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Neutrophils (polymorphonuclear leuko-
cytes [PMNs]) are critical to the immune
response, including clearance of infectious
pathogens. Sepsis is associated with im-
paired PMN function, including chemotaxis.
PMNs express peroxisome proliferator-
activated receptor-� (PPAR-�), a ligand-
activated nuclear transcription factor
involved in immune and inflammatory
regulation. The role of PPAR-� in PMN
responses, however, is not well character-
ized. We report that freshly isolated hu-
man PMNs constitutively express PPAR-�,

which is up-regulated by the sepsis-induced
cytokines TNF-� and IL-4. PMN chemotactic
responses to formylmethionyl-leucyl-
phenylalanine (fMLP) and IL-8 were dose-
dependently inhibited by treatment with
the PPAR-� ligands troglitazone and 15-
deoxy-�12,14-prostaglandin J2 (15d-PGJ2)
and by transfection of PMN-like HL-60
cells with a constitutively active PPAR-�
construct. Inhibition of chemotaxis by
PPAR-� ligands correlated with decreases
in extracellular signal-regulated kinase-1
and -2 activation, actin polymerization,

and adherence to a fibrinogen substrate.
Furthermore, PMN expression of PPAR-�
was increased in sepsis patients and mice
with either of 2 models of sepsis. Finally,
treatment with the PPAR-� antagonist
GW9662 significantly reversed the inhibi-
tion of PMN chemotaxis and increased
peritoneal PMN recruitment in murine sep-
sis. This study indicates that PPAR-�
activation is involved in PMN chemotactic
responses in vitro and may play a role in
the migration of these cells in vivo. (Blood.
2008;112:4250-4258)

Introduction

Human peripheral polymorphonucleocytes (PMNs) represent the
predominant cellular component at sites of acute inflammation.
These cells serve a critical role in host defense with transendothe-
lial migration of PMNs being a crucial component of the immune/
inflammatory response.1 In addition to their phagocytic activity,
PMNs produce mediators such as reactive oxygen intermediates,
cytokines/chemokines, and enzymes.1,2 The directed migration, or
chemotaxis, of PMNs occurs in response to a variety of molecules,
including formylmethionyl-leucyl-phenylalanine (fMLP), a bacte-
rial peptide, and chemokines such as IL-8, which are released from
sites of inflammation or injury. fMLP and IL-8 bind to receptors on
PMNs, resulting in both G-protein–dependent and –independent
responses.3 Emerging evidence indicates that sepsis, most com-
monly caused by bacteria, results in impaired host defenses,
including a reduced ability of PMNs to migrate appropriately.4-6

Moreover, higher mortality rates have been observed in patients
with sepsis-induced immune deactivation.7 Mechanistic pathways
resulting in altered leukocyte function during sepsis, however,
remain incompletely understood.

Peroxisome proliferator-activated receptors (PPARs) are ligand-
activated transcription factors belonging to the nuclear hormone
receptor family. Three PPAR subtypes (�, �, and �), each with a
specific pattern of expression, have been identified. PPAR-� also
exists in 2 isoforms, PPAR-�1 and PPAR-�2, with the human
PPAR-�2 protein consisting of 28 additional amino acids compared
with PPAR-�1. Ligands for PPAR-� include a variety of com-
pounds, both natural and synthetic. Most of the natural ligands are
fatty acids or fatty acid derivatives. Synthetic ligands for PPAR-�
include the antidiabetic thiazolidinediones such as troglitazone.

PPAR-� is highly expressed in adipose tissue and plays a crucial
role in adipocyte differentiation,8 but it is also expressed in a
variety of tissue and cell types, including a majority of those in the
hematopoietic system. In cells of the immune system, treatment
with PPAR-� ligands typically results in the down-regulation of
inflammatory responses.9 For example, activation of PPAR-� in
macrophages results in inhibition of cytokine, nitric oxide, and
hydrogen peroxide production.10

Freshly isolated human peripheral PMNs were previously
shown to express PPAR-� mRNA.11 Treatment of human PMNs
with PPAR-� ligands results in decreased adhesion-dependent
H2O2 production12 and blocks up-regulation of the CD11b/CD18
adhesion complex.13 However, no previous study has examined
regulation of PPAR-� expression in human PMNs or the specific
role this transcription factor may play in the migration of these
cells. In this study, we assessed the expression and regulation of
PPAR-� in PMNs and investigated the effect of PPAR-� activation
on the ability of PMNs to migrate in response to chemoattractants.
Furthermore, we investigated the expression of PPAR-� in PMNs
during the septic response and the effects on chemotaxis and PMN
recruitment of blocking PPAR-� activation in vivo.

