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BACKGROUND AND PURPOSE
15-Lipoxygenase (15-LOX) activity is associated with inflammation and immune regulation. The objectives of the present
study were to investigate the expression of 15-LOX-1 and 15-LOX-2 and evaluate the enzymes’ roles in the polarization of
human lung macrophages (LMs) in response to LPS and Th2 cytokines (IL-4/-13).

EXPERIMENTAL APPROACH
LMs were isolated from patients undergoing surgery for carcinoma. The cells were cultured with a 15-LOX inhibitor
(PD146176 or ML351), a COX inhibitor (indomethacin), a 5-LOX inhibitor (MK886) or vehicle and then stimulated with LPS
(10 ng·mL−1), IL-4 (10 ng·mL−1) or IL-13 (50 ng·mL−1) for 24 h. Levels of ALOX15 (15-LOX-1) and ALOX15B (15-LOX-2)
transcripts were determined by real-time quantitative PCR. Immunoassays were used to measure levels of LPS-induced
cytokines (TNF-α, CCL2, CCL3, CCL4, CXCL1, CXCL8 and CXCL10) and Th2 cytokine-induced chemokines (CCL13, CCL18
and CCL22) in the culture supernatant.

KEY RESULTS
Stimulation of LMs with LPS was associated with increased expression of ALOX15B, whereas stimulation with IL-4/IL-13
induced the expression of ALOX15. PD146176 and ML351 (10 μM) reduced the release of the chemokines induced by LPS
and Th2 cytokines. The effects of these 15-LOX inhibitors were maintained in the presence of indomethacin and MK886.
Furthermore, indomethacin revealed the inhibitory effect of PD146176 on TNF-α release.

CONCLUSIONS AND IMPLICATIONS
Inhibition of the 15-LOX pathways is involved in the down-regulation of the in vitro production of chemokines in LMs. Our
results suggest that the 15-LOX pathways have a role in the pathogenesis of inflammatory lung disorders and may thus
constitute a potential drug target.

Abbreviations
FCS, fetal calf serum; 15-HETE, 15-hydroxyeicosatetraenoic acid; 13-HODE, 13-hydroxy octadecadienoic acid; HPRT,
hypoxanthine phosphoribosyltransferase; LM, lung macrophage; LOX, lipoxygenase; MDM, monocyte-derived
macrophage
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Introduction

Human lipoxygenases (LOXs) catalyse the stereoselective
dioxygenation of 1,4-cis, cis-pentadiene-containing polyun-
saturated fatty acids (such as arachidonic acid) to form
hydroperoxyfatty acids. The human LOXs include 5-LOX,
two 12-LOXs and two 15-LOXs (15-LOX-1 and 15-LOX-2,
respectively, encoded by the ALOX15 and ALOX15B genes)
(Dobrian et al., 2011). In the lung, the different products
resulting from the enzymatic activity of 15-LOXs can stimu-
late inflammation and mucus secretion (as is the case for
15-HETE and 13-HODE) or resolve inflammation and stimu-
late tissue repair (as is the case for lipoxin, resolvins and
protectins) (Back et al., 2014; Levy and Serhan, 2014).

Increased activity of the 15-LOX inflammatory pathway
in both childhood and adult asthma has been evidenced by
high levels of 15-LOX transcripts and 15-LOX metabolites in
exhaled breath condensates (Sachs-Olsen et al., 2010), bron-
choalveolar lavage fluids (Chu et al., 2002; Ono et al., 2009;
Lundstrom et al., 2012) and induced sputum (Profita et al.,
2000; Thomson et al., 2014).

15-LOXs are strongly expressed in the bronchial epithe-
lium – especially in severe asthmatics (Bradding et al., 1995;
Zhao et al., 2009; Gras et al., 2012; Mabalirajan et al., 2013).
In epithelial cells, the Th2 cytokines IL-4 and IL-13 are potent
inducers of 15-LOX expression (Jayawickreme et al., 1999;
Profita et al., 1999; Brown et al., 2001; Chaitidis et al., 2005;
Kuhn and O’Donnell, 2006; Jakiela et al., 2013). In the
human alveolar epithelial cell line A549, the overexpression
of 15-LOX-1 is associated with enhanced chemokine release
(Liu et al., 2009). 15-LOX-1 is also expressed in eosinophils
and macrophages from asthmatic patients (Bradding et al.,
1995; Profita et al., 2000; Chu et al., 2002; Mabalirajan et al.,
2013).

In pulmonary inflammatory diseases (such as asthma and
chronic obstructive pulmonary disease), macrophages orches-
trate inflammatory reactions by releasing chemokines and
cytokines (Barnes, 2008). Macrophages are essential regula-
tors of both innate and adaptive immune responses and the
resolution of inflammation. Upon exposure to microbial
products such as bacterial LPS, macrophages undergo M1
polarization (the classical activation state, associated with

microbicidal and tumouricidal activities) (Mantovani et al.,
2004; Benoit et al., 2008). In contrast, Th2 cytokines induce
polarization towards a different activation status (referred
to as M2a polarization), which is associated with immu-
noregulation, the dampening of inflammation and the pro-
motion of tissue remodelling (Benoit et al., 2008; Van Dyken
and Locksley, 2013). In line with recent guidelines on mac-
rophage activation and polarization (Murray et al., 2014), we
shall henceforth use the terms ‘LPS-induced polarization’ and
‘IL-4/IL-13 (Th2)-induced polarization’ (rather than the
M1-M2 terminology). These two activation states involve the
production of different sets of cytokines and (especially)
chemokines (Martinez et al., 2006; Sica and Mantovani,
2012).

In vitro, ALOX15B expression increases as monocytes dif-
ferentiate into macrophages. In monocyte-derived mac-
rophages (MDMs), ALOX15 expression increases in response
to Th2 cytokines and ALOX15B expression increases in
response to Th2 cytokines and LPS (Wuest et al., 2012). In
human MDMs, the overexpression of 15-LOX-2 results in the
enhanced secretion of two chemokines (CCL2 and CXCL10)
(Danielsson et al., 2008). However, the expression levels and
functions of 15-LOXs in human LMs have yet to be charac-
terized in detail. The objective of the present study was to
assess the respective effects of LPS, IL-4 and IL-13 on the
expression of 15-LOX-1 and 15-LOX-2 in human LMs and to
investigate the role of 15-LOXs in the production of
chemokines induced by LPS- and Th2 cytokines.

Methods

Isolation and culture of human LMs
Experiments with human tissues were approved by the
regional independent ethics committee (Comité de Protection
des Personnes Île de France VIII, Boulogne-Billancourt, France).
Lung tissues were obtained from 39 patients [mean ± SEM
age: 65 ± 2 years; gender (M : F): 29:10; mean ± SEM FEV1/FVC
ratio: 0.82 ± 0.04; non-smokers: 7; smokers and ex-smokers:
12 and 20; pack years: 46 ± 4] undergoing surgical resection
for lung carcinoma and who had not received chemotherapy
or radiotherapy. The patients had not received any specific

Tables of Links
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Catalytic receptorsa Enzymesb

IL-4 receptor COX-1

COX-2

5-LOX

12-LOX

15-LOX-1

15-LOX-2

LIGANDS

13-HODE CCL13 IL-4

15-HETE CCL18 IL-13

Arachidonic acid CCL22 Indomethacin

CCL2 CXCL1 LPS

CCL3 CXCL8 MK886

CCL4 CXCL10 TNF-α
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medications other than the anaesthetics required for the
surgery and (in just four patients) the antibiotics cefazoline or
cefamandole. The LMs were isolated from macroscopically
normal lung parenchyma obtained from sites far from the
tumour, as previously described (Buenestado et al., 2010;
2012) (see Supporting Information). In culture, the mean ±
SEM number of adherent macrophages was 194 ± 13 × 103

cells per well for 24-well plates and 482 ± 35 × 103 cells per
well for 12-well plates. More than 95% of the adherent cells
were macrophages, as determined by May–Grünwald–Giemsa
staining and CD68 immunocytochemistry. Cell viability
exceeded 90%, as assessed by trypan blue dye exclusion. On
the day after isolation from lung parenchyma, macrophages
were washed twice with RPMI medium. Next, 1 mL of RPMI
medium supplemented with 1% FCS was added to each well.

Classically activated (M1-like) macrophages were
obtained by exposure to LPS. Alternatively activated (M2a-
like) macrophages were produced by exposing them to the
canonical Th2 cytokines IL-4 and IL-13 in vitro. The LPS
concentration (10 ng·mL−1) was selected as being suboptimal
on the basis of previous data from time-response and
concentration-response curves (Buenestado et al., 2012). The
IL-4 concentration (10 ng·mL−1) was chosen on the basis of
previous findings from human macrophage models (Joshi
et al., 2010; Pechkovsky et al., 2010; Staples et al., 2012). The
IL-13 concentration (50 ng·mL−1) was chosen on the basis of
previous experiments in our laboratory (data not shown).

RT-qPCR
Lung macrophages were stimulated for 24 h with LPS, IL-4 or
IL-13. Total RNA was prepared using TRIzol® reagent (Life
Technologies, Saint Aubin, France), according to the manu-
facturer’s instructions. The RNAs’ intactness was determined
by running an aliquot of each sample on an ExperionTM

automated electrophoresis station (Bio-Rad, Marnes-la-
Coquette, France). Next, 1 μg of total RNA was reverse-
transcribed using SuperScript® III First-strand SuperMix kit
(Life Technologies).

Specific TaqMan® arrays based on predesigned reagents
(Life Technologies) were used for the analysis of LOX and
COX transcripts: ALOX5 (5-LOX), ALOX5AP (5-LOX activat-
ing protein), ALOX12 (12-LOX), ALOX15 (15-LOX-1),
ALOX15B (15-LOX-2), PTGS1 (COX-1) and PTGS2 (COX-2).
Quantitative PCR was performed using Gene Expression
Master Mix (Life Technologies) with 20 ng of cDNA in a
StepOnePlus thermocycler (Life Technologies). The thermal
cycling conditions were as follows: initial denaturation at
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and
60°C for 1 min. The housekeeping gene coding for hypoxan-
thine phosphoribosyltransferase (HPRT1) was used for signal
normalization.

