plate for immunoblot

analysis. Cells were cultured in DMEM containing antibi-
otics penicillin G, streptomycin and amphotericin B. Cells
were incubated in the presence of 10% foetal calf serum
(FCS), with the exception of experiments examining the
role of ALF on 5-LO metabolism. Serum was not utilized
in these experiments because several factors in serum,
such as vitamin D3 and transforming growth factor-β
(TGF-β), are known to upregulate 5-LO metabolism and
this could complicate the interpretation of the results.
Cells were adhered for 1 h at 37°C in a humidified atmos-
phere of 5% CO2/95% O2. Nonadherent cells were removed
by washing twice with DMEM and adherent cells were
cultured in DMEM, with or without ALF for varying peri-
ods. In these studies the viability of AM at 3 days in cul-
ture was 91±5.9% as determined by trypan blue exclusion.
This is consistent with previously published data [11].

Quantification of 5-lipoxygenase metabolism in intact cells

The maximal capacity for 5-LO metabolism in intact
cells was measured by EIA determination in cell-free
supernatants of the predominant 5-LO product, LTB4, after
stimulation of cells with ionophore A23187 (10 µM) and/
or exogenous AA (50 µM). Stimulation with A23187,
along with exogenous substrate AA, resulted in the opti-
mal synthesis of LT in PBM. This can be explained by the
lower expression of FLAP in PBM than in AM, resulting
in less efficient conversion of released endogenous AA to
5-LO products [9]. The eicosanoid profile was determined
by quantifying 3H-radiolabelled eicosanoids (thrombox-
ane B2, prostaglandin E2 (PGE2) LTB4, LTC4 and 5-HETE)
released from endogenously released [3H]AA by the incu-
bation of prelabelled cells for 30 min with A23187 (10
µM), as described previously [13]. To assess AA release,
cells were stimulated in the presence of 0.1% bovine serum
albumin (BSA) and the radioactivity in the medium was
determined [10].

Immunoblot analysis for 5-lipoxygenase and 5-lipoxyge-
nase activating protein

The quantities of cellular 5-LO and FLAP proteins were
determined by western blot analysis. Crude lysates were
prepared as described previously [13] and subjected to sod-
ium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS–PAGE) by the method of LAEMMLI [15] on 10% acryl-
amide gels. Proteins were transferred to nitrocellulose mem-
branes overnight, and probed with rabbit polyclonal antibody
against either human leukocyte 5-LO (1:3,000 dilution) or
amino acid residues 41–52 of the human FLAP sequence
(1:5,000 dilution) [14]. Antisera against 5-LO and FLAP
were kindly provided by J. Evans, Merck Frosst (Pointe
Claire-Dorval, Quebec, Canada). After washing, blots were
incubated for 1 h with horseradish peroxidase-conjugated
anti-rabbit immunoglobulin (Ig) G (Amersham, Little Chal-
font, Bucks, UK) at a dilution of 1:5,000. Membranes were
then washed and incubated for 1 min with chemilumines-
cence detection reagents (ECL; Amersham) and exposed
to film for varying periods to ensure that densitometric
quantification was performed under conditions in which
band density and exposure time were linearly related. Video
densitometry was performed using Image software (Nat-
ional Institutes of Health, Bethesda, MD, USA).
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Data analysis

Data are expressed as mean±SEM. Intergroup differences
were analysed by analysis of variance (ANOVA), with sta-
tistical significance assessed by the Scheffé test; p<0.05
was considered significant.

Results

Effect of alveolar lining fluid on peripheral blood mono-
cyte arachidonic acid metabolism

PBM are the circulating precursors of tissue macro-
phages. To explore the capacity of factors in the alveolar
environment to upregulate 5-LO metabolic capacity, the
effect of ALF on PBM 5-LO metabolism was examined.
Figure 1 demonstrates that maximal LTB4 synthetic cap-
acity following stimulation with A23187 (10 µM) and
exogenous AA (50 nm) for 30 min was increased in PBM
following overnight culture in ALF, as compared to the
control medium. Similar results were obtained following
stimulation with A23187 alone (data not shown). This in-
crease in PBM 5-LO metabolism was maintained after
culture in ALF for 3 days. One possible explanation for
the increase in PBM 5-LO metabolism was an increase in
the release of the substrate AA from membrane phosphol-
ipids. However, ALF-treated PBM prelabelled overnight
with [3H]AA did not release greater levels of the substrate
AA upon stimulation, and this therefore cannot explain
the increased LT synthesis (table 1).