Methods

Reagents

The PPAR-� ligands troglitazone (Cayman, Ann Arbor, MI) and 15-deoxy-
�12,14-prostaglandin J2 (15d-PGJ2; Cayman) and the PPAR-� antagonist
GW9662 (Cayman) were dissolved in 100% dimethyl sulfoxide (DMSO;
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Sigma-Aldrich, St Louis, MO) at 100 mM and stored in aliquots at �20°C.
LTB4 (Cayman) in ethanol was evaporated under a gentle stream of nitrogen
and immediately resuspended with DMSO (purged with inert gas) at
10 mM and stored in aliquots at �20°C. Human TNF-�, IL-8, and IL-4
were purchased from R&D Systems (Minneapolis, MN). Lipopolysaccha-
ride (LPS; Escherichia coli serotype 0111:B4) and fMLP was purchased
from Sigma-Aldrich. Anti–PPAR-� (H-100) antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA) and anti–glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody was purchased from Abcam
(Cambridge, United Kingdom).

PMN isolation and culture conditions

Human peripheral blood PMNs were obtained from heparinized venous
blood of healthy volunteers and patients in the medical intensive care unit
by Ficoll-Hypaque gradient centrifugation and sedimentation in 5% dex-
tran. This method yielded approximately 2 � 106 cells/mL, with PMNs
representing more than 95% of the cells isolated. Murine PMNs were
similarly isolated from blood obtained by cardiac puncture. Once isolated, PMNs
were cultured in RPMI 1640 supplemented with 10% (vol/vol) fetal bovine
serum (FBS; Sigma-Aldrich) and 1% (vol/vol) penicillin-streptomycin or placed
in Hanks balanced salt solution (HBSS). The cells were maintained at 37°C
in humidified incubators supplemented with 5% CO2.

CLP and isolation of PMNs from blood and peritoneal fluid

Female C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME) at 6 to
8 weeks old were anesthetized by the intraperitoneal injection of a mixture
of ketamine (Abbott Laboratories, Abbott Park, IL) and xylazine (Lloyd
Laboratories, Shenandoah, IA), and the cecum was exposed by a 1- to 2-cm
midline incision on the anterior abdomen. A 3-0 silk suture was then used to
tightly ligate the cecum at its base without causing bowel obstruction. The
cecum was then punctured through-and-through thrice with an 18-gauge
needle. Sham-operated control animals underwent identical laparotomy but
did not undergo cecal ligation and puncture (CLP). In all animals, the
abdominal incision was closed, and 1 mL of saline was administered
subcutaneously for fluid resuscitation. Animals were killed after surgery,
and blood was collected by cardiac puncture. PMNs were isolated using the
Ficoll-Hypaque method as previously described.14 In another set of
experiments, cells from the peritoneal cavity were harvested after CLP by
washing the cavity with 3 mL of phosphate-buffered saline (PBS) and
counted. The percentage of neutrophils in the peritoneal cavity was
calculated based on their morphologic appearance in a cell smear prepara-
tion on a glass slide prepared using a cytocentrifuge (Cytospin 3; Thermo
Electron, Waltham, MA) followed by staining with the Diff-Quick (Fisher
Scientific, Pittsburgh, PA) method.

Treatment of mice with bacterial lipopolysaccharide

Female C57BL/6 mice (The Jackson Laboratory) at 6 to 8 weeks old were
administered LPS (1 mg/kg) by intraperitoneal injection. At indicated times
after LPS challenge, animals were killed, and PMNs were isolated from the
blood. All experiments were approved by the University of Michigan
Committee on Use and Care of Animals.

Patient selection criteria

Patients in the Medical Intensive Care Unit (MICU) at the University of
Michigan Medical Center, Ann Arbor, MI, were prospectively identified as
having septic shock according to definitions of the American College of
Chest Physicians and Society for Critical Care Medicine Consensus
Conference.15 Patients were excluded if they were younger than 18 years
old, pregnant, or had hematologic malignancies. All patients who met entry
criteria were enrolled within 24 hours of the onset of sepsis. Nonseptic
patients in the MICU and healthy volunteers served as controls. The
Institutional Review Board at the University of Michigan Medical School
approved this study, and informed consent was obtained in accordance with
the Declaration of Helsinki from each subject.

PMN chemotaxis assays

PMN chemotaxis was assayed using a 12-well Boyden chemotaxis chamber
(Neuroprobe, Cabin John, MD). As previously described,16 chemotaxis was
expressed as the number of PMNs per high-power (�100) field (hpf)
migrating through a 3-�m polycarbonate membrane filter. Migration was
induced by fMLP, IL-8, or LTB4.

HL-60 culture and transfection

HL-60 cells (CCL-240; ATCC, Manassas, VA) were maintained at 37°C in
Iscove modified Dulbecco medium supplemented with 10% (vol/vol) FBS
and 1% (vol/vol) penicillin-streptomycin in a humidified atmosphere of
95% air and 5% CO2. Differentiation of HL-60 cells into PMN-like cells
was induced by incubating them in 1.25% DMSO for 6 days. Cells were
transfected with either a pcDNA3-VP16-PPAR-� construct or control
vector (pcDNA3). The constitutively active VP16-PPAR-� fusion cDNA
was obtained from Dr Mitchell Lazar (University of Pennsylvania, Philadel-
phia) and subcloned into the mammalian expression vector pcDNA3.
HL-60 cells were transfected using the Amaxa Nucleofector system
(Gaithersburg, MD) according to the manufacturer’s guidelines (program
T-19). After transfection, cells were washed and then grown in the presence
of 10% FBS. Some transfected cells were used for chemotaxis assays,
performed 24 hours after completion of transfection. Other transfected cells
were stimulated with fMLP or vehicle. These cells were then lysed and
analyzed for phosphorylation of ERK by Bio-Plex.

Reverse transcriptase–polymerase chain reaction amplification
of PMN mRNA

Total cellular RNA from PMNs was isolated in 1 mL of TRIzol reagent
(Invitrogen, Carlsbad, CA) following the manufacturer’s protocol. Expres-
sion of mRNA was determined semiquantitatively using a reverse transcripta-
se–polymerase chain reaction (RT-PCR) system kit (Access; Promega,
Madison, WI) according to the manufacturer’s instructions. The following
primer pairs were used for specific mRNA amplification: PPAR-� forward,
5�-TCTCTCCGTAATGGAAGACC-3�; PPAR-� reverse, 5�-GCATTAT-
GAGACATCCCCAC-3�; �-actin forward, 5�-GTGGGGCGCCCCAG-
GCACCA-3�; �-actin reverse, 5�-GCTCGGCCGTGGTGGTGAAGC-3�.
After amplification, the cDNA products were separated on a 2% agarose gel
containing 0.3 mg/mL ethidium bromide. Bands were visualized and
photographed using UV transillumination. Real-time quantitative reverse
transcriptase–polymerase chain reaction (RT-PCR, TaqMan) of PMN
mRNA was also performed. Gene-specific primers and probes were
designed using Primer Express software (PerkinElmer Life and Analytical
Sciences, Waltham, MA; Applied Biosystems, Foster City, CA). The
sequences for PPAR-� were as follows: 5�-GGCTTCATGACAAGG-
GAGTTTC-3� (forward), 5�-AACTCAAACTTGGGCTCCATAAAG-3� (re-
verse), 5�-AAAGAGCCTGCGAAAGCCTTTTGGTG-3� (probe).

Oligonucleotide primers and TaqMan probe for �-actin (internal
control) were purchased from Applied Biosystems. The real-time quantita-
tive RT-PCR was performed essentially following the manufacturer’s
protocol. Briefly, the reaction mixture contained 5.5 mM MgCl2, 500 �M
dNTP, 2.5 �M random hexamers, 200 nM FAM probe, and forward and
reverse primers at 600 nM in a final volume of 25 �L and was analyzed in
an ABI PRISM 7700 sequence detection system. Relative quantification of
PPAR-� mRNA levels at specific time points was plotted as fold change
compared with vehicle-treated (control) PMNs, arbitrarily assigned a value
of 1. �-Actin measurements were used for normalization.

Bio-Plex phosphoprotein analysis

Cells at a concentration of 1.5 � 105/mL were treated. At each time point,
cells were collected, and protein lysates were prepared using the Bio-Plex
Cell Lysis kit (Bio-Rad, Hercules, CA). The presence of phosphorylated
p38 MAPK and ERK was detected by, respectively, Bio-Plex Phospho-p38
MAPK (Thr180/Tyr182) and Phospho-ERK singleplex assay kits (Bio-
Rad); the Bio-Plex Phosphoprotein Testing Reagent kit (Bio-Rad) was used
according to the manufacturer’s protocol. Briefly, 50 �L of cell lysate
(adjusted to a concentration of 0.9 mg protein/mL) was plated in the
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96-well filter plate coated with beads coupled to anti–phospho-p38 or
anti–phospho-ERK antibody. The plate was incubated overnight at room
temperature on a platform shaker at 300 rpm. After a series of washes to
remove unbound proteins, biotinylated detection antibodies, each specific
for a different epitope, were added to the reaction. This resulted in
formation of antibody complexes assembled around the target proteins.
Streptavidin-phycoerythrin was then added to bind to the biotinylated
detection antibodies on the bead surface. Data were acquired with the
Bio-Plex 200 system and analyzed with the Bio-Plex Manager software
from Bio-Rad Laboratories. Total ERK and p38 protein were determined
using the Bio-Plex singleplex assay kit (Bio-Rad).

Confocal analysis for phalloidin staining

PMNs were plated onto glass coverslips and centrifuged at 900g for
5 minutes. Cells were then fixed with 4% paraformaldehyde in PBS for
10 minutes at room temperature. After fixation, cells were permeabilized
for 10 minutes in PBS containing 0.1% Triton X-100, washed with PBS,
and incubated with tetramethylrhodamine isothiocyanate (TRITC)–labeled
phalloidin (1:40; Invitrogen) for 20 minutes at room temperature. Cover-
slips were mounted with ProLong Gold mounting medium containing
diamidino-phenylindole (Invitrogen). Images were captured using an
Olympus FV-500 laser-scanning confocal microscope (Tokyo, Japan) with
a 100� oil immersion objective. Images were collected, and confocal
z-sections were acquired at 0.5-mm intervals. Images were further analyzed
and processed using Adobe Photoshop software (Adobe Systems, Mountain
View, CA). The fluorescence intensity of F-actin was analyzed using the
Image J program (National Institutes of Health, Bethesda, MD).

Adhesion of neutrophils to fibrinogen-coated plates

Neutrophils (106) were seeded onto 6-well tissue culture plates that 2 hours
previously had been coated with 50 �g/mL fibrinogen (Sigma-Aldrich) and
incubated at 37°C in a humidified 5% CO2 atmosphere. Cells were treated
and washed with PBS to remove the nonadherent cells. Adherent cells were
removed by trypsinization and counted.

Statistical analysis

Data are represented as means plus or minus SEM and were analyzed with
the Prism 4.0 statistical program (GraphPad Software, San Diego, CA).
Groups were compared using one-sided ANOVA or one-sided Student t test
as applicable. Differences were considered significant if P was less than .05.

Results

TNF-� and IL-4 increase PPAR-� expression in human PMNs

To assess regulation of PPAR-� expression in human PMNs, we
performed both mRNA and protein analysis. PMNs obtained from
healthy volunteers showed constitutive PPAR-� expression. Treat-
ment of these PMNs with either the proinflammatory cytokine
TNF-� (20 ng/mL) or the anti-inflammatory cytokine IL-4 (20 ng/
mL) enhanced expression of PPAR-� mRNA in a time-dependent
manner, with expression increasing throughout the first 8 hours
after treatment (Figure 1A,B). In contrast, treatment with LPS did
not result in significant changes in PPAR-� mRNA levels. We then
assessed PPAR-� protein expression in human PMNs by Western
immunoblotting. As with the mRNA analysis, we observed consti-
tutive PPAR-� protein expression with enhanced expression after
treatment with TNF-� or IL-4 for 16 hours (Figure 1C). Treatment
with LPS did not result in a significant change in PPAR-� protein
expression.

PPAR-� activation inhibits PMN chemotaxis in response to
fMLP or IL-8

Effective antibacterial activity by PMNs requires migration to the
site of infection, representing a chemotactic response to specific
chemoattractants. IL-8, a CXC chemokine produced by several cell
types, is a potent chemotactic factor for PMNs.17 Formylmethionyl
peptides such as fMLP, which are generated by bacteria as a
by-product of protein synthesis, likewise result in robust chemo-
taxis of PMNs.18 Maximal doses of either IL-8 (100 ng/mL) or
fMLP (10�7 M) induced significant migration of human PMNs,
compared with HBSS. Migration of PMNs in response to fMLP
was significantly reduced, in a dose-dependent manner, when cells
were preincubated in vitro with either troglitazone (1-10 �M) or
15d-PGJ2 (1-10 �M) for 2 hours before assessment of chemotaxis
(Figure 2A). At the highest dose tested (10 �M), approximately
50% and 70% inhibition of chemotaxis was observed with troglita-
zone and 15d-PGJ2, respectively. Similar results were seen when
the chemokine IL-8 was used instead of fMLP as the chemoattrac-
tant (Figure 2B). The observed inhibition of chemotaxis was not
due to alterations in cell viability because no significant differences
in apoptosis (ssDNA method) or cell death (trypan blue staining)
were seen between the PPAR-� agonist versus vehicle (DMSO)–
treated groups (data not shown). Given that results for IL-8 and
fMLP were essentially identical, we used only fMLP in subsequent
experiments.

Because troglitazone and 15d-PGJ2 are known to induce effects
independent of PPAR-� activation, we transfected HL-60 cells with

Figure 1. PPAR-� is expressed in human PMNs. Messenger RNA expression of
PPAR-� by isolated PMNs was analyzed by (A) semiquantitative and (B) quantitative
RT-PCR in PMNs after treatment (0-8 hours) with TNF-� (20 ng/mL), IL-4 (20 ng/mL),
or LPS (100 ng/mL). *P 	 .05 compared with DMSO (vