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Inhibition of inflammatory responses
by FC-77, a perfluorochemical,
in lipopolysaccharide-treated RAW 264.7

macrophages

Abstract Objective: This study test-
ed whether FC-77, a perfluorochem-
ical, inhibits inflammatory responses
in lipopolysaccharide (LPS) stimu-
lated RAW 264.7 macrophages. The
possible anti-inflammatory mecha-
nisms involved were also investigat-
ed. Methods: RAW 264.7 macro-
phages were simultaneously incubat-
ed with pure FC-77 at final volume of
10% or 30% (v/v) and LPS (1 pg/ml)
for 12 or 24 h on a mechanical
shaker. In some tests FC-77 was ad-
ded after cells stimulated by LPS for
12 h. Then the levels of prostaglandin
E, (PGE,), tumor necrosis factor o
(TNF-a), and interleukins (IL)-15, -
6), and -10 were measured in medi-
um. Alterations in cyclooxygenase
(COX) 2 expression and nuclear
transcription factor (NF) xB activa-
tion in cells were also evaluated.
Results: Pre- or posttreatment with
FC-77 dose-dependently reduced the
LPS-induced TNF-a, IL-1, and IL-6

formation and enhanced IL-10 pro-
duction compared to LPS-stimulated
alone cells. FC-77 also attenuated the
LPS-induced PGE, formation ac-
companied by suppressing COX-2
expression, the degradation of cyto-
solic inhibitor of kB-o and NF-xB
activation. Conclusions: FC-77 in-
hibits inflammatory responses in
LPS-stimulated macrophages by a
mechanism that involves the attenu-
ation of NF-xB dependent induction
of COX-2/PGE, pathway and the
pro- /anti-inflammatory cytokine ra-
tio.

Keywords Perfluorochemicals -
Prostaglandin E, - Cyclooxygenase
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Introduction

Many studies have reported that partial liquid ventilation
with perfluorochemical (PFC) improves gas exchange and
pulmonary function in several models of lung injury [1,
2]. Using perflubron, a type of PFC, in partial liquid
ventilation could reduce the inflammatory responses of
trauma patients [3]. In addition, perflubron also suppres-
ses the production of reactive oxygen species (ROS) [4]
and malondialdehyde, an indication of lipid peroxidation,
as well as pro-inflammatory cytokines [5, 6], suggesting
that perflubron exerts an anti-inflammatory effect. How-

ever, perflubron is not available worldwide. FC-77, an-
other type of PFC, has relatively higher vapor pressure
and lower viscosity and less radiodensity than perflubron.
Theoretically FC-77 may evaporate from the lungs faster
than perflubron after finishing liquid ventilation, which
may be beneficial for faster recovery after liquid assisted
ventilation [7]. However, whether FC-77 has an anti-in-
flammatory effect is still unknown.

Overproduction of prostaglandin E, (PGE,) derived
from inducible cyclooxygenase (COX) 2 induced by li-
popolysaccharide (LPS) and/or proinflammatory cy-
tokines has been implicated in the pathogenesis of in-
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Fig. 1 Effect of FC-77 on PGE,
production in LPS-stimulated
RAW 264.7 macrophages. After
incubation of FC-77 with cells
in response to LPS (1 pg/ml) for
12 or 24 h the PGE, levels in
the medium were measured (A).
After cells were stimulated with
LPS (1 pg/ml) for 12 h, fresh
medium containing FC-77 and
cycloheximide (4 M) was ad-
ded, and the levels of PGE,

in medium were measured
after a further 12 h incubation
(B). The cells cultured with
DMEM alone acted as control
group. Values of each group
are expressed as mean +SEM
(n=6, each group). *p<0.05,
*#p<0.01, ***p<0.001 vs. re-
spective LPS-stimulated alone
cells
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flammatory diseases [8, 9]. Elevated proinflammatory
cytokine release by alveolar macrophages seems to be
correlated with poor outcome in patients with acute res-
piratory disease syndrome [10], suggesting that activated
macrophages are a major source of inflammatory medi-
ators. The present study examined whether the anti-in-
flammatory activity of FC-77 is associated with the sup-
pression of COX-2/PGE, pathway and cytokine formation
in LPS-stimulated RAW 264.7 macrophages. In addition,
the possible molecular mechanisms involved were also
investigated.

