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Abstract

Ozone is a highly reactive environmental toxicant that can react with the double bonds of lipids in 

pulmonary surfactant. This study was undertaken to investigate the proinflammatory properties of 

the major lipid-ozone product in pulmonary surfactant, 1-palmitoyl-2-(9’-oxo-nonanoyl)-

glycerophosphocholine (16:0/9al-PC), with respect to eicosanoid production. A dose-dependent 

increase in the formation of 5-lipoxygenase (5-LO) products was observed in murine resident 

peritoneal macrophages (RPM) and alveolar macrophages (AM) upon treatment with 16:0/9al-PC. 

In contrast, the production of cyclooxygenase (COX) derived eicosanoids did not change from 

basal levels in the presence of 16:0/9al-PC. When 16:0/9al-PC and the TLR2 ligand, zymosan, 

were added to RPM or AM, an enhancement of 5-LO product formation along with a concomitant 

decrease in COX product formation was observed. Neither intracellular calcium levels or 

arachidonic acid release were influenced by the addition of 16:0/9al-PC to RPM. Results from 

mitogen-activated protein kinase (MAPK) inhibitor studies and direct measurement of 

phosphorylation of MAPKs revealed that 16:0/9al-PC activates the p38 MAPK pathway in RPM, 

which results in activation of 5-LO. Our results indicate that 16:0/9al-PC has a profound effect on 

the eicosanoid pathway, which may have implications in inflammatory pulmonary disease states 

where eicosanoids have been shown to play a role.
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INTRODUCTION

Ozone is an environmental toxicant produced from photochemical reactions between 

nitrogen oxides and volatile organic compounds. Pulmonary surfactant is the initial barrier 

that inhaled ozone encounters in the lung and is therefore one of the primary targets of 

ozone.1 Due to the high reactivity of ozone with double bonds2 and the high concentration 

of lipids in the pulmonary surfactant,3 it has been suggested that lipid ozonation products are 

responsible for mediating many of the deleterious effects observed due to ozone exposure. 

Upon exposure of pulmonary surfactant to ozone, the major lipid-ozone product observed is 

1-palmitoyl-2-(9’-oxo-nonanoyl)-glycerophosphocholine (16:0/9al-PC) 4,5 derived from PC 

lipids containing oleate or palmitoleate at the sn-2 position that are sufficiently present in 

pulmonary surfactant.6 This oxidized phospholipid product is considered a toxic compound 

that initiates inflammatory events by stimulating the release of proinflammatory cytokines 

and chemokines7 and that results in impairment of the innate immune function of 

macrophages.8

Eicosanoids are proinflammatory lipid mediators that have been implicated to play a role in 

the pathogenesis of chronic inflammatory pulmonary disease states, such as asthma.9 

Specifically cysteinyl leukotrienes, prostaglandin D2, and thromboxane A2 exhibit potent 

bronchoconstrictive behavior and leukotriene B4 (LTB4) is a potent chemoattractant that 

plays a critical role in attracting neutrophils and eosinophils into the airways during 

inflammatory events. Eicosanoid production is initiated by the release of arachidonic acid 

(AA) from membrane phospholipids by a calcium dependent cytosolic phospholipase A2 

(cPLA2α).10 The free AA can be metabolized into bioactive lipid mediators by two 

predominant pathways. One of these pathways is the cyclooxygenase (COX) pathway that 

catalyzes the initial transformation of AA into prostaglandin H2 (PGH2) by the constitutive 

COX-1 or the inducible COX-2.11 This PGH2 intermediate is unstable and quickly converted 

by specific synthases to prostaglandins (PGE2, PGD2, PGF2α) or thromboxanes (TXA2, 

TXB2). Another metabolic pathway that can result in bioactive lipid mediators is the 

leukotriene pathway where AA is converted to leukotriene A4 (LTA4) by the action of 5-

lipoxygenase (5-LO) and 5-LO-activating protein (FLAP).12 LTA4 is then converted into 

either LTB4 by LTA4 hydrolase or leukotriene C4 (LTC4) by LTC4 synthase. The expression 

of 5-LO is tightly regulated and is only actively expressed in a limited number of cells, 

specifically neutrophils, eosinophils, monocytes, macrophages, mast cells, and basophils.13 

In resting cells, 5-LO is a soluble enzyme. Upon cell stimulation, elevation of intracellular 
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calcium levels can occur that causes translocation of 5-LO to the nuclear membrane, which 

is a key step in initiating leukotriene synthesis.14 Additionally, in some cells 5-LO can be 

activated by stimulation of the p38 mitogen-activated protein kinase (MAPK) or 

extracellular signal-regulated protein kinase 1 and 2 (ERK1/2) pathway, which results in 

translocation of 5-LO to the nuclear membrane without a concomitant increase in 

intracellular calcium.15–18

A limited number of studies have explored the correlation between oxidized phospholipids 

and eicosanoid production. Specifically, in cultured human bronchial epithelial cells 

16:0/9al-PC activated phospholipase A2, C, and D and enhanced PGE2 release.7,19 These 

two studies indicated that the generation and release of eicosanoids observed in lung 

inflammation and injury may be mediated in part by ozonized lipids, however this premise 

has not been comprehensively investigated. In the current study we focused on the 

proinflammatory nature of ozonized lipid products with respect to eicosanoid production. 

Specifically, the major lipid-ozone product, 16:0/9al-PC, was used for most of these 

experiments. The in vitro exposure of murine resident peritoneal macrophages (RPM) and 

alveolar macrophages (AM) to 16:0/9al-PC resulted in the activation of the 5-LO pathway 

with no effect on COX product formation. Additionally, the effect of 16:0/9al-PC on 

eicosanoid production was examined in the presence of zymosan, a TLR2 ligand, and an 

enhancement of 5-LO product formation was observed with a concomitant decrease in COX 

product formation. We demonstrate through use of MAPK inhibitors and direct 

measurement of phosphorylation of MAPK pathways that 16:0/9al-PC activates the p38 

MAPK pathway and thereby activates 5-LO in RPM. These results reported herein reveal 

another mechanism by which lipid-ozone products act in a proinflammatory manner in the 

lung and may have implications in the exacerbation of pulmonary inflammatory diseases 

where eicosanoids have been demonstrated to have pathophysiological importance.

METHODS

Materials

Female 8–12 week old wild type mice (C57BL/6J) were purchased from Jackson Laboratory 

(Bar Harbor, ME). The Institutional Animal Care and Use Committee at the University of 

Colorado Denver approved all animal experiments. All of the lipid standards, including 

16:0/9al-PC, 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-phosphocholine (16:0/5al-PC), 1-

palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (16:0/9COOH-PC), 1-palmitoyl-2-

glutaryl-sn-glycero-3-phosphocholine (16:0/5COOH-PC), POPC, and 1-palmitoyl-2-oleoyl-

sn-glycero-3-phosphoglycerol (POPG) were purchased from Avanti Polar Lipids (Alabaster, 

AL). Deuterated eicosanoid standards (d4-LTB4, d8-5-HETE, d4-PGE2, d4-TXB2, d5-LTC4, 

and d8-AA) were purchased from Cayman Chemical (Ann Arbor, MI). The MEK/ERK 

inhibitor (U0126), p38 MAPK inhibitor (SB202190), and c-Jun N-terminal kinase (JNK) 

inhibitor (SP600125) were from EMD Millipore (Billerica, MA) and solubilized into stock 

solutions in DMSO at a concentration of 10 mM. The β-actin antibody and phospho-specific 

antibodies to ERK1/2 and p38 were obtained from Cell Signaling Technology (Danvers, 

MA). Halt phosphatase and protease inhibitor mixtures and the BCA protein assay kit were 

from Thermo Scientific (Rockford, IL). All solvents used were HPLC or Optima grade and 
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were purchased from Fischer Scientific (Fair Lawn, NJ). Indo-1 AM was purchased from 

Invitrogen (Eugene, OR). Other chemicals used in this study were obtained from Sigma 

Aldrich (St. Louis, MO). The human bronchoalveolar lavage fluid (hBALF) at a 

concentration of 25 µM phospholipid was a gift from Dr. Dennis Voelker.

Preparation of lipids and stimuli for experiment

A stock zymosan solution was prepared for these experiments as described previously.20 

Before each experiment, the stock solution of zymosan was passed through a 25G needle 

15–20 times in order to decluster the particles. Ozone was generated by sending oxygen (1 l/

min) through a high voltage source and ozonolysis of POPG was carried out by dissolving 

POPG in HBSS with Ca2+/Mg2+ and bubbling ozone through the solution for 3 min. After 

ozonolysis, the ozonized POPG (ozPOPG) products were isolated using a modified Bligh 

Dyer extraction21 and characterized using electrospray mass spectrometry (see below). Prior 

to the addition to cells, oxidized PC standards, POPC and ozPOPG were taken to dryness 

under a stream of N2 and resuspended in HBSS with Ca2+/Mg2+. In addition, some 

experiments were performed where 16:0/9al-PC was directly resuspended in hBALF. The 

lipid solution was vortexed vigorously and sonicated for 5 minutes in a bath sonicator 

(Avanti Polar Lipids, Alabaster, AL).

Murine RPM and AM isolation and stimulation

Murine RPM20 and AM22 were isolated as previously described, plated on tissue culture 

treated 48-well plates at a density of 0.75×106 cells per well (RPM) and 0.5 ×106 cells per 

well (AM), and incubated at 37°C in a 5% CO2 incubator for 2h. Nonadherent cells were 

removed after the 2h incubation by rinsing twice with 0.5 ml calcium- and magnesium-free 

HBSS. To the adherent cells, HBSS with Ca2+/Mg2+, various amounts of oxidized lipid (as 

indicated in the text and figure legends), and zymosan (25 particles/cell) were added to 

achieve a final volume of 200 µl per well. These cells were incubated in a 37°C in a 5% CO2 

incubator for 1h. In certain cases, the total cells isolated from the peritoneal cavity 

(macrophages and lymphocytes; ~50/50) were treated in suspension (1×106 cells/ml in 

HBSS with Ca2+/Mg2+) with oxidized lipid and zymosan at 37°C for one hour. For certain 

experiments, MAPK pathway inhibitors, including SB202190, U0126, and SP600125, were 

added at a concentration of 10 µM to RPM 30 min prior to oxidized lipids and the 

appropriate vehicle controls were used. The reactions were terminated by the addition of ice 

cold methanol (200 µl) containing 1 ng each of internal standards d4-LTB4, d4-PGE2, d4-

TXB2 and d8-5-HETE and 2 ng each of d5-LTC4 and d8-AA. In order to assess toxicity, a 

trypan blue exclusion assay was performed and 88% of the RPM were alive after 1 hour of 

treatment with 37.5 µM 16:0/9al-PC, which was similar to the cell viability results of RAW 

264.7 cells exposed to 16:0/9al-PC.8

Eicosanoid extraction and analysis by reverse phase HPLC and ESI-MS/MS

Samples were diluted with water to a concentration of 10% methanol and then extracted 

using a solid phase extraction cartridge (Strata-X 33µ Polymeric Reversed Phase, 60 mg/ml; 

Phenomenex, Torrance, CA). The eluate was dried down under N2 and resuspended in 20 µl 

HPLC solvent B (acetonitrile/methanol, 65/35, v/v) and 40 µl HPLC solvent A (8.3 mM 

acetic acid adjusted to pH 5.7 with ammonium hydroxide). Half of each sample was injected 
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onto a C18 HPLC column (Kinetex, 50×2.1 mm, 5µ, Phenomenex, Torrance, CA) and eluted 

with a linear gradient from 25%B to 75%B in 8 minutes, from 75%B to 98%B in 1 minute 

and followed by an isocratic hold at 98%B for 5 minutes. Detection of eicosanoids eluting 

from the column was accomplished using an AB Sciex 5500 triple quadrupole linear ion trap 

hybrid mass spectrometer in negative ion mode by multiple reaction monitoring (MRM). 