Effect of alveolar lining fluid on peripheral blood mono-
cyte 5-lipoxygenase and 5-lipoxygenase activating pro-
tein expression

Another possible mechanism that could account for the
increased LT synthetic capacity in PBM incubated with
ALF is an alteration in the expression of the two proteins
essential for LT synthesis, 5-LO and FLAP. Therefore, the

expression of these proteins was determined in PBM incu-
bated overnight with or without ALF. Figure 2 demon-
strates that the expression of FLAP and, to a lesser extent,
5-LO was increased in PBM incubated with ALF. The in-
creased expression of these two proteins can account for the
increase in LT synthetic capacity in PBM cultured in ALF.

Effect of culture in vitro on alveolar and peritoneal mac-
rophage 5-lipoxygenase metabolism

Previously published studies have demonstrated that AM
5-LO metabolism decreases over time in culture [11]. To
examine the relative dependence of AM 5-LO metabolism
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Fig. 1.  –  Effect of alveolar lining fluid (ALF) on leukotriene (LT) B4 syn-
thesis from peripheral blood monocytes (PBM) cultured for 1 and 3 days.
PBM were incubated with or without ALF in the absence of serum for 1
and 3 days. The cells were then washed and incubated for 30 min with
A23187 (10 µM) and exogenous arachidonic acid (AA; 50 µM). Medium
was analysed for LTB4 by enzyme immunoassay and the values were
expressed as a percentage of the value observed in control cells cultured
in the absence of ALF (PBM day 1: 250.5±105.7 pg·mL-1, n=3; day 3:
173.6±19.2 pg·mL-1, n=3). *: p<0.05 compared with control cells.

Table 1.  –  Effects of alveolar lining fluid (ALF) on total
arachidonic acid (AA) release in peripheral blood mono-
cytes (PBM) and alveolar macrophages (AM)

AA release (% incorporated)

Control ALF

PBM
AM

3.12±0.87
1.15±0.14

2.83±1.7
1.14±0.1

Values are mean±SEM (n=3). PBM and AM were isolated and
cultured with or without ALF in the absence of serum over-
night. Prelabelled PBM were incubated with A23187 (10 µM)
and exogenous AA (50 µM); and AM with A23187 (10 µM)
for 30 min. Cells were stimulated in the presence of 0.1%
bovine serum albumin. 3H[AA] was identified by co-elution
with authentic standards and expressed as a percentage of in-
corporated radioactivity. ALF and control values were not sig-
nificantly different.
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Fig. 2.  –  Effect of alveolar lining fluid (ALF) on 5-lipoxygenase (5-
LO) and 5-LO activating factor (FLAP) expression in peripheral blood
monocytes (PBM). PBM were cultured with or without ALF overnight
in the absence of serum. Equal amounts (20 µg protein) of crude cellu-
lar lysate from PBM were subjected to immunoblot analysis for 5-LO
and FLAP. a) Representative autoradiograph of a Western blot demon-
strating the amount of 5-LO (left) and FLAP (right) from control and
ALF-treated PBM. b) Comparison of the relative expression of 5-LO
and FLAP in PBM cultured with and without ALF, as assessed by den-
sitometry and expressed as a percentage of values derived from control
cells run in parallel. Data represent the mean±SEM from three experi-
ments. *: p<0.05 compared with control cells.
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on factors present in the alveolar space, 5-LO metabolism
and 5-LO and FLAP expression were compared in AM
and PM cultured over time. LT synthetic capacity de-
creased in both cells, but it did so in AM to a greater degree
than in PM (table 2). While FLAP expression decreased
over time in both cell types, it also decreased to a greater
degree in AM than in PM (fig. 3). There was a trend
towards a greater reduction in 5-LO expression over time
in AM than PM, but this did not reach statistical signifi-
cance. These findings are consistent with the conclusion
that the absence of factors unique to the alveolar environ-
ment, to which the AM is exposed in vivo but which are
missing in tissue culture, allow FLAP expression, and
hence 5-LO metabolic capacity, to decline.

Effect of alveolar lining fluid on alveolar macrophage
arachidonic acid metabolism

The next step was to examine the effect of ALF on AM
5-LO metabolism. Although AM LT synthetic capacity
decreased over time in culture, incubation with ALF over-
night increased, or protected from decline, 5-LO metabo-
lic capacity compared with control AM (fig. 4). This
effect was also observed after 3 days in culture. AM were
prelabelled overnight with [3H]AA to examine the effect
of ALF on AA release as a possible cause for this increase
in 5-LO metabolism. As demonstrated in table 1, AM AA
re-lease was not affected by ALF, suggesting that other
mech-anisms were responsible for this increase in LT syn-
thetic capacity in ALF-treated AM.

