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The major phospholipid in pulmonary surfactant dipalmitoyl phosphatidylcholine (DPPC) has been
shown to modulate inflammatory responses. Using human monocytes, this study demonstrates that
DPPC significantly increased PGE2 (P < 0.05) production by 2.5-fold when compared to untreated
monocyte controls. Mechanistically, this effect was concomitant with an increase in COX-2 expres-
sion which was abrogated in the presence of a COX-2 inhibitor. The regulation of COX-2 expression
was independent of NF-jB activity. Further, DPPC increased the phosphorylation of the cyclic AMP
response element binding protein (CREB; an important nuclear transcription factor important in
regulating COX-2 expression). In addition, we also show that changing the fatty acid groups of PC
(e.g. using L-a-phosphatidylcholine b-arachidonoyl-c-palmitoyl (PAPC)) has a profound effect on
the regulation of COX-2 expression and CREB activation. This study provides new evidence for
the anti-inflammatory activity of DPPC and that this activity is at least in part mediated via CREB
activation of COX-2.

� 2008 Elsevier Inc. All rights reserved.
Pulmonary surfactant plays an important immuno-modula-
tory role within the lung [1,2]. It has been hypothesised that
pulmonary surfactant can suppress excessive inflammatory
responses to inhaled stimuli preventing tissue damage within
the lung and that alterations in surfactant composition are ob-
served in several inflammatory lung diseases [3,4]. Surfactant
lipids (which account for approximately 90% of surfactant by
weight) [5], have been shown to modulate a number of inflam-
matory responses in vitro [4,6]. The major lipid component in
surfactant is phosphatidylcholine (PC), of which 60% is in the
disaturated form dipalmitoyl phosphatidylcholine (DPPC) [7].
We have previously shown that surfactant lipids plays a role
in the production of a number of monocyte/macrophage inflam-
matory mediators including cytokines [8], reactive oxygen spe-
cies, [9] and platelet activating factor [10]. Previously, we have
shown that PC induced down-regulation of TNF-a in human
monocytes [8] possibly via increasing the production of PGE2

[8]. The enzyme that catalyses the conversion of arachidonic
acid to PGE2 is the inducible form of cyclo-oxygenase (COX-2)
[11]. COX-2 is expressed by activated macrophages and mono-
cytes and is over-expressed at sites of inflammation [12]. COX-2
may have both pro- and anti-inflammatory properties through
the generation of different prostaglandins [13]. COX-2 belongs
ll rights reserved.
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to a family of immediate response genes that do not require
precedent protein synthesis for their expression [14] and its
transcription is induced by the activation of a number of tran-
scription factors including nuclear factor kappa D (NF-jB) and
cAMP-response element binding protein (CREB). CREB exists in
cells as an inactive form but is activated by protein kinase A
phosphorylation on Ser-133 of its sequence [15].

The activation of monocytes/macrophages is an important step
in the initialisation of the events that can lead to many inflamma-
tory diseases, including inflammatory disease of the lung. Satu-
rated fatty acids have previously been shown to directly induce
the expression of COX-2 in a reaction mediated by the lipopoly-
saccharide (LPS) surface receptor toll-like receptor 4 (TLR4)
[16,17]. Currently, the mechanism of action for the effects of sur-
factant lipid on modulating inflammatory responses in monocytes
and macrophages remains largely unknown. In addition to PC
(containing mixed fatty acid species), this study demonstrates
that the disaturated form of PC can also increase PGE2 production
in human monocytes. This report demonstrates for the first time
that this DPPC-induced PGE2 synthesis is mediated via CREB acti-
vation and induction of COX-2 expression. Further, changing the
saturation of the fatty acid group of PC has profound effects upon
this mechanism. These results suggest that cellular expression of
COX-2 and other inflammatory markers in monocytes and macro-
phages may be differentially regulated by different species of
phospholipid.
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Results