Assay of 15-LOX activity
15-HETE concentrations in the culture supernatant were
measured using a commercially available enzyme immuno-
assay kit (Cayman Chemical Europe, Tallinn, Estonia),
according to the manufacturer’s instructions. No arachidonic
acid was added to the preparation. The limit of detection was
170 pg·mL−1. 15-HETE concentrations were expressed in pg
per 106 LMs.

Effect of the inhibition of 15-LOX, 5-LOX
and COX on the LPS- and IL-4/13-induced
production of cytokines
Lung macrophages were treated with specific 15-LOX inhibi-
tors [such as PD146176 (1–10 μM; Gregus et al., 2013)] and
ML351 (1–10 μM; Rai et al., 2010) or DMSO vehicle for 1 h
before stimulation with LPS, IL-4 or IL-13 for 24 h.

In order to investigate the involvement of 15-LOXs in
cytokine release, a non-selective COX inhibitor (indometha-
cin, 1 μM; Buenestado et al., 2012), a 5-LOX-activating
protein inhibitor (MK886, 1 μM) or the corresponding vehi-
cles were added to the culture 30 min before addition of the
15-LOX inhibitors (or vehicle) and exposure of the mac-
rophages to LPS, IL-4 or IL-13 for 24 h. The concentrations of
PD146176, ML351 and MK886 used were those reported in
the literature as selectively inhibiting the target enzymes
(Gillard et al., 1989; Menard et al., 1990; Sendobry et al.,
1997; Rai et al., 2010).

Stock solutions (10 mM) of PD146176, ML351, MK886
and indomethacin were prepared in DMSO. All subsequent
dilutions were prepared daily in complete medium. The
DMSO concentration applied to cells in culture did not
exceed 0.12% and did not alter the production of cytokines.
The cytotoxicity of PD146176, indomethacin and MK886 was
determined by measuring LDH activity in LM supernatants
(LDH assay; Cayman Chemical Europe). Neither the vehicles
nor the compounds used in this study altered the viability of
LMs (Supporting Information Table S1). All wells were run in
duplicate. After 24 h of incubation, LM supernatants were
collected, stored at −20°C and subsequently assayed for
cytokines.

Cytokine measurements
Levels of cytokine in the culture supernatant were measured
with specific ELISAs (the Duoset Development System from
R&D Systems), according to the manufacturer’s instructions.
The supernatant was diluted with RPMI medium as appropri-
ate and the optical density was determined at 450 nm with an
MRX II microplate reader (Dynex Technologies, Saint-Cloud,
France). Cytokine concentrations are expressed as ng per 106

LMs. The assays’ limits of detection were 4 pg·mL−1 for CCL3,
CCL13, CCL18, CCL22, 8 pg·mL−1 for TNF-α, CCL2, CCL4,
and 32 pg·mL−1 for CXCL1, CXCL8 and CXCL10.

Data analysis and statistical procedures
Data are expressed as the mean ± SEM from experiments
performed with LMs obtained from n patients. The
concentration–effect curves were analysed using GraphPad
Prism® software (version 5.01; GraphPad Software Inc., San
Diego, CA, USA). The relative expression of mRNAs was cal-
culated according to the 2(−ΔCt) method (Livak and
Schmittgen, 2001). Statistical analysis of mRNA expression
levels was performed with a paired or unpaired t-test, as
appropriate. Other analyses were performed with a one-way,
repeated-measures ANOVA, followed by Bonferroni’s post-test.
The threshold for statistical significance was set to P < 0.05.

Materials
PD146176 (6,11-dihydrol[1]benzothiopyrano[4,3-b]indole)
and MK886 were obtained from Tocris Biosciences (Bristol,
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UK). ML351 was obtained from Merck Chemicals (Notting-
ham, UK). RPMI 1640 medium and BSA were acquired from
Eurobio Biotechnology (Les Ulis, France). Indomethacin,
penicillin-streptomycin, DMSO, L-glutamine, trypan blue
dye, fetal calf serum (FCS) and LPS (from Escherichia coli
serotype 0111:B4) were purchased from Sigma Aldrich (St.
Louis, MO, USA). Human recombinant IL-13 and IL-4 were
obtained from R&D Systems (Lille, France).

Results

Expression of 15-LOX isoenzyme transcripts
and other enzymes of the eicosanoid
pathways in polarized human LMs
We investigated the expression and regulation of ALOX15
(15-LOX-1) and ALOX15B (15-LOX-2) transcripts in human
LMs in the presence or absence of LPS, IL-4 or IL-13. In
unstimulated macrophages, the ALOX15B transcript was
expressed at a higher level than the ALOX15 transcript
(Figure 1A).

Quantitative analysis revealed that IL-4 and IL-13 increase
the expression of ALOX15 transcripts but not ALOX15B
transcripts. Conversely, incubation with LPS was associated
with greater expression of ALOX15B transcripts but not
ALOX15 transcripts (Figure 1A). A time-course experiment
also showed an increase in ALOX15 expression 12 h after

exposure to the Th2 cytokines (Supporting Information
Fig. S1). Furthermore, the results of Western blotting experi-
ments showed that 15-LOX-1 and 15-LOX-2 are expressed in
unstimulated macrophages: marked inductions of 15-LOX-2
by LPS and of 15-LOX-1 were seen after 48 h (but not after
just 24 h) of stimulation by IL-4 (Supporting Information
Fig. S2).