Effect of alveolar lining fluid on alveolar macrophage 5-
lipoxygenase and 5-lipoxygenase activating protein ex-
pression

One possible mechanism for the increase in AM LT syn-
thetic capacity by ALF might be through an increase in 5-
LO and FLAP expression, as was shown in PBM. There-
fore, AM were cultured with and without ALF overnight
and the expression of these proteins was assessed by
Western blot analysis. Although AM 5-LO and FLAP
expression in culture decreased over time, incubation with
ALF in-creased FLAP in AM compared to cells incubated
without ALF (fig. 5). This effect of ALF on AM FLAP
expression was maintained (269±135% of control) after 3
days of culture. There was no significant effect on 5-LO

expression. This evidence suggests that maintenance of
FLAP expression is the most likely mechanism by which
ALF maintains 5-LO metabolism in cultured AM. Inter-
estingly, there was no effect of ALF on PM 5-LO metabo-
lism or FLAP expression (data not shown). This suggests
that the effect of ALF on 5-LO metabolism is specific for
undifferentiated monocytes or terminally differentiated
macrophages which were exposed to ALF in vivo.

Discussion

In this study, evidence is provided that: 1) factors in ALF
are instrumental in increasing 5-LO metabolism in PBM
through the mechanism of increased 5-LO and FLAP ex-
pression; 2) LT synthetic capacity and FLAP expression
decline to a greater degree in AM cultured ex vivo than
in nonpulmonary macrophages; and 3) maintenance of the
high level of AM 5-LO metabolism is dependent on factors
in ALF which augment FLAP expression.

The AM has been shown in a number of studies to dis-
play a greater capacity for LT synthesis than its precursor,
the PBM [8–10]. Nonpulmonary mononuclear phagocytes
synthesize predominantly prostaglandins and have greater
expression of the enzyme cyclo-oxygenase than do AM
[16]. In contrast, they synthesize smaller amounts of LT.
The mechanism for this difference in 5-LO metabolism

Table 2.  –  Effects of culture over time on alveolar macro-
phage (AM) and peritoneal macrophage (PM) 5-lipoxy-
genase metabolism

LTB4  pg·mL-1 Day 3
%Day 1 Day 2

AM
PM

2724.8±426.3
186.2±135

475.4±280.2
114.5±85.1

Values are mean±SEM (n=3). Rat AM and PM were isolated and
cultured in Dulbecco's modified Eagles medium containing
10% foetal calf serum for up to 3 days. The cells were washed
and subsequently stimulated with A23187 (10 µM) for 30 min.
Leukotriene (LT) B4 levels were quantitated by en-zyme immu-
noassay determination in the cell-free supernatants. In addi-
tions, day 3 product formation was expressed as a percentage
of day 1 product formation. *: p<0.05, comparing AM and PM
on day 3 as a % of day 1.
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Fig. 3.  –  5-lipoxygenase (5-LO) and 5-LO activating factor (FLAP)
expression in alveolar macrophages (AM) and peritoneal macrophages
(PM) cultured over time. Rat AM and PM were isolated and cultured
over 3 days in Dulbecco's modified Eagles medium containing 10% foe-
tal calf serum. Equal amounts of crude cellular lysate were subjected to
immunoblot analysis, as described in figure 2. a) Representative autora-
diograph of a Western blot demonstrating the amount of 5-LO and
FLAP in AM (top) and PM (bottom) cultured over time. b) Comparison
of the relative expression of 5-LO and FLAP in AM and PM on day 3 in
culture compared with day 1. *: p<0.05 compared with cells on day 1 in
culture; +: p<0.05 compared with day 3 PM FLAP expression.
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was demonstrated to be a greater expression of FLAP and,
to a lesser extent, 5-LO, in human AM compared with
PBM [9]. The upregulation of 5-LO metabolism appears
to occur in the alveolar space, since pulmonary interstitial
macrophages display an eicosanoid profile similar to that
of nonpulmonary macrophages [10]. Many investigators
have studied the mechanisms by which PBM differentiate
into AM and factors involved in changes in AA metabolic
patterns. Nonpulmonary macrophages cultured over time
with or without increased oxygen tension failed to increase
5-LO metabolism [10]. Culturing PBM with surfactant al-
one tended to be toxic, and suppressed AA release (unpub-
lished data). Incubation of PBM with vitamin D increased
LT synthetic capacity in parallel with an increase in FLAP
expression [17]. Other investigators have demonstrated in-
creased 5-LO activity in PBM incubated with the cytokine
granulocyte macrophage colony-stimulating factor (GM-
CSF) [18]; however, in the authors' experience GM-CSF
did not affect PBM eicosanoid generation or alter 5-LO or
FLAP expression [12]. Interferon-γ increased the LT syn-
thetic capacity of AM, without any effect on AA release
or new protein synthesis [19]. While it would be desirable
to be able to study factors individually, it is likely that the
complexity of the system is such that it cannot be mim-
icked by any single mediator or condition. The approach
in this study starts broad and provides the foundation for
future studies seeking to home in on specific factors in
ALF which upregulate mononuclear phagocyte LT syn-
thetic capacity.