The specific MRM transitions used for monitoring eicosanoids of interest were m/z 
319→115 for 5-HETE, m/z 327→116 for d8-5-HETE, m/z 335→195 for LTB4 and 6-trans-

LTB4 isomers, m/z 339→197 for d4-LTB4, m/z 624→272 for LTC4, m/z 629→272 for d5-

LTC4, m/z 351→271 for PGE2, m/z 355→275 for d4-PGE2, m/z 353→193 for PGF2α, m/z 
369→169 for TXB2, m/z 373→173 for d4-TXB2, m/z 369→169 for 6-keto-PGF1α, m/z 
303→259 for AA, and m/z 311→267 for d8-AA. Quantitation was performed using 

standard isotope dilution with a standard curve for each analyte ranging from 30 pg to 30 

ng.23

ESI-MS of ozPOPG

Ozonized POPG was infused into an AB Sciex 3000 triple quadrupole mass spectrometer at 

a flow rate of 10 µl/min. The concentration of the sample was approximately 500 nM in 

methanol:acetonitrile:water (60:20:20) with 1 mM ammonium acetate. The relevant 

experimental parameters in the negative ion mode for both full scan and collision-induced 

dissociation experiments were an electrospray voltage of −4800 V and a declustering 

potential of −65 V. The collision-induced dissociation mass spectra of the ozPOPG products 

were acquired with a collisional offset of 40 V.

Calcium flux

Peritoneal cavity cells (RPM and lymphocytes; ~50/50) at a concentration of 10×106/ml in 

HBSS with 0.5% fatty acid-free BSA were loaded with 2 µM indo-1 AM for 30 min at 37°C. 

Cells were rinsed two times and resuspended in HBSS buffer with 0.05% fatty acid-free 

BSA and kept on ice until flow cytometry was performed. For the calcium assay, the fatty 

acid-free BSA was removed from 1×106 cells by centrifugation and the cells were 

resuspended in 0.5 ml HBSS buffer. Just before the assay, propidium iodide (to monitor 

permeabilization) was added at a final concentration of 1 µg/ml. Intracellular calcium 

changes were monitored by the change in Indo2/Indo1 fluorescence (LSR II, Becton 

Dickinson, Franklin Lakes, NJ) following stimulation with 16:0/9al-PC (7.5–75 µM final 

concentration). Additionally, the positive controls used in this study were PAF (100 nM final 

concentration) and ATP (100 µM final concentration).24,25 All results shown are 

representative of three independent experiments.

Immunoblotting of phosphorylated MAPKs

After incubation with appropriate stimulus as described above, RPM were rinsed twice with 

ice cold PBS and scraped into an ice cold modified RIPA buffer (50 mM Tris-HCl, pH 8.0, 

150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, 1 mM EGTA, and 

1 mM EDTA) containing protease and phosphatase inhibitors. The cell lysates were 

incubated on ice for 15 minutes and centrifuged at 11,000 × g for 10 min at 4°C. The protein 

content of each sample was determined using a BCA assay. After the addition of Laemmli 

buffer, the cell lysates were boiled for 5 min and lysates containing equal amounts of protein 
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(12 µg) were separated by 10% SDS-PAGE. After transfer to a nitrocellulose membrane, 

samples were incubated in blocking buffer (20 mM Tris HCl, pH 7.6, 137 mM NaCl, 0.05% 

Tween with 5% nonfat milk) for 1h and then incubated overnight with phospho-specific 

antibodies against ERK1/2 and p38 MAPK. The membranes were then incubated with 

horseradish peroxidase-conjugated secondary antibody (1:5000) for 1h at room temperature. 

The membrane was reblotted with an anti-β-actin antibody as an internal control. The 

immunoreactive proteins were detected using the Amersham Biosciences ECL system (GE 

Healthcare).

Statistical analysis

The data is expressed as the mean ± standard error of the mean from independent 

experiments. All the p-values were calculated using an unpaired, two-tailed t-test (GraphPad 

Software, San Diego, CA).

RESULTS

5-LO is activated by 16:0/9al-PC in RPM and AM

Incubation of RPM with 16:0/9al-PC (0–150 µM) for one hour resulted in the production of 

5-LO-derived eicosanoids (LTC4, 6-trans-LTB4, LTB4, and 5-HETE) (Figure 1A) with LTC4 

being the most abundant leukotriene product (Figure 1A inset). The production of 5-LO-

derived eicosanoids initiated by 16:0/9al-PC in RPM was dose dependent with a significant 

production of leukotrienes observed even at the lowest dose of 16:0/9al-PC (7.5 µM), while 

the addition of POPC (0–150 µM) to RPM did not result in the production of leukotrienes 

(Figure 1A). In contrast, the dose response of the production of COX-derived eicosanoids 

(TXB2 and PGE2) in RPM for one hour revealed that the levels of COX-derived eicosanoids 

did not change from basal levels in the presence of either 16:0/9al-PC or POPC (Figure 1B). 

The AA released from RPM after the 1h incubation with 16:0/9al-PC or POPC was also 

measured and it was determined that the levels of AA do not change upon treatment of RPM 

with either lipid (Figure S1). Additionally, the 16:0/9al-PC standard (37.5 µM) was added to 

RPM in hBALF, which contains both lipids and protein, in order to mimic the environment 

that these lipids would experience in the lung. The 5-LO pathway was activated in RPM by 

16:0/9al-PC in the presence of hBALF, however the amount of 5-LO products detected was 

half that observed when 16:0/9al-PC was added to RPM in HBSS (Table 1). Furthermore, 

other oxidized lipids (37.5 µM) including, 16:0/9COOH-PC, 16:0/5al-PC, 16:0/5COOH-PC, 

and ozPOPG, which is a mixture of 16:0/9al-PG and 16:0/9COOH-PG (Figure S2), were 

incubated with RPM for 1h and each of these different oxidized lipids resulted in production 

of 5-LO metabolites (Table 1). The amount of 5-LO metabolites observed when these 

oxidized lipids (16:0/9COOH-PC, 16:0/5al-PC, 16:0/5COOH-PC, and ozPOPG) were 

incubated with RPM was less than that observed for 16:0/9al-PC, but significantly above the 