The effect of DPPC on PGE2 synthesis and secretion in human
monocytes

Previously we have shown that surfactant phospholipids modu-
late TNF-a production in human monocytes and at the same time
increased the production of PGE2 [8]. In order to determine
whether the disaturated form of PC (DPPC; the major constituent
of surfactant) also had a similar effect, we incubated DPPC
(250 lg/ml) with human monocytes. When the human monocytic
cell line MM6 was incubated with DPPC for up to 8 h, there was
a significant production of PGE2 (2.5-fold) when compared to
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Fig. 1. DPPC induces PGE2 production and COX-2 protein expression in human
monocytes. (A) MM6 cells or PBMC were incubated with DPPC (250 lg/ml) for 0, 4
and 8 h and the PGE2 secreted measured by standard ELISA. As a positive control for
PGE2 synthesis and secretion, cells were treated with LPS (100 ng/ml) for 8 h. The
results are means ± SD of three separate experiments. *Denotes a significant incr-
ease in PGE2 secretion compared to cells treated for 0 h (ANOVA, Tukey’s pairwise
analysis). #Denotes a significant reduction in PGE2 secretion compared to cells tr-
eated for 8 h (ANOVA, Tukey’s pairwise analysis). (B) MM6 cells were treated with
DPPC (250 lg/ml) for 0, 30, 60 and 90 min and the COX-2 expression assessed by
Western blotting. As a positive control of COX-2 activation, cells were treated with
LPS (100 ng/ml) for 90 min. (C) Western blot of COX-2 expression was compared in
cells treated with DPPC for 90 min with treatment with the polyunsaturated lipid,
PAPC (250 lg/ml) for 90 min. Representative blots from three independent exper-
iments are shown.
untreated cells (Fig. 1A). Similarly, this effect was also observed
in primary peripheral blood monocytes (PBMCs) under identical
conditions (Fig. 1A). This data suggests the effects were not cell-
line dependent.

Addition of the specific COX-2 inhibitor NS-398 (10 lM) prior to
incubation with DPPC abrogated the release of PGE2 from MM6
cells when compared to untreated controls (Fig. 1A). This data sug-
gests that the effects of DPPC on PGE2 production are mediated at
least in part by COX-2. This study next investigated whether DPPC
alone could increase the expression of COX-2. MM6 cells were
treated with DPPC (250 lg/ml) for 0–90 min and COX-2 protein
expression was determined by Western blot. Fig. 1B shows that
DPPC increased COX-2 protein expression in a time dependent
manner. To investigate if the disaturated acyl groups in DPPC were
required for COX-2 induction, PAPC containing a polyunsaturated
acyl group at position 2 of the PC was also examined. In contrast
to DPPC, MM6 cells incubated with 250 lg/ml PAPC for 90 min
failed to increase COX-2 protein expression (Fig. 1C). Taken to-
gether these data suggest that the surfactant lipid DPPC may mod-
ulate inflammatory responses via COX-2 and the saturation of the
acyl species plays a role.
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Fig. 2. DPPC does not induce NF-jB activation. (A) MM6 cells were treated with
DPPC (250 lg/ml) for 0–90 min and the NF-jB p65/DNA binding activity measured.
MM6 cells were treated with 100 ng/ml of LPS for 60 min as a positive control of
NF-jB p65/DNA binding activity. Each result is the mean ± SD of four separate an-
alyses *Denotes a significant decrease in NF-jB p65/DNA binding activity compared
to cells treated for 0 h (ANOVA, Tukey’s pairwise analysis). (B) NF-jB activation was
inhibited with PDTC (10 lM) in MM6 cells treated with either DPPC or LPS for
120 min and their COX-2 expression determined by Western blot. (C) COX-2 exp-
ression as a percentage of the LPS-treated cells as determined by densitometric
image analysis.
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Fig. 4. DPPC enhances pCREB activity in MM6 cells. MM6 cells were incubated in
the presence or absence of (A) DPPC (250 lg/ml) for 0, 30, 45, 60 and, 90 min and
pCREB formation determined. As a positive control of CREB activation, cells were
stimulated with LPS (100 ng/ml) for 45 min. *Denotes a significant increase in pC-
REB activity compared with untreated controls (ANOVA, Tukey’s pairwise analysis).
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The effect of DPPC on transcription factors involved in COX-2
expression