The hypothesis that ALF, which bathes the cells located
in the alveolus, would enhance 5-LO metabolism in PBM
recruited into the lung and maintain the heightened 5-LO
metabolic capacity observed in AM was tested. Firstly, the
model of human PBM entering the lung and differentiat-
ing into AM was examined. Human PBM were investiga-
ted because of their far greater availability than rat PBM,
which are difficult to obtain in high enough numbers for
metabolic and protein studies. Furthermore, human PBM

are similar to rat PM in that their 5-LO activity and 5-LO
and FLAP expression decline in culture over time [20].
ALF obtained from rats was utilized because of a number
of problems associated with human ALF. Samples of ALF
obtained from humans are very dilute because of the large
volumes of lavage used. In addition, human ALF is not as
suitable for culturing cells, since preliminary experiments
with human ALF resulted in clumping of macrophages in
culture. This observation may be explained by the pres-
ence of an endotoxin.

Although AM have higher levels of 5-LO than PBM [9,
21] the greater 5-LO metabolic capacity relates more to
their very increased level of FLAP expression. If this in-
crease in FLAP expression is a consequence of residence
in the alveolar space, the effects of ALF would be expected
similarly to increase FLAP more than 5-LO expression.
This was indeed the finding. There was, correspondingly, a
greater decrease in FLAP expression in culture over several
days in AM than in PM. This observation fits with a gene
promoter analysis indicating that 5-LO is a constitutive-
ly expressed protein, while FLAP is subject to induction
[22]. One factor which is known to increase LT synthesis
and FLAP expression in parallel is 1,25-dihydroxyvitamin
D3 [17, 23]. Furthermore, 1,25-dihydroxyvitamin D3 is pre-
sent in ALF in greater concentrations than in plasma [9]
and 5-LO metabolism and FLAP expression were decreas-
ed in AM from vitamin D-deficient rats.

The above observations suggest that culturing AM in
ALF, containing mediators that better approximate the true
culture environment for macrophages resident in the alve-
olus, results in persistent expression of FLAP. However,
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synthesis from alveolar macrophages (AM) cultured for 1–3 days. AM
were incubated with or without ALF in the absence of serum for 1–3
days. The cells were then washed and incubated for 30 min with A23187
(10 µM). The medium was analysed for LTB4 by enzyme immunoassay
and the values were expressed as a percentage of the value observed in
control cells cultured in the absence of ALF (AM day 1: 2,486.9±190
pg·mL-1; day 3: 652.1±312.0 pg·mL-1, n=3). *: p<0.05 compared with
control cells.
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Fig. 5.  –  Effect of alveolar lining fluid (ALF) on 5-LO activating factor
(FLAP) expression in alveolar macrophages (AM). AM were cultured
with or without ALF in the absence of serum overnight. Western blot
analysis was performed, as described in figure 2. a) Representative auto-
radiograph of a Western blot demonstrating the amount of 5-LO (left) and
FLAP (right) in AM incubated with or without ALF. b) Comparison of
the relative expression of 5-LO and FLAP in AM cultured with and with-
out ALF, as assessed by densitometry and expressed as a percentage of
values derived from control cells run in parallel. Data represent the
mean±SEM from three experiments. *: p<0.05 compared with control cells.
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there was a relatively modest effect of ALF on 5-LO prod-
uct formation compared with the effect on 5-LO and par-
ticularly FLAP expression. There was a trend towards a
decrease in AA release, which may reduce LT synthesis
relative to 5-LO and FLAP expression. In addition, as well
as a need for soluble mediators there may be a require-
ment for specific cell-to-cell interactions to maximize
5-LO product formation. Studies are ongoing to determine
the optimal concentration of ALF which upregulates
5-LO metabolism, and protein expression. Furthermore,
addition-al studies will be performed to identify the spe-
cific factor(s) secreted into ALF that may be responsible
for this increase in 5-LO metabolism.

In conclusion, it was demonstrated that factors present
in alveolar lining fluid upregulate 5-lipoxygenase metabo-
lism and 5-lipoxygenase and 5-lipoxygenase activating
protein expression in peripheral blood monocytes and al-
veolar macrophages. In view of the importance of leuko-
trienes in the phagocytosis and killing of micro-organisms,
upregulation of leukotriene synthesis may be important
for optimal antimicrobial function of macrophages defend-
ing the alveolar space [24, 25]. Defects in mononuclear
phagocyte 5-lipoxygenase metabolism occur in a variety
of conditions associated with increased susceptibility to
pulmonary infection, including malnutrition [26], vitamin
deficiency [14] and infection with human immunode-
ficiency virus [27]. One clinical implication of these in-
vestigations is the development of possible strategies to
increase 5-lipoxygenase metabolism and therefore boost
host defence capabilities.
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