We also investigated the mRNA expression of enzymes
involved in other eicosanoid pathways. Unstimulated mac-
rophages expressed transcripts of ALOX5, ALOX5AP, PTGS1
and PTGS2 (Figure 1B and C). Exposure to LPS was associ-
ated with greater mRNA expression of PTGS2 but did not
alter the expression of ALOX5, ALOX5AP and PTGS1
(Figure 1B and C). Stimulation with IL-4 did not alter the
expression of ALOX5, ALOX5AP, PTGS1 and PTGS2.
However, exposure of LMs to IL-13 was associated with
lower mRNA expression of ALOX5, ALOX5AP and PTGS2
but did not alter the expression of PTGS1 (Figure 1B and C).
Transcripts of ALOX12 were not detected under any condi-
tions (data not shown).

In order to assess the effects of LPS and IL-4 on the activity
of the 15-LOXs, we measured the supernatant concentration
of the arachidonic acid metabolite 15-HETE (produced by
both 15-LOX-1 and 15-LOX-2). Exposure to LPS was associ-
ated with increased 15-HETE production by LMs. This relative
increase was abolished in the presence of PD146176. Incuba-
tion with IL-4 was not associated with an increase in the
production of 15-HETE (Table 1).

Figure 1
mRNA expression of ALOX15, ALOX15B, ALOX5, ALOX5AP, PTGS1 and PTGS2 in polarized human LMs. Lung macrophages were incubated with
LPS (10 ng·mL−1), IL-4 (10 ng·mL−1) or IL-13 (50 ng·mL−1) for 24 h. Levels of (A) ALOX15 and ALOX15B; (B) ALOX5 and ALOX5AP; (C) PTGS1 and
PTGS2 transcripts were determined by RT-qPCR and normalized against the expression of a housekeeping gene (HPRT1). Data correspond to the
mean ± SEM of three to six independent experiments. *Indicates a significant difference relative to the baseline condition (*P < 0.05, **P < 0.01).

Table 1
15-LOX activity in polarized human LMs

Baseline PD 10 μM LPS only LPS + PD 10 μM IL-4 only IL-4 + PD 10 μM

15-HETE (pg per 106 LMs) 176 ± 47 167 ± 38 420 ± 95## 191 ± 15** 183 ± 34 222 ± 39

Lung macrophages were incubated for 1 h in the presence or absence of PD146176 before the addition of LPS (10 ng·mL−1) or IL-4
(10 ng·mL−1). 15-HETE levels were determined in the LM culture supernatant collected after 24 h of incubation. The data are reported as the
mean ± SEM of seven independent experiments.
#Indicates a significant difference relative to the baseline condition (##P < 0.01).
*Indicates a significant difference relative to the LPS condition (**P < 0.01).
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Inhibition of 15-LOX activity reduces the
LPS- and IL-4/13-induced release of
chemokines by human LMs
Effects of LPS, IL-4 and IL-13 on cytokine production by
LMs. Incubation with LPS was associated with a marked
increase in the production of CCL2, CCL3, CCL4, CXCL1,
CXCL8 and CXCL10 (Table 2) but did not alter (or only
weakly altered) the production of CCL13, CCL18 and CCL22
(Supporting Information Table S2).

Conversely, incubation with IL-4 or IL-13 was associated
with a significant increase in the production of CCL13 and
CCL22, whereas the production of CCL18 remained
unchanged (Table 3).

Furthermore, the production of LPS-inducible
chemokines was only weakly altered or not altered by Th2
cytokines (Supporting Information Table S3). These different
effects of LPS and Th2 cytokines were also observed for mRNA
expression of the cytokines (Supporting Information