POPC negative control. The effect of 16:0/9al-PC on AM was also examined and it was 

found that the level of 5-LO-derived eicosanoid products observed in AM was similar to that 

observed in RPM in the presence of 16:0/9al-PC, while the COX-derived eicosanoids 

remained at basal levels (Table 1).
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Eicosanoid synthesis is influenced by pretreatment with 16:0/9al-PC in zymosan 
stimulated RPM and AM

RPM produce TXB2 and PGE2 as well as LTC4 and low levels of 5-HETE and LTB4 when 

stimulated with zymosan.26,27 The total 5-LO products observed in RPM exposed to 

zymosan for 1h were 7.35±0.84 ng, while the total COX products present in the sample were 

2.49±0.33 ng (Table 1). The production of 6-keto-PGF1α was observed in these studies but 

was not quantitated, however the trends observed were consistent with that observed for 

PGE2 and TXB2. Increased production of 5-LO-derived eicosanoids was observed with 

16:0/9al-PC (7.5–75 µM) pretreatment 3 minutes before the addition of zymosan compared 

to no lipid pretreatment (0 µM) or to pretreatment with POPC (7.5–75 µM) (Figure 2A). 

Pretreatment of RPM with POPC (7.5–150 µM) 3 min prior to zymosan addition did not 

alter the production of 5-LO-derived eicosanoids compared to no lipid pretreatment (0 µM) 

(Figure 2A). The optimal effect of pretreatment of RPM with 16:0/9al-PC prior to zymosan 

addition was achieved at 15 µM with approximately 3.2 times more total 5-LO products 

(23.7±2.1 ng) compared to no lipid or POPC pretreatment (Figure 2A). Furthermore, 

significant enhancement in the production of 5-LO-derived eicosanoids in zymosan treated 

RPM was observed at doses of 16:0/9al-PC as low as 7.5 µM (Figure 2A). In contrast, a dose 

dependent decrease of COX-derived eicosanoids was observed with 16:0/9al-PC 

pretreatment 3 minutes before the addition of zymosan to RPM compared to both no lipid 

and POPC pretreatment (Figure 2B). Pretreatment of RPM with POPC (7.5–150 µM) 3 min 

prior to zymosan addition did not alter the production of COX-derived eicosanoids 

compared to no lipid pretreatment (0 µM) (Figure 2B). The greatest effect of 3 minute 

pretreatment with 16:0/9al-PC was observed at the highest dose studied with approximately 

8.5 times less total COX products (0.29±0.03 ng) for 16:0/9al-PC (Figure 2B) compared to 

zymosan alone or a 3 minute POPC pretreatment. A significant reduction of COX-derived 

eicosanoids produced by zymosan stimulation in RPM was observed at doses of 16:0/9al-PC 

as low as 15 µM (Figure 2B). AA release was also measured in the supernatants of RPM 

pretreated with 16:0/9al-PC for 3 min before the addition of zymosan for 1h and the AA 

levels did not significantly change compared to no lipid pretreatment or a 3 min POPC lipid 

pretreatment (Figure S3). Additionally, 16:0/9al-PC was added to RPM either before, after, 

or at the same time as zymosan and the effect on eicosanoid production was established. 

Whether 16:0/9al-PC was added to RPM up to 10 minutes before, at the same time or up to 

10 min after the zymosan stimulus, a significant increase in the production of 5-LO-derived 

eicosanoids and a decrease in production of COX-derived eicosanoids was observed (Figure 

S4). The most dramatic effects were detected when RPM were pretreated for 10 min with 

16:0/9al-PC before zymosan addition, however the pretreatment time that resulted in 

maximal 5-LO activation was not determined.

When RPM were pretreated for 3 min with 16:0/9al-PC in hBALF and subsequently 

stimulated with zymosan for 1h, the 5-LO derived eicosanoid products were increased and 

the COX-derived eicosanoids were decreased compared to zymosan alone in hBALF (Table 

1). The addition of zymosan or 16:0/9al-PC and zymosan in hBALF decreased eicosanoid 

production compared to addition of these stimuli in buffer (Table 1). Likewise, when other 

oxidized lipids (16:0/9COOH-PC, 16:0/5al-PC, 16:0/5COOH-PC, and ozPOPG) were used 

to pretreat RPM before zymosan addition, an increased production of 5-LO-derived 
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eicosanoids with a concomitant decrease in COX-derived eicosanoids was observed (Table 

1). The effect of pretreatment with 16:0/9al-PC before zymosan on the eicosanoid 

production was also examined in AM. The production of 5-LO-derived eicosanoids was 

enhanced in AM when pretreated with 16:0/9al-PC for 3 min before the addition of 

zymosan, while the COX-derived eicosanoids were decreased which was similar to what was 

observed in RPM (Table 1).

Intracellular Ca2+ levels are not influenced by 16:0/9al-PC in RPM

Since calcium plays a crucial role in the activation of enzymes in the leukotriene synthesis 

pathway, the effect of 16:0/9al-PC on intracellular calcium levels was studied in cells 

isolated from the peritoneal cavity (lymphocytes and macrophages) loaded with indo-1 AM 

along with simultaneous staining with propidium iodide to detect permeabilization of the 

plasma membrane. PAF (100 nM) or ATP (100 µM) were added to indo-1 AM loaded cells 

and in both cases a receptor mediated calcium response was observed along with no 

membrane permeabilization (Figure S5). In contrast, when 16:0/9al-PC (7.5–75 µM final 

concentration) was added to indo-1 AM loaded cells, a calcium response was not elicited 

(Figure S5) and these doses did not cause membrane permeabilization (data not shown). 