Materials and methods
Reagents

The FC-77 (chemical formula: C8F18, with a purity 100%) was
purchased from 3M company (St. Paul, Minn., USA). Antibodies of
COX-2 and IxB-o (Transduction Lab., Lexington, Ky., USA) as
well as a-tubulin antibody (Santa Cruz, San Francisco, Calif., USA)
were used in this study. Enzyme-linked immunosorbent assay Kkits
including PGE,, tumor necrosis factor (TNF) ¢, interleukin (IL) 6,
IL-1, and IL-10 were purchased from Biosource International
(Camarillo, Calif., USA). Escherichia coli derived LPS (E. coli
serotype 055:B5) was purchased from Sigma Chemical (St. Louis,
Mo., USA).

Cell culture

To prepare the tested solution of FC-77 (10% and 30%, v/v) pure
FC-77 (100%) was mixed with Dulbecco’s modified Eagle’s me-
dium (DMEM; v/v=1:9 or 3:7, respectively). Macrophages (1x10°
cells) were cultured in 24-well plates with a total volume of 600 ul
FC-77 tested solution (10% or 30%, v/v) per well in the presence or
absence of LPS (1 pg/ml). As FC-77 is not miscible with the me-
dium, cells incubated with FC-77 were shaken by using a me-
chanical shaker with gently agitation at 60 rpm [6]. After incuba-
tion for 12 or 24 h the medium was collected and centrifuged to
obtain the FC-77 free supernatants for the following PGE, and
cytokine assays, and cells washed twice with PBS buffer to remove
residual FC-77 were collected for western blot assay. To further
evaluate whether FC-77 has a therapeutic effect, after cells stimu-
lated with LPS (1 pg/ml) for 12 h, fresh medium containing FC-77
(10% or 30%, v/v) and cycloheximide (4 uM) was added and the
PGE, and cytokine levels of medium were measured after a further
12 h incubation. The cells cultured with DMEM alone acted as
control group.

Western blot analysis of COX-2

The COX-2 western blotting assay of cells was determined ac-
cording to our previously described method [11]. Expression of
COX-2 protein was detected by enhanced chemiluminescence re-
agent (Amersham, Buckinghamshire, UK) and quantified by den-
sitometry and normalized with respect to a-tubulin using Image-pro
plus software.

IxB-o western blotting

After incubation with LPS for 1 h in the presence or absence of FC-
77 the protein of cells was extracted and separated on 10% sodium
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Fig. 2 Effect of FC-77 on COX-2 protein expression in LPS-
stimulated RAW 264.7 macrophages. After incubation of FC-77
with cells in response to LPS (1 pg/ml) for 24 h the cells were
collected for COX-2 protein assay. The cells cultured with DMEM
alone acted as control group. Western blotting is representative of
five similar experiments. Values of each group are expressed as
mean +SEM. *#p<0.01, ***p<0.001 vs. LPS-stimulated alone cells

dodecylsulfate polyacrylamide gels and then transferred to
polyvinylidene difluoride membranes (Millipore, Bedford, Mass.,
USA). Membranes incubated with 5% (w/v) skim milk, the inhib-
itor (I) of xB-a and anti-a-tubulin antibody were then added. The
relative protein expression was quantified by densitometry as de-
scribed above.

NF-xB activation assay

After incubation with LPS for 1 h in the presence or absence of FC-
77 the nuclear protein fractions of cells were separated. Then nuclear
transcription factor (NF) kB kit (BD Biosciences Clontech, Palo
Alto, Calif., USA) was used to determine the activation of NF-xB.

Cell viability assay

Cell respiration, an indicator of cell viability, assessed by the mi-
tochondrial dependent reduction of 3-(4, 5-dimethylthiazol-2-yl)-
diphenyltetrazolium bromide to formazan, was quantified spec-
trophotometrically by measurement at ODss.

Statistical analysis

Data are expressed as means +SEM. All results were analyzed by
one-way analysis of variance followed by a multiple comparison
test (Scheffe’s test). A p value less than 0.05 was considered sta-
tistically significant.
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Fig. 3 Effect of simultaneous treatment with FC-77 on TNF-¢, IL-
18, IL-6, and IL-10 production in LPS-stimulated RAW 264.7
macrophages. After incubation of cells with LPS for 12 or 24 h in
the presence or absence of FC-77 the concentrations of TNF-a, IL-

Results

FC-77 (10% or 30%, v/v) added simultaneously with LPS
for 12 or 24 h (Fig. 1A) or added into cells stimulated by
LPS for 12 h (Fig. 1B) resulted in a dose-dependent in-
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1B, IL-6, and IL-10 in the medium were measured. The cells cul-
tured with DMEM alone acted as control group. Values of each
group are expressed as mean =SEM (n=6, each group). *p<0.05,
*#p<0.01, ***p<0.001 vs. respective LPS-stimulated alone cells

hibition in the LPS-induced PGE, production compared
to that of LPS-stimulated alone cells.

Incubation with FC-77 for 24 h significantly inhibited
the LPS-induced COX-2 protein expression (Fig. 2)
compared to that of LPS-stimulated alone cells.
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Fig. 4 Effect of posttreatment with FC-77 on TNF-q, IL-18, IL-6,
and IL-10 production in LPS-stimulated RAW 264.7 macrophages.
After cells were stimulated with LPS (1 pg/ml) for 12 h, fresh
medium containing FC-77 and cycloheximide (4 uM) was added,
and the levels of TNF-a, IL-18, IL-6, and IL-10 in medium were

FC-77 added simultaneously with LPS for 12 or 24 h
(Fig. 3) or added into cells stimulated by LPS for 12 h
(Fig. 4) caused a dose-dependent inhibition in TNF-a, IL-
18, and IL-6 formation but markedly enhanced the IL-10
formation compared to that of LPS-stimulated alone cells.

Treatment with LPS for 1 h resulted in a marked
degradation of cytosolic IxkB-a. FC-77 added simulta-
neously with LPS for 1 h prevented the cytosolic IkB-o
degradation compared to that of LPS-stimulated alone
cells (Fig. 5).
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measured after a further 12-h incubation. The cells cultured with
DMEM alone acted as control group. Values of each group are
expressed as mean +SEM (n=6, each group). *p<0.05, **p<0.01,
*##%p<0.001 vs. LPS-stimulated alone cells

When cells were treated with FC-77 for 1 h, the LPS-
induced formation of p50 and p65 NF-xB specific DNA-
protein complex in nuclear extracts was dose-dependently
inhibited (Fig. 6). In unstimulated cells FC-77 itself did
not affect these mediators tested, including the basal
PGE, and cytokines formation as well as COX-2, IxB-a
protein expression, and the activation of NF-xB (data not
shown).
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Fig. 5 Effect of FC-77 on the cytosolic IxB-a degradation in LPS-
stimulated RAW 264.7 macrophages. After incubation with LPS
for 1 h in the presence or absence of FC-77 the cytosolic protein of
cells was collected for IxB-a protein assay by western blotting.
Western blotting is representative of five similar experiments. The
cells cultured with DMEM alone acted as control group. Values of
each group are expressed as mean *SEM (n=5, each group).
>"£<0.05, *##%p<0.001 vs. LPS-stimulated alone cells; #p<0.01,
#1<0.001 vs. control cells

FC-77 did not significantly diminish cell respiration at
the solution studied (10% or 30%, v/v), with cell viability
more than 95% of controls.
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Fig. 6 Effect of FC-77 on nuclear NF-xB activation in LPS-stim-
ulated RAW 264.7 macrophages. After incubation with LPS for 1 h
in the presence or absence of FC-77 the nuclear extracts were
prepared for assaying the formation of pS0 and p65 NF-xB specific
DNA-protein complex by enzyme-linked immunosorbent assay.
The cells cultured with DMEM alone acted as control group.
Values of each group are expressed as mean +=SEM (n=5, each
§roup). #p<0.05, **p<0.01 vs. LPS-stimulated alone cells; *p<0.01,
#p<0.001 vs. control cells

Discussion

Proinflammatory cytokines including TNF-a, IL-6, IL-
13, and TNF-a increase greatly after exposure to LPS,
which in turn induces COX-2 expression [12]. Thus in-
hibition of these proinflammatory cytokines formation by
FC-77 may account for the reduction in COX-2/PGE,
pathway. Although we found that FC-77 inhibits IL-6
formation, the mechanisms involved are not well under-
stood. Previous studies have reported that the effects of
PGE, on IL-6 and TNF-o formation are contrary, induc-
ing IL-6 formation but inhibiting TNF-a production [13,
14]. Recent study further demonstrated that treatment of
anti-TNF antibody abolishes the LPS-induced IL-6 pro-
duction in vitro and in vivo while PGE, does not con-
tribute significantly to LPS-induced IL-6 generation [15].
Accordingly, we proposed that FC-77 inhibited LPS-in-
duced IL-6 formation is mainly secondary to the sup-
pression of TNF-a synthesis. Under inflammatory con-
ditions enhanced ROS formation may cause the release of
TNF-a and induction of COX-2, and treatment with an-
tioxidants reverses these inductions [16]. Our unpublished
data show that FC-77 dose-dependently inhibits the LPS-
induced hydrogen peroxide formation in RAW264.7
macrophages. Therefore the antioxidant activity of FC-77
may at least in part contribute to the inhibition in proin-
flammatory cytokines formation.

A novel finding in this study was that PC-77 also in-
creases the production of IL-10, which differs from the
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effect of perflubron [3]. IL-10 is a pleiotropic cytokine that
controls inflammatory process by suppressing the produc-
tion of proinflammatory cytokines, ROS, and PGE, for-
mation [17, 18, 19]. However, PGE, also can induce IL-10
release in macrophages [20]. Furthermore, administration
of antioxidant or inhibitor of nitric oxide synthase (NOS)
decreases the LPS-induced TNF-o and IL-183 generation
but enhances IL-10 formation [21, 22], suggesting that the
regulation of IL-10 is very complex. Our preliminary data
demonstrate that FC-77 significantly inhibits NO forma-
tion by suppressing inducible NOS expression in LPS-
stimulated RAW?264.7 macrophages. Thus the attenuation
of ROS and NO production by FC-77 may contribute to the
enhancement of IL-10 formation, which in turn leads to a
decrease in the proinflammatory/anti-inflammatory cyto-
kine ratio. Furthermore, pre- or posttreatment with FC-77
inhibited LPS-induced PGE, and proinflammatory cyto-
kine formation but increased IL-10 production, indicating
that FC-77 may be a potential preventive and therapeutic
agent for inflammatory diseases.

To further investigate the molecular mechanism in-
volved we evaluated the alteration in NF-xB activation.
NF-«xB, a p50/p65 heterodimer, is a key nuclear tran-

scription factor for regulating induction of COX-2 and
proinflammatory cytokines [23]. Once activated by LPS,
the IxB-a/NF-kB complex in cytoplasm is dissociated,
causing the translocation of NF-xB into nucleus and in
turn activating gene transcription. Our results indicate that
the activation of NF-xB is inhibited by FC-77 by pre-
venting the degradation of IxB-a in cytoplasm, which is
similar to that of perflubron [24]. Other possible mecha-
nisms reported by previous studies, such as a reduction in
phagocyte function due to modification of cell membrane
receptor-ligand binding [4] or altered membrane fluidity
[25] by PFCs, may be also involved in the anti-inflam-
matory activity of FC-77.

In conclusion, we provide a novel mechanism to ex-
plain the anti-inflammatory activity of FC-77 by sup-
pressing COX-2/PGE, pathway, which may be associated
with the attenuation of proinflammatory/anti-inflamma-
tory cytokine ratio and NF-xB activation in LPS-stimu-
lated RAW 264.7 macrophages.
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