Table 2
Inhibitory effect of PD146176 on the LPS-induced release of chemokines

Cytokine (ng per 106 LMs) Baseline LPS only PD 1 μM + LPS PD 10 μM + LPS

CCL2 1.50 ± 0.58 17.57 ± 3.49## 21.05 ± 4.50 9.13 ± 3.66*

n = 8 n = 8 n = 8 n = 8

CCL3 0.95 ± 0.40 233.38 ± 24.88### 230.71 ± 27.45 164.45 ± 14.96*

n = 6 n = 6 n = 6 n = 6

CCL4 1.67 ± 0.17 353.26 ± 42.85## 319.16 ± 38.10 236.25 ± 48.50***

n = 10 n = 10 n = 10 n = 10

CXCL1 0.19 ± 0.06 208.17 ± 28.68### 190.02 ± 21.01 95.20 ± 26.88**

n = 7 n = 7 n = 7 n = 7

CXCL8 12.24 ± 2.77 920.67 ± 182.02## 949.28 ± 162.56 491.97 ± 138.92**

n = 6 n = 6 n = 6 n = 6

CXCL10 0 (LD) 8.12 ± 2.61# 2.55 ± 0.66$ 3.10 ± 1.36*

n = 10 n = 10 n = 5 n = 10

Human lung macrophages were incubated for 1 h in the presence of PD146176 (1–10 μM) or vehicle (the baseline condition) before being
stimulated with LPS (10 ng·mL−1) for 24 h. The concentrations of the chemokines in the culture supernatant were measured using ELISAs. The
data are reported as the mean ± SEM of 5–10 independent experiments.
#Indicates a significant difference relative to the baseline condition (#P < 0.05; ##P < 0.01; ###P < 0.001).
*Indicates a significant difference relative to LPS alone (*P < 0.05; **P < 0.01; ***P < 0.001). Data for the vehicle are not shown because 0.1%
DMSO had no effect on cytokine production.
$Not significant versus the five paired preparations of macrophages exposed to LPS (LPS: 4.34 ± 1.44 ng per 106 cells).

Table 3
Inhibitory effect of PD146176 on the IL-4- and IL-13-induced release of chemokines

Cytokine (ng per 106 LMs) Baseline IL-4 only PD 1 μM + IL-4 PD 10 μM + IL-4

CCL13 0.038 ± 0.011 0.23 ± 0.06# 0.25 ± 0.08 0.09 ± 0.04**

CCL18 96.02 ± 22.41 101.70 ± 16.75 99.69 ± 22.78 59.32 ± 20.17*

CCL22 1.12 ± 0.30 4.73 ± 0.10## 5.93 ± 1.22 2.27 ± 0.63*

Baseline IL-13 only PD 1 μM + IL-13 PD 10 μM + IL-13

CCL13 0.04 ± 0.01 0.56 ± 0.14# 0.40 ± 0.17 0.18 ± 0.11**

CCL18 91.67 ± 23.00 112.97 ± 19.05 118.31 ± 22.02 78.96 ± 22.83

CCL22 1.12 ± 0.30 4.75 ± 1.18## 5.42 ± 1.10 3.37 ± 0.88*

Lung macrophages were incubated for 1 h in the presence or absence (the baseline condition) of PD146176 (1–10 μM) or vehicle before
being stimulated with (IL-4 10 ng·mL−1) or IL-13 (50 ng·mL−1) for 24 h. The concentrations of chemokines in the culture supernatant were
measured using ELISAs. The data are reported as the mean ± SEM of five to eight independent experiments.
#Indicates a significant difference relative to the baseline condition (#P < 0.05; ##P < 0.01).
*Indicates a significant difference relative to IL-4 or IL-13 (*P < 0.05; **P < 0.01).
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Table S4). The relative effects of LPS and IL-4/IL-13 on the
production of TNF-α and the panels of chemokines indicate
that (i) TNF-α, CCL2, CCL3, CCL4, CXCL1 and CXCL10
constitute an LPS-induced signature; and (ii) CCL13 and
CCL22 constitute a Th2 signature.

Effect of inhibiting 15-LOX on the production of cytokines by
LMs. As ALOX15 and ALOX15B were expressed in human
LMs, we next assessed the effect of a 15-LOX inhibitor
(PD146176, which inhibits both 15-LOX-1 and 15-LOX-2) on
the production of the cytokines induced by LPS and IL-4/IL-
13. At a concentration of 10 μM, PD146176 reduced the
respective LPS- and IL-4/IL-13-induced increases in ALOX15
and ALOX15B gene expression but did not alter (or only
weakly altered) the transcript expression of other genes
involved in the eicosanoid pathways (Supporting Informa-
tion Figs S3 and S4). Inhibition of 15-LOX isoenzymes by
PD146176 was associated with a lower production of CCL2,
CCL3, CCL4, CXCL1, CXCL8 and CXCL10 induced by LPS,
with relative reductions of 48, 29, 33, 54, 46 and 56% respec-
tively (Table 2). Similarly, the production of the chemokines
CCL13, CCL22 and CCL18, induced by IL-4- and IL-13, was
significantly lower in the presence of PD146176, with relative
reductions of 58, 37 and 52% for IL-4 induction and 67, 28
and 29% for IL-13 induction respectively (Table 3). Lastly, the
production of TNF-α was not significantly reduced (relative
reduction: 6%) after incubation with PD146176 (Table 4).

Inhibition of 15-LOX-1 by ML351 (10 μM) was associated
with significant inhibition of the LPS-induced production of
CCL2 and CCL3 (relative reductions: 47 and 37% respec-
tively) and the IL-4-induced production of CCL13 and CCL22
(relative reductions: 55 and 57% respectively) (Table 5).