The transcription of COX-2 is induced by the activation of a
number of transcription factors including NF-jB and CREB
[25,26]. NF-jB is a heterodimer of p65 and p50, which in unstim-
ulated cells, is localised to the cytoplasm. Upon activation, p65 het-
erodimer translocates into the nucleus where it binds to target
genes. The nuclear expression of p65 heterodimer is an indicator
of NF-jB activation [18]. DPPC (under similar conditions as above)
failed to induce NF-jB activation in MM6 cells (Fig. 2A), suggesting
that DPPC stimulates COX-2 transcription independently of NF-jB.
As a positive control, LPS induced NF-jB activity confirming that
these cells were responsive to inflammatory stimuli. To support
this data the effect of NF-jB inhibition on COX-2 expression was
investigated. Pyrrolidine dithiocarbamate (PDTC), an inhibitor of
NF-jB [19] did not abolish the production of PGE2 (data not shown)
or the expression of COX-2 in DPPC treated cells (Fig. 2B). Again,
LPS and PDTC treated cells were used as positive and negative
controls.

Alternatively, COX-2 expression is regulated via CREB [15]. To
assess the involvement of CREB in DPPC-induced COX-2 expres-
sion, MM6 cells were treated with CREB specific siRNA. Fig. 3
shows that DPPC-induced COX-2 expression was abolished in cells
treated with the specific siRNA for CREB-1. MM6 cells were also
incubated without siRNA and random scrambled siRNA as positive
and negative controls, respectively. This data suggests that CREB-1
is involved in this mechanism. To further substantiate this, we
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Fig. 3. Inhibition of CREB inhibits DPPC-mediated COX-2 expression. MM6 cells
were treated with siRNA for CREB or scrambled control siRNA and CREB expression
and DPPC-induced COX-2 expression determined by Western blotting (A). Repre-
sentative blots from three separate experiments are shown. (B) Densitometric
analysis.
measured the phosphorylated form of CREB as an indicator of
activity since the phosphorylation of CREB has been implicated in
the activation of COX-2 in a number of cell types [15,34,35]. Incu-
bation of MM6 cells with DPPC induced significant levels of pCREB
by 4-fold when compared to untreated cells (Fig. 4). This effect was
time dependent with maximal activation of the transcription factor
at 45 min (Fig. 4). In contrast, PAPC failed to induce pCREB activa-
tion in MM6 cells over the same time and dose range (Fig. 4.).

Discussion

Pulmonary surfactant lipids demonstrate immuno-regulatory
roles in addition to their effects on alveolar surface tension [1,2].
In particular, the major surfactant lipid, DPPC, has shown anti-
inflammatory activity in a number of cell types [4,8–11]. The
inflammatory response in the lungs could initiate or potentiate
the development of many inflammatory lung diseases, including
acute respiratory distress syndrome, cystic fibrosis, idiopathic pul-
monary fibrosis, and chronic obstructive pulmonary disease
(COPD) [3,20,21]. Therefore, understanding the mechanisms by
which inflammation is controlled in the lung is important to the
development of effective therapies for inflammatory lung disease.
In this study we have shown that the surfactant phospholipid DPPC
can up-regulate PGE2 production in human monocytes via CREB-1
mediated COX-2 activation. Although expression of COX-2 and
PGE2 have been reported in disorders associated with increased
levels of bronchial inflammation [22,23], it has increasingly been
shown that COX-2 has anti-inflammatory effects that are partly
mediated by prostaglandins such as PGE2 [24]. The anti-inflamma-
tory activities of PGE2 include inhibiting the release of proinflam-
matory cytokines such as TNF-a and IL-1b by macrophages and
T-cells and increasing IL-10 secretion by macrophages [25,26].

DPPC is the major phospholipid constituent of pulmonary sur-
factant and our group and others have shown they can modulate
inflammatory mediator production, including TNF-a, PAF and reac-
tive oxygen species [6,8–10]. However, the mechanisms leading to
these anti-inflammatory actions remain elusive. DPPC was previ-
ously found to inhibit proinflammatory responses independently
of p44/p42/p38 MAPK [27] and down-regulate the respiratory
burst through a mechanism that involved modulation of PKCd acti-
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vation [9]. Monocytes rapidly ingest surfactant after the lipid com-
ponents are incorporated into the plasma membrane [28]. Mea-
surements of membrane fluidity in surfactant-treated monocytes
in our laboratory revealed that DPPC incorporation significantly al-
ters membrane fluidity [10] suggesting interference with mem-
brane structure and function. Pinot and co-workers suggested
that a phospholipid-rich surfactant preparation modulates cAMP
accumulation in monocytes through a membrane-controlled
mechanism [29].

The present study has demonstrated that treatment of human
monocytes with DPPC (at physiologically relevant concentrations
[5,8]), is able to significantly increase PGE2 synthesis in the ab-
sence of any other stimulus. MM6 cells exhibit the phenotypic,
morphological and functional characteristics of mature mono-
cytes, the precursors of the alveolar macrophage [30] and pro-
vide an ideal model to study the regulation of inflammatory
responses. The ability of DPPC to induce PGE2 synthesis can
partly be explained by COX-2 induction. The activation of COX-
2 can be mediated by a number of transcriptional factors includ-
ing NF-jB, NFAT, CREB and cEBPb [15,31–33]. However, the spe-
cific factors involved in COX-2 activation depend on both the cell
type and the stimulus. Thus, NF-jB contributes to COX-2 induc-
tion in some, but not all cell types. In this study we show that
DPPC does not activate NF-jB and that DPPC-stimulated COX-2
expression is independent of NF-jB activity. In their study, Poli-
gone and Baldwin [24] reported that COX-2 was capable of
inhibiting NF-jB activity, which supported the enzymes anti-
inflammatory features. Further we also show that DPPC initiates
COX-2 expression by phosphorylation of CREB in human mono-
cytes. CREB is phosphorylated at serine 133 by protein kinase
A in response to cAMP leading to transcriptional activation of
genes whose promoters contain the CRE sequence [32]. Other ki-
nases capable of phosphorylating and activating CREB include
Ca2+/calmodulin-dependent kinase, Ras-dependent kinase (RSK-
2)/ MAP kinases, and PKC [33–35]. Thus, there are many poten-
tial targets and pathways through which DPPC could be activat-
ing CREB. Although we previously found no effect of DPPC on
MAPK phosphorylation [27] DPPC was seen to prevent PKC acti-
vation in monocytes [9] suggesting that PKC probably does not
activate CREB in these cells.

Eliopoulos et al. [15] demonstrated that the phosphorylation of
CREB by LPS in mouse macrophages is mediated through ERK sig-
nals that activate p90Rsk, Msk1 and the serine/threonine kinase
Tpl/Cot. As LPS, like DPPC, contains a substantial saturated lipid
component it is possible that the up-regulation of pCREB and hence
COX-2 observed in this study is mediated by a similar mechanism.
Interestingly, PAPC was unable to activate COX-2 suggesting that
the ability to activate COX-2 by lipids is related to their degree of
saturation. Hwang [16] and Lee et al. [17] were able to demon-
strate that saturated lipids present in the lipid A moiety of LPS
modulated the expression of COX-2 in a macrophage/monocyte
cells. Recently, it has been shown that CREB activation may be reg-
ulated by phosphatidylinositol 3-kinase (PI3K)-mediated inhibi-
tion of glycogen synthase kinase (GSK3) via Akt [36]. Activation
of CREB was shown to suppress NF-jB activation and promote
anti-inflammatory responses [36]. Our study supports the anti-
inflammatory bias of CREB activation in immune cells and suggests
that certain saturated lipid species, such as DPPC, may also regu-
late CREB activation to induce anti-inflammatory mechanisms
including COX-2 expression.

Materials and methods

Preparation of lipid media. L-a-Phosphatidylcholine dipalmitoyl (DPPC), L-a-
phosphatidylcholine b-arachidonoyl-c-palmitoyl (PAPC), were purchased from Sig-
ma Chemical Co. (Dorset, UK) and prepared as previously described [9].
Human monocyte cell culture. The human monocytic cell-line MonoMac-6
(MM6) was cultured as previously described [9]. The viability of MM6 cells exposed
to lipid was greater than 90% throughout. Human peripheral blood monocytes were
isolated from adult non-smoking volunteers who were not receiving any medica-
tion and gave informed consent, as previously described [9].

Determination of PGE2 release from human monocytes. Human monocytes
(1 � 106/ml), were suspended in RPMI media supplemented with DPPC (250 lg/
ml) for 0–8 h at 37 �C in 5% CO2 atmosphere. Monocytes were washed in sterile
PBS (3�), resuspended in supplemented RPMI and stimulated with LPS (100 ng/
ml for 6 h) as a positive control. Following incubation, cell supernatants were frozen
at �70 �C. PGE2 concentration was determined by ELISA according to the manufac-
turer’s instructions (R&D, Minneapolis, USA).

Effect of DPPC on COX-2 protein expression. MM6 cells (5 � 106/ml) were incu-
bated with DPPC (250 lg/ml) for 0–150 min or with PAPC (250 lg/ml) for
120 min, prior to washing in PBS (3�), cell lysis and protein extraction as previously
described [10,11]. Following electrophoresis and electroblotting, the nitrocellulose
membrane was probed for COX-2 expression (1:500 dilution, goat anti-human
COX-2, Santa Cruz Autogen Bioclear, UK) and detected as previously described [11].

Effect of NK-jD inhibition on COX-2 protein expression. MM6 cells (5 � 106) were
incubated with 100 lM of pyrrolidine dithiocarbamate (PDTC, Sigma; an inhibitor
of NF-jB) for 1 h followed by washing in PBS. Subsequently cells were incubated
with or without DPPC (250 lg/ml) for 120 min. Cells incubated with LPS, with or
without inhibitor were used as controls. COX-2 protein expression was determined
as above.

Effect of DPPC and PAPC incubation on NF-jD and pCREB activation. MM6 cells
(5 � 106) were incubated in the presence or absence of DPPC or PAPC (250 lg/ml)
for 0–90 min. As a positive control of p65 activation 5 � 106 cells were stimulated
with LPS (100 ng/ml) for 45 min. Following incubation, nuclear lysate samples were
prepared according to the manufacturer’s protocol (Active Motif, Rixenart, Bel-
gium). The protein concentration of the nuclear extract was measured and nuclear
activity of transcription factors quantified using TransAM enzyme-linked immuno-
sorbent assay (ELISA)-based kits specific for human NF-jB or phosphorylated
cAMP-responsive element binding protein (pCREB) (Active Motif, Europe, Rixenart,
Belgium), according to the manufacturer’s protocols. For NF-jB, equal amounts of
nuclear extracts were pipetted on 96-well plates coated with the immobilized oli-
gonucleotide containing the activated NF-jB consensus site (50-GGGACTTTCC-30)
and detected through the use of antibody directed against p65 subunit followed
by a secondary HRP-conjugated antibody to give a colorimetric reaction. For pCREB
estimation, nuclear extracts were placed in wells coated with immobilized oligonu-
cleotide containing the cAMP-responsive element site (50-TGACGTCA-30), followed
by incubation with an antibody recognizing the Ser-133-phosphorylated CREB.

CREB-1 siRNA transfection in MM6 cells. CREB-1 siRNA transfection was under-
taken using INTERFERinTM to deliver the siRNA duplexes. Cells were seeded the
day before transfection at 30% confluence and the count was adjusted to a count
of 200,000 in a volume of to 200 ll. CREB-1 siRNA is a pool of target specific 20–
25 nucleotide siRNA suitable for inhibiting CREB gene expression in human cells.
To optimise gene-silencing CREB-1 siRNA was added at a concentration range of
5, 10 and 20 nM for 48 and 72 h using 5 ll INTERFERinTM mixed with a 100 ll of ser-
um free medium. The INTERFERinTM siRNA mix was added to the cells mixed and
incubated at 37 �C. After 24 h, 0.7 ml of complete media was added and incubated
further. The expression of CREB-1 in these cells was determined using Western
blotting.

Statistical analysis. Two sample comparisons were performed using the Stu-
dent’s test. Comparison of more than two means was performed using ANOVA with
confidence intervals for all pairwise differences between level means calculated
using Tukey’s method. Minitab� v14 (Havertown, PA) was used for all analyses. Re-
sults were considered significant when P < 0.05 throughout.
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