Therefore, it was concluded that modulation of calcium signaling was not the cause of the 

activation of the 5-LO pathway in cells by 16:0/9al-PC. Additionally, the eicosanoids 

produced by the incubation of the total cells isolated from the peritoneal cavity in suspension 

with oxidized lipid were analyzed and the trends were identical to those observed in 

adherent macrophages (data not shown).

Effect of 16:0/9al-PC on the phosphorylation of MAPK

The effect of 16:0/9al-PC on phosphorylation of MAPKs, which is an important step in 5-

LO activation, was examined using MAPK pathway inhibitors. As shown in Figure 3A, 5-

LO eicosanoid production in RPM by 16:0/9al-PC after 1h was significantly reduced by 

60% in the presence of a p38 MAPK inhibitor (SB202190) and by 37% with a MEK/ERK 

inhibitor (U0126). However, the JNK inhibitor (SP600125) did not have a significant effect 

on 5-LO eicosanoid production in RPM by 16:0/9al-PC (Figure 3A). While both the p38 

MAPK and MEK/ERK inhibitors did result in reduced levels of 5-LO-derived eicosanoids in 

the presence of 16:0/9al-PC, neither inhibitor completely returned the total 5-LO product 

levels to basal levels. Additionally, the production of 5-LO-derived eicosanoids in RPM in 

the presence of both 16:0/9al-PC and zymosan for 1h was significantly reduced by 65% in 

the presence of the p38 MAPK inhibitor and by 71% with the MEK/ERK inhibitor (Figure 

3B). Individually each of these inhibitors reduced the levels of 5-LO derived eicosanoids to 

that observed in RPM stimulated with zymosan alone (Figure 3B). The presence of the JNK 

inhibitor did not affect the production of 5-LO eicosanoids in RPM in the presence of both 

16:0/9al-PC and zymosan (Figure 3B). This data suggested a possible role of p38 MAPK 

and ERK1/2 in the activation of the 5-LO pathway by 16:0/9al-PC in RPM.

The activation of p38 MAPK and ERK1/2 pathways was examined using Western blots with 

antibodies to phosphorylated forms of p38 MAPK and ERK1/2. These particular 

experiments were performed after incubation of RPM with stimuli for 30 min since 

phospho-p38 and phospho-ERK1/2 signals were maximal at this time (data not shown). The 
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same trends in 5-LO production as described above at 1h were observed at 30 min (Figure 

S6). This Western blot data demonstrated the phosphorylation of both p38 and ERK1/2 after 

the addition zymosan alone or 16:0/9al-PC and zymosan in RPM after 30 min. (Figure 4). 

However, after stimulation of RPM with 16:0/9al-PC phosphorylation of p38 MAPK was 

observed whereas activation of the ERK1/2 was not detected (Figure 4). This data suggests 

that phosphorylation of the p38 MAPK pathway mediates activation of the 5-LO pathway 

by16:0/9al-PC in RPM.

DISCUSSION

Due to the limited aqueous stability and the chemical reactivity of ozone it has been 

suggested that pulmonary surfactant serves as the primary target of inhaled ozone and is the 

most likely site for formation of ozonized products.1 In order for 16:0/9al-PC to be produced 

in appreciable amounts, the precursor lipids must be present in the pulmonary surfactant in 

significant amounts. Human pulmonary surfactant contains 90% lipid with the phospholipid 

content in the range of 40–70 mM.3 Phosphatidylcholine (PC) lipids are the most prevalent 

class of lipids in pulmonary surfactant and are present at roughly 80% of the total 

phospholipid.28 By far, the two most abundant phospholipids in pulmonary surfactant that 

will react with ozone are POPC and palmitoyl-palmitoleoyl-PC (PPoPC), which are present 

at 20% of the total PC (7–11 mM) in pulmonary surfactant.29 Both of these PC lipids have 

palmitic acid esterified to the sn-1 position of the glycerol backbone and a monounsaturated 

fatty acid with the double bond at C9 esterifed at the sn-2 position of the glycerol backbone. 

Upon exposure to ozone, POPC and PPoPC both result in the formation of 16:0/9al-PC as 

the major product.30 The second most abundant phospholipid class in pulmonary surfactant 

is phosphatidylglycerol (PG) lipids, which comprises 10% of the total phospholipid, with 

POPG as the predominant molecular species.29 Similar to the reaction of POPC and PPoPC 

with ozone, the prevalent product observed upon reaction of POPG with ozone is 16:0/9al-

PG (Figure S2). Even though the reported levels of oxidized PC lipids in lung surfactant 

after ozone exposure or cigarette smoke are in the nM concentration range,48 most studies 

that have probed the biological effects of oxidized phospholipids in various biological 

systems have used concentrations in the µM range similar to this study.31–36 This lipid 

concentration can be justified because many inhaled agents, such as ozone, initiate oxidative 

stress and could result in relatively high concentrations of oxidized lipids locally.37 In order 

to achieve concentrations of oxidized PC at µM levels in pulmonary surfactant less than 

0.5% of the total precursor PC lipids (POPC and PPoPC) would need to be converted to 

active product and accumulate in the lung. Additionally, the critical micellar concentration 

of 16:0/9al-PC has been measured at 22 µM and considerable activation of the 5-LO 

pathway was observed below this concentration (Figures 1 and 2).38 Furthermore, the 

toxicity of 16:0/9al-PC was addressed in this study using a trypan blue exclusion assay and 

it was found that 88% of the macrophages were alive after treatment with the oxidized lipid 

for one hour, which correlates with a previous study which found that the viability of 

macrophages was not affected by treatment with 16:0/9al-PC (up to 40 µM).8

Previously, it has been proposed that lipid-ozone products found in surfactant exposed to 

ozone can act as mediators of ozone toxicity in the lung since they are small, diffusible, and 

relatively stable.2 Alveolar macrophages are also present in the pulmonary surfactant and 
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provide the first line of defense against inhaled antigens and play a key role in regulating 

inflammation in the lung. Additionally, it has been found that after ozone inhalation, the 

number of macrophages in the surfactant is increased.39 It is therefore a reasonable 

hypothesis that the oxidized lipid products would primarily encounter alveolar macrophages 

and therefore the effects of oxidized lipids were examined in macrophages. In the current 

study mouse RPM were used for most of the experiments because the yield of AM from 

bronchoalveolar lavage is relatively low (~0.5×106/mouse) and many mice would have had 

to be sacrificed in order to complete the experiments described in this manuscript. 

Additionally, it was preferred to use primary cells since these cells have an endogenous 

distribution of phospholipids compared to immortalized cell lines that are typically severely 

depleted in PUFAs. The effect of oxidized lipids on the eicosanoid pathway was examined 

because as described below a limited number of studies have indicated activation of the 

eicosanoid pathway by either ozone or oxidized phospholipid products in cultured cell lines 

relevant to the lung, but the effect of oxidized phospholipid products on the eicosanoid 

pathway of macrophages has not been previously described.

Previously studies have reported that a wide variety of eicosanoids (PGE2, PGD2, PGF2α, 

TXB2, LTB4, HETEs, and LTC4) are increased in the bronchoalveolar lavage fluid following 

ozone exposure.40–46 Reports also have been published on the production of eicosanoids 

(TXB2, PGE2, cysteinyl leukotrienes, and LTB4) upon the exposure of airway and tracheal 

epithelial cells to ozone.47,48 Other studies have shown that ozone exposure increases 

eicosanoid production upon activation of the eicosanoid pathway by calcium ionophore in 

AM and airway segments.44,49 More relevant to the work reported herein, the effects of 

ozonized lipid products on activation of the eicosanoid pathway have been examined to 

some extent. Arachidonic acid release by BEAS-2B cells and PGE2 production in primary 

human bronchial epithelial cells were observed in the presence of the ozonized lipid product, 

16:0/9al-PC.7,19 Additionally, the ozonolysis products of membrane fatty acids, unsaturated 

C3-, C6-, and C9-aldehydes released from phospholipids upon ozone exposure, induced the 

release of AA and the subsequent formation of PGE2, PGF2α, and 15-HETE in human 

airway epithelial cells.50 A common theme in these studies is that the mechanism of how 

ozone or ozonized lipid products exert their effect on the eicosanoid pathway remains 

unknown.

In the current studies, it was found that 16:0/9al-PC, as well as other oxidized phospholipids 

(Table 1), activates the 5-LO pathway in RPM (Figure 1). The first step in the leukotriene 

pathway is release of arachidonic acid from a glycerophospholipid via the action of cPLA2α 
and AA is transformed into LTA4, which is a precursor of LTB4 and LTC4, through the 

action of 5-LO/FLAP.10,12 A key step in both the cPLA2α and 5-LO enzymatic mechanism 

is the translocation of the enzyme to intracellular membranes. Elevation of intracellular 

calcium levels drives the translocation of both cPLA2α and 5-LO to intracellular membranes 

and is a key step in the enzymatic mechanisms of both enzymes.12 Therefore, the effect of 

16:0/9al-PC on AA release and intracellular calcium levels was examined. Even though AA 

release by oxidized phospholipids in various types of cultured cells has been described,19,51 

our results do not indicate a measurable increase in AA levels in RPM treated with 16:0/9al-

PC (Figure S1). However, it is possible that 16:0/9al-PC does increase the amount of free 

AA at a local subcellular region, but could not be observed since we measured the total free 
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AA in the macrophage. Next, the influence of 16:0/9al-PC on intracellular calcium levels 

was probed using the fluorescent indicator, indo-1 AM. Previously, both PAF and lyso-PC 

have been shown to elevate intracellular calcium levels in thioglycollate elicited peritoneal 

macrophages,25 oxLDL has been shown to increase intracellular calcium concentrations in 

RPM,52 and oxPAPC has been shown to induce elevation of calcium levels in human 

endothelial cells.32 However, a calcium response was not elicited when 16:0/9al-PC was 

added to indo-1 AM loaded cells isolated from the peritoneal cavity, which leads to the 

conclusion that modulation of calcium signaling was not the cause of the activation of the 5-

LO pathway observed in these studies.

In addition to calcium-mediated activation, 5-LO can be regulated through protein 

phosphorylation. Activation of the 5-LO pathway can occur by phosphorylation at Ser271 by 

a p38 MAPK dependent pathway or at Ser663 by an ERK2 dependent pathway.15,16 

Depending on the cell type, the p38 MAPK or ERK pathway can stimulate 5-LO activity 

under conditions that do not lead to increases in intracellular calcium levels and result in 

translocation to the nuclear membrane.17,18 In contrast, phosphorylation of Ser523 by PKA 

results in the inhibition 5-LO activity.53 Previous studies have demonstrated that oxidized 

phospholipids, specifically oxPAPC, have the ability to activate a number of protein kinase 

pathways.32,54,55 Additionally, it has been found that activation of p38 MAPK and ERK1/2 

pathways occurs in mouse macrophages upon exposure to the membrane fatty acid oxidation 

products, 4-hydroxynonenal and acrolein, which results in 5-LO activation and production of 

leukotrienes.56–58

The effect of 16:0/9al-PC in RPM on the MAPK pathways involved in 5-LO activation was 

assessed using a specific p38 MAPK inhibitor (SB202190), a specific MEK/ERK inhibitor 

(U0126), and the non-specific JNK inhibitor (SP600125).59,60 It was found that both the p38 

MAPK and MEK/ERK inhibitors significantly reduced 5-LO-derived eicosanoid production 

in RPM with 16:0/9al-PC (Figure 3). The JNK inhibitor did not have an effect on 5-LO 

production by in RPM treated with 16:0/9al-PC. In parallel, it was also found that 16:0/9al-

PC induced the production of phospho-p38 in RPM, but not phospho-ERK1/2 (Figure 4). 

MAPK pathway inhibitors were also used in RPM treated with 16:0/9al-PC and zymosan. 

The amount of 5-LO products observed in RPM treated with 16:0/9al-PC and zymosan in 

the presence of the p38 MAPK and MEK/ERK inhibitors was reduced to levels observed 

with zymosan treatment (Figure 3B). The Western blot data indicated that phosphorylation 

of both p38 and ERK1/2 occurred in RPM when zymosan was used as a stimulus, which has 

been observed previously.61 The levels of phospho-p38 were increased and the levels of 

phospho-ERK1/2 were decreased in RPM treated with both 16:0/9al-PC and zymosan 

compared to zymosan alone (Figure 4). The phospho-p38 data correlates well with the 

amount of 5-LO products observed in 16:0/9al-PC (0.26±0.03 ng), zymosan (2.61±0.14 ng), 

and 16:0/9al-PC with zymosan (5.78±0.26 ng) in RPM (Figure S6). However, the phospho-

ERK1/2 does not reflect the trend observed in the 5-LO product formation. These results 

indicated that 16:0/9al-PC plays a role in the regulation of 5-LO activity and therefore 

leukotriene production via the p38 MAPK pathway in RPM. Additionally, this data 

correlates with previously published results that indicate that MAPK pathway activation 

enhances 5-LO activity and product formation in the presence of an additional stimulus, like 
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zymosan,15 and with the evidence that intracellular calcium levels do not need to be elevated 

for 5-LO activation to occur.17,18

In a previous study with RAW 264.7 cells, activation of the p38 MAPK pathway was not 

observed after treatment with 16:0/9al-PC for 48h.8 The discrepancy of our current results 

with this previous study is most likely explained by the different incubation times with 

16:0/9al-PC in these studies. In the current study, a time course was performed and it was 

found that maximal phospho-p38 and phospho-ERK1/2 signals were observed after 

exposure of RPM to 16:0/9al-PC for 30 min and that after 60 min the phosphorylation of 

both p38 MAPK and ERK1/2 had decreased by almost half. Therefore, it is not surprising 

that phosphorylation of the p38 MAPK was not observed in the previous study where cells 

were exposed to 16:0/9al-PC for 48h.

Another unexpected finding in the current studies was observation of an enhanced 

production of 5-LO derived eicosanoids with a concomitant decrease in the production of 

COX derived eicosanoids in RPM in the presence of 16:0/9al-PC and zymosan (Figure 2), 

which is unique and not previously described. Previously, studies with COX-1−/− and 

COX-2 mice suggested that PGE2 production formed in the response of RPM to zymosan 

occurs through COX-1 with very little contribution from COX-2.62 COX-1 is expressed 

constitutively, and is broadly distributed, and the main regulator of this enzyme is the 

availability of substrate, AA (11). This enzyme is located on the endoplasmic reticulum, the 

Golgi apparatus, and the associated nuclear envelope.63 It is possible that the level of free 

AA at the nuclear membrane, where 5-LO pathway enzymes are located, is increased in 

RPM treated with 16:0/9al-PC which could account for the increase of 5-LO products. 

Conversely, the decrease in COX products could reflect that the local concentration of free 

AA is not increased at the endoplasmic reticulum and the Golgi apparatus, where COX is 

located.

A limited number of experiments were completed with AM using a single concentration of 

16:0/9al-PC (37.5 µM) and it was determined that the response of AM to 16:0/9al-PC was 

similar to that observed in RPM with activation of the 5-LO pathway that resulted in the 

production of 5-LO metabolites (Table 1). Given that AM are quiescent cells and generally 

do not lead to a robust production of leukotrienes,64 this finding is quite remarkable and 

indicates that when oxidized lipids are present in lung surfactant that the resident alveolar 

macrophages can be activated to synthesize 5-LO products in the absence of any other 

stimulus. Additionally, a synergistic effect on 5-LO-derived eicosanoid production was 

observed in AM treated with 16:0/9al-PC and zymosan (Table 1). While the total amount of 

5-LO products was greater in RPM compared to AM, the general trends observed in both of 

these cells was similar. This could have implications in inflammatory pulmonary disease 

where it has long been established that 5-LO products play a contributory role in these 

diseases because these studies indicate that in the presence of oxidized lipid that AM 

become considerably more responsive. Additionally, this scenario is quite relevant in vivo as 

pulmonary pathogens will most likely be encountered in the lung in the presence of inhaled 

toxicants and oxidized phospholipids.
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In summary, this work focused on the unexpected finding that 16:0/9al-PC derived from 

reaction of ozone with lung surfactant phospholipids, both independently and in the presence 

of zymosan, profoundly influences eicosanoid production in both peritoneal and alveolar 

macrophages. For the first time, it was demonstrated that oxidized phospholipids cause an 

enhancement of the 5-LO pathway coupled to a concomitant inhibition of the COX pathway. 

From these studies, the mechanism of the influence of oxidized phospholipids on the 

regulation of 5-LO activity and therefore leukotriene production occurs through the p38 

MAPK pathway in RPM. These results reported herein provide another mechanism by 

which oxidized phospholipids, formed by the reaction of surfactant phospholipids with 

ozone, act in a proinflammatory fashion in the lung and may play a role in exacerbating 

pulmonary inflammatory diseases, such as COPD and asthma.
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ABBREVIATIONS

16:0/9al-PC 1-palmitoyl-2-(9’-oxo-nonanoyl)-glycerophosphocholine

5-LO 5-lipoxygenase

COX cyclooxygenase

AA arachidonic acid

cPLA2 cytosolic phospholipase A2

LTB4 leukotriene B4

PGH2 prostaglandin H2

FLAP 5-lipoxygenase activating protein

LTC4 leukotriene C4

PGE2 prostaglandin E2

TXB2 thromboxane B2

RPM resident peritoneal macrophage

AM alveolar macrophage

Zemski Berry and Murphy Page 13

Chem Res Toxicol. Author manuscript; available in PMC 2016 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16:0/9COOH-PC 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine

16:0/5al-PC 1-palmitoyl-2-(5'-oxo-valeroyl)-sn-glycero-3-

phosphocholine

16:0/5COOH-PC 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine

POPG 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol

hBALF human bronchoalveolar lavage fluid

ozPOPG ozonized 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoglycerol

PGF2α prostaglandin F2α

PC phosphatidylcholine

PPoPC 1-palmitoyl-2-palmitoleoyl-sn-glycero-3-phosphocholine

PG phosphatidylglycerol

oxPAPC oxidized 1-palmitoyl-2-arachidonoyl-sn-glycero-3-

phosphocholine

JNK c-Jun N-terminal kinase

MAPK mitogen-activated protein kinase

ERK1/2 extracellular signal-regulated protein kinases 1 and 2
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Figure 1. 16:0/9al-PC activates the 5-LO pathway in resident peritoneal macrophages
Dose response of the production of A) 5-LO products (LTC4, 6-trans-LTB4, LTB4, and 5-

HETE) and B) COX products (PGE2 and TXB2) with the addition of 16:0/9al-PC (closed 

squares) and POPC (closed triangles) to RPM for 1h at 37°C. The insets show the amounts 

of each individual 5-LO metabolite (LTC4, 6-trans-LTB4, LTB4, and 5-HETE) and COX 

metabolite (PGE2 and TXB2) produced with 75 µM 16:0/9al-PC treatment. After incubation, 

the eicosanoids (LTC4, 6-trans-LTB4, LTB4, 5-HETE, PGE2, and TXB2) were analyzed by 
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LC-MS/MS and quantified using standard isotope dilution. Results shown are averages ± 

SEM (n=3) from three independent experiments. * p< 0.05; ** p<0.01; *** p<0.0001.
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Figure 2. 16:0/9al-PC influences eicosanoid production in zymosan treated resident peritoneal 
macrophages
Dose response of the production of A) 5-LO products (LTC4, 6-trans-LTB4, LTB4, and 5-

HETE) and B) COX products (PGE2 and TXB2) with the addition of 16:0/9al-PC (closed 

squares) and POPC (closed triangles) for 3 min followed by the addition of zymosan (25 

particles per cell) to resident peritoneal macrophages for 1h at 37°C. After incubation, the 

eicosanoids (LTC4, 6-trans-LTB4, LTB4, 5-HETE, PGE2, and TXB2) were analyzed by LC-

MS/MS and quantified using standard isotope dilution. Results shown are averages ± SEM 

(n=3) from three independent experiments. * p< 0.05; ** p<0.01; *** p<0.0001.
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Figure 3. Effect of MAPK inhibitors on the production of 5-LO products in resident peritoneal 
macrophages
RPM were pre-incubated with the MAPK inhibitors (10 µM), SB202190 (SB; p38 MAPK 

inhibitor), U0126 (U; MEK/ERK inhibitor), and SP600125 (SP; JNK inhibitor), or vehicle 

control for 30 min and then stimulated with A) 16:0/9al-PC (37.5 µM) and B) 16:0/9al-PC 

(37.5 µM) and zymosan (25 particles/cell) for 1h. After incubation, the 5-LO-derived 

eicosanoids (LTC4, 6-trans-LTB4, LTB4, and 5-HETE) were analyzed by LC-MS/MS and 

quantified using standard isotope dilution. Results shown are averages ± SEM (n=3) from 

three independent experiments. * p< 0.05; ** p<0.01; *** p<0.0001.
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Figure 4. 16:0/9al-PC induces phosphorylation of p38 in resident peritoneal macrophages
RPM were treated with zymosan (25 particles/cell), 16:0/9al-PC (37.5 µM), or 16:0/9al-PC 

(37.5 µM) and zymosan (25 particles/cell) for 30 min. A) Cell lysates were collected and 

analyzed by Western blotting with antibodies to phosphorylated forms of p38 and ERK1/2 

and β-actin to normalize for equal loading. The data in this figure are representative of 3 

independent experiments. The optical densities measured for the control samples were set as 
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100% and the results shown for B) phospho-p38 and C) phospho-ERK1/2 are averages ± 

SEM (n=3) from three independent experiments. * p< 0.05; ** p<0.01; *** p<0.0001.
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Table 1

Quantitation of eicosanoid production in murine resident peritoneal macrophages (RPM) and alveolar 

macrophages (AM) after the addition of oxidized lipid (37.5 µM) for 3 min followed by the addition of 

zymosan for 1h at 37°C. Results shown are averages ± SEM (n=3).

Total 5-LO products#

(ng/106 cells)
Total COX products##

(ng/106 cells)

no zymosan with zymosan no zymosan with zymosan

RPM

  no lipid <0.03 7.35±0.84 0.03±0.01 2.49±0.33

  POPC <0.03ns 7.16±0.62ns 0.03±0.01ns 2.36±0.25ns

  16:0/9al-PC 0.29±0.03*** 19.4±2** 0.06±0.01ns 0.63±0.08***

  hBALF <0.03 2.92±0.34 0.04±0.01ns 1.32±0.12

  16:0/9al-PC + hBALF 0.15±0.03** 5.78±0.51** 0.05±0.02ns 0.41±0.06***

  16:0/9COOH-PC 0.11±0.01** 11.4±1.1*** 0.06±0.02ns 1.27±0.06**

  16:0/5al-PC 0.20±0.02*** 14.5±1.3*** 0.05±0.02ns 0.73±0.07**

  16:0/5COOH-PC 0.08±0.01** 6.79±0.44*** 0.04±0.01ns 1.32±0.09**

  ozPOPG 0.21±0.04*** 17.6±1.9*** 0.05±0.02ns 1.02±0.14**

AM

  no lipid <0.03 1.27±0.11 <0.03 0.14±0.03

  POPC <0.03ns 1.19±0.08ns <0.03ns 0.16±0.03ns

  16:0/9al-PC 0.25±0.04** 2.78±0.14** <0.03ns 0.07±0.01**

#
total 5-LO products – 6-trans-LTB4, LTB4, LTC4, and 5-HETE

##
total COX products – PGE2 and TXB2

hBALF – human bronchoalveolar lavage fluid

ns
p>0.05,

*
p<0.05;

**
p<0.01;

***
p<0.0001 compared to the appropriate no lipid control in same column
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