Confirmation of the specific involvement of
the 15-LOX pathway in the LPS- and
IL-4/IL-13-induced production of cytokines
by LMs
The ALOX5, ALOX5AP, PTGS1 and PTGS2 genes are expressed
and modulated by LPS and Th2 cytokines in human LMs. The
corresponding enzymes share a substrate (arachidonic acid)
with the 15-LOXs. We hypothesized that inhibition of

15-LOXs might deviate the arachidonic acid towards other
eicosanoid pathways that might be involved in the effect of
15-LOX inhibitors on cytokine production. To ascertain the
role of the 15-LOX pathways, LMs were pretreated with an
inhibitor of 5-LOX-activating protein (MK886) and a non-
selective COX inhibitor (indomethacin) before the addition
of PD146176 or ML351. Neither indomethacin nor MK886
(whether present alone or together) was associated with dif-
ferences in the production of cytokines (other than CXCL8)
and TNF-α (Figure 2). The production of CXCL8 was found to
be lower after incubation with indomethacin alone and with
indomethacin + MK886 (Figure 2E). However, TNF-α produc-
tion was higher with indomethacin alone and with indo-
methacin + MK886 (Table 4). Inhibition of the production of
both the LPS- and the IL-4/IL-13-induced chemokines by
PD146176 was maintained in the presence of indomethacin
and MK886 (whether present alone or together) (Figure 2A–F
and Figure 3A–F).

PD146176 still inhibited CXCL8 production when the
LMs were pretreated with indomethacin (Figure 2E) or
MK886 alone. However, the inhibitory effect of PD146176 on
CXCL8 production was not observed when LMs were incu-
bated with indomethacin and MK886 together (Figure 2E).
Inhibition of COXs by indomethacin revealed the inhibitory
effect of PD146176 on LPS-induced TNF-α production
(Table 4).

Similar results were obtained with ML351. Inhibition of
the production of chemokines induced by LPS and IL-4 by
ML351 was maintained in the presence of indomethacin and
MK886: the relative reductions in the LPS-induced produc-
tion of CCL2 and CCL3 were respectively 47 and 37% (P <
0.05 for both), and the relative reductions of the IL-4-induced
production of CCL13 and CCL22 were respectively 55 and
57% (P < 0.05 for both).

Discussion and conclusions

Our results demonstrate that ALOX15 and ALOX15B tran-
scripts are expressed in human LMs and are up-regulated by
IL-4/IL-13 and by LPS respectively. The inhibition of 15-LOXs
by PD146176 and ML351 was associated with reductions in

Table 4
The inhibitory effect of PD146176, indomethacin and MK886 on the LPS-induced release of TNF-α in human LMs

Cytokine
(ng per
106 LMs) LPS

LPS + PD
10 μM

+ Indomethacin 1 μM + MK 886 1 μM + Indomethacin 1 μM + MK 886 1 μM

LPS
LPS + PD
10 μM LPS

LPS + PD
10 μM LPS

LPS + PD
10 μM

TNF-α 19.7 ± 6.2## 18.2 ± 5.5 31.1 ± 9.0++ 18 ± 5.5** 17.3 ± 5.6 20.1 ± 6.5 31.5 ± 9.3++ 19.2 ± 4.5**

Lung macrophages were exposed to medium alone (the baseline condition) or medium supplemented with indomethacin or MK886 or
vehicles for 30 min before being pre-incubated for 1 h with PD146176 or vehicle before stimulation with LPS (10 ng·mL−1). Levels of TNF-α
in the culture supernatant were determined after 24 h of incubation. Data are reported as the mean ± SEM of four independent experiments.
#Indicates a significant difference relative to the baseline condition (0.2 ± 0.05 ng per 106 cells ##P < 0.01).
+Indicates a significant difference relative to LPS alone (++P < 0.01).
*Indicates a significant difference relative to the corresponding controls (**P < 0.01).
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both the LPS-induced release of CCL2, CCL3, CCL4, CXCL1,
CXCL8 and CXCL10, and the IL-4/IL-13-induced release of
CCL13, CCL18 and CCL22.

In human blood monocytes, IL-4 and IL-13 strongly
up-regulate the expression of ALOX15 (Chaitidis et al., 2005).
During the in vitro differentiation of human monocytes to
macrophages, markedly greater ALOX15B expression has
been reported, whereas ALOX15 and ALOX12 expression
remained low (Wuest et al., 2012). In the present study,
ALOX15B was found to be strongly expressed in unstimulated
human LMs. The stimulation of human MDMs with Th2
cytokines was associated with greater expression of ALOX15B,
whereas increased ALOX15 expression was observed with IL-4
and (to a much lesser extent) IL-13 (Wuest et al., 2012). In
contrast, IL-4 and IL-13 were only associated with greater
ALOX15 expression in human LMs. Incubation with LPS is
associated with greater expression of ALOX15B in both
human MDMs (Wuest et al., 2012) and human LMs (the
present study). Our data suggest that the LPS-induced activa-
tion of human LMs led specifically to the expression of
ALOX15B, whereas the Th2 cytokine-induced activation led
to the expression of ALOX15. In Western blot experiments, a
marked increase in protein expression of 15-LOX-1 and
15-LOX-2 was seen after 48 h of stimulation by Th2 cytokines
and LPS but not after 24 h of stimulation (Supporting Infor-
mation Fig. S2).

The different effects of IL-4 and IL-13 on the expression of
ALOX5, ALOX5AP, PTGS2 and other genes of the eicosanoid
pathways (Supporting Information) are probably explained
by the fact that IL-4 only binds to type I receptors, whereas
IL-13 binds to both type I and type II receptors. Both types of

receptor are expressed by macrophages, although the respec-
tive downstream signalling components differ. When com-
pared with IL-13, IL-4 induces stronger expression of markers
of alternative polarization of macrophages and may also
yield a somewhat different biological response profile
(Bhattacharjee et al., 2013; Van Dyken and Locksley, 2013).

The slight increase in 15-HETE levels in the supernatant
after exposure to LPS and the absence of an IL-4/IL-13-
induced increase in the production of 15-HETE is probably
explained by the incorporation of 15-HETE into the cell’s
phospholipids – thus limiting its release into the superna-
tant (Norris et al., 2014). Profita et al. (1999) demonstrated
that IL-4 not only enhances 15-LOX activity but also
increases the incorporation of 15-HETE into phospholipids
in pulmonary epithelial cells. This IL-4-induced increase
in the incorporation of 15-HETE into phospholipids further
limits the release of 15-HETE into the supernatant, and
so may explain (at least in part) the absence of an increase
in 15-HETE levels in the supernatant after exposure to IL-4
in the present study. The incorporation of 15-HETE
into phospholipids might regulate or alter the intracellular
signal transduction by reducing the amount and/or produc-
tion of second messengers. Accordingly, the 15-HETE
incorporated into cellular phospholipids has been shown
to modulate the receptor-mediated activation of human
neutrophils (Takata et al., 1994). Although further investiga-
tion of these intracellular mechanisms was beyond the
scope of the present study, the mechanisms might explain
why inhibition of 15-LOX can reduce cytokine release
in the absence of a change in 15-HETE release into the
supernatant.

Table 5
Inhibitory effect of ML351 on the LPS- and IL-4-induced release of chemokines in human LMs

Cytokine (ng per 106

LMs)

With LPS

Baseline ML351 1 μM ML351 10 μM

CCL2 48.27 ± 3.97 47.32 ± 5.41 23.37 ± 4.87**

n = 4 n = 4 n = 4

CCL3 184.96 ± 30.83 164.69 ± 23.54 117.04 ± 22.97**

n = 4 n = 4 n = 4

Cytokine

With IL-4

Baseline ML351 1 μM ML351 10 μM

CCL13 0.093 ± 0.02 0.10 ± 0.01 0.034 ± 0.006**

n = 5 n = 5 n = 5

CCL22 3.77 ± 1.34 4.06 ± 1.4 2.01 ± 0.79*

n = 5 n = 5 n = 5

Lung macrophages were incubated for 1 h in the presence or absence (the baseline condition) of ML351 (1–10 μM) or vehicle before being
stimulated with (LPS 10 ng·mL−1) or IL-4 (10 ng·mL−1) for 24 h. The concentrations of chemokines in the culture supernatant were measured
using ELISAs. The data are reported as the mean ± SEM of four to five independent experiments.
*Indicates a significant difference relative to LPS or IL-4 (*P < 0.05; **P < 0.01). Data for the vehicle are not shown because 0.05% DMSO had
no effect on cytokine production.
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The overexpression of 15-LOX-2 in macrophages derived
from human monocyte THP-1 cells was seen to be associated
with greater CXCL10 and CCL2 production (Danielsson
et al., 2008). Conversely, knock-down of ALOX15B expression
in human MDMs was associated with lower spontaneous
production of CXCL8 (Magnusson et al., 2012) and lower
hypoxia-induced production of CXCL10, whereas levels of
CCL2, CCL5 and CXCL8 did not vary (Danielsson et al.,
2008). In the present study in human LMs, inhibition of the
two 15-LOX isoenzymes by PD146176 and inhibition of
15-LOX-1 by ML351 were associated with a markedly lower

production of LPS-induced chemokines (including CCL2,
CCL5, CXCL8 and CXCL10) and Th2 cytokine-induced
chemokines – suggesting the involvement of the 15-LOX
pathways. Involvement of the 12-LOX-pathway can be ruled
out, as human macrophages do not express 12-LOX (as seen
in the present study and Wuest et al., 2012).

Arachidonic acid is a common substrate for LOXs and
COXs. Hence, inhibition of 15-LOXs by PD146176 or ML351
can cause the shunting of arachidonic acid metabolism to the
5-LOX and COX-1/2 (PTGS1/2) pathways, with a potential
increase in the levels of associated eicosanoids (e.g. PGs E2

Figure 2
The roles of indomethacin and MK886 in the suppression of LPS-induced chemokine release from human LMs by PD146176. Human LMs were
exposed to medium alone (the baseline condition) or medium supplemented with indomethacin (1 μM), MK886 (1 μM) or vehicles for 30 min
before being pre-incubated for 1 h with PD146176 (10 μM) or vehicle. The cells were then stimulated with LPS (10 ng·mL−1). Levels of chemokines
(A) CCL2, (B) CCL3, (C) CCL4, (D) CXCL1, (E) CXCL8 and (F) CXCL10 in the culture supernatant were determined after 24 h of incubation. Data
are reported as the mean ± SEM of five to seven independent experiments. *Indicates a significant difference relative to the corresponding control
(*P < 0.05; **P < 0.01; ***P < 0.001). +Indicates a significant difference relative to LPS (+P < 0.05, ++P < 0.01).
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and I2, and cysteinyl leukotrienes). In turn, these eicosanoids
can modulate chemokine production in monocytes and mac-
rophages (Hashimoto et al., 2009; Ichiyama et al., 2009; Kuo
et al., 2011; Buenestado et al., 2012; Tsai et al., 2014). Further-
more, 15-HETE can be also produced via COX-dependent
pathways (Levy et al., 1993). As (i) human LMs expressed the
5-LOX and COX-1/2 (PTGS1/2) pathways, (ii) LPS was pri-
marily associated with greater PTGS2 expression, and (iii)
IL-13 was associated with lower expression of PTGS2, ALOX5
and ALOX5AP, we decided to ascertain the role of the 15-LOX
pathways in the LPS- and IL-4/IL-13-induced production of
chemokines. To this end, we assessed the effect of 15-LOX
inhibition by PD146176 or ML351 after blockade of the
5-LOX and COX-1/2 (PTGS1/2) pathways. Our results con-

firmed that 15-LOXs have a regulatory role in the production
of chemokines induced by LPS and IL-4/IL-13.

The 15-LOX pathway is a major metabolic pathway for
arachidonic acid in human lung homogenates and airway
epithelial cells. In human bronchial epithelial cells, both
15-LOX isoforms are present and are expressed even more
strongly in patients with severe asthma (Brown et al., 2001;
Zhao et al., 2002; Gras et al., 2012; Jakiela et al., 2013;
Mabalirajan et al., 2013). Exposure of human bronchial epi-
thelial cells to IL-4 or IL-13 is associated with greater expres-
sion of ALOX15 but not ALOX15B (Brown et al., 2001; Jakiela
et al., 2013), as observed in human LMs in the present study.
In work on bronchial epithelial cells, the induction of
ALOX15 expression by Th2 cytokines was associated with

Figure 3
The roles of indomethacin and MK886 in the suppression of IL-4- or IL-13-induced chemokine release from human LMs by PD146176. Human
LMs were exposed to medium alone (the baseline condition) or medium supplemented with indomethacin (1 μM), MK886 (1 μM) or vehicles for
30 min before being pre-incubated for 1 h with PD146176 (10 μM) or vehicle. The cells were then stimulated with IL-4 (10 ng·mL−1) or IL-13
(50 ng·mL−1). Levels of chemokine CCL13; CLL18 and CCL22 either induced by IL-4 (A, B, C) or by IL-13 (D, E, F) in the culture supernatant were
determined after 24 h of incubation. Data are reported as the mean ± SEM of five to seven independent experiments. *Indicates a significant
difference relative to the corresponding control (*P < 0.05; **P < 0.01; ***P < 0.001).
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increased expression of two chemokines (CCL24 and CCL26).
In the A549 epithelial alveolar cell line, the expression of
chemokines (CCL3, CCL4, CCL5, CCL20, CXCL3, CXCL10,
CXCL11 and CX3CL1) was up-regulated by 15-LOX-1 over-
expression and down-regulated by inhibition of 15-LOX-1
activity (Liu et al., 2009). Taken as a whole, these data show
that 15-LOXs are involved in the regulation of chemokine
expression by both human LMs (in the present study) and
airway epithelial cells.

Conversely, inhibition of 15-LOXs did not alter LPS-
induced TNF-α production in human LMs, as previously
shown in thioglycolate-elicited peritoneal murine mac-
rophages (Middleton et al., 2006). We and others have
reported that LPS-induced release of TNF-α is potently inhib-
ited by PGE2 and PGI2 (Raychaudhuri et al., 2002; Aronoff
et al., 2007; Ratcliffe et al., 2007; Buenestado et al., 2012), and
we have previously shown that substantial amounts of PGE2

and 6-ketoPGF1α accumulate in the cell culture supernatant
of human LMs exposed to LPS (Buenestado et al., 2012). Inhi-
bition of prostanoid synthesis with indomethacin not only
increases the LPS-induced production of TNF-α (in the
present study, and as also shown with alveolar macrophages;
Hempel et al., 1996) by eliminating the predominant down-
regulatory role of prostaglandins, but also reveals the inhibi-
tory effect of PD146176 and the role of the 15-LOXs.

Furthermore, our results indicate that inhibition of the
5-LOX pathway had no effect on LPS- and Th2 cytokine-
induced chemokine production by human LMs; this fits with
similar results in human alveolar macrophages for CXCL8
(Parkar et al., 1990) and in human peritoneal macrophages
for the pro-inflammatory cytokines IL-1β and IL-6
(Pruimboom et al., 1994).

In conclusion, the in vitro activation of human LMs (by
exposure to either LPS or IL-4/IL-13) is associated with an
increase in the expression of ALOX15B and ALOX15 respec-
tively. Specific inhibition of the 15-LOXs was associated with
a reduction in the production of chemokines induced by LPS
and Th2 cytokines. However, it is known that 15-LOXs also
contribute to the resolution of inflammation via the forma-
tion of specialized proresolving mediators (e.g. resolvins, pro-
tectins, maresins and new ketophospholipids) (Hammond
et al., 2012; Levy and Serhan, 2014). Our present results in
LMs suggest that the 15-LOX pathways have several roles in
the pathogenesis of inflammatory lung disorders and may
thus constitute a potential drug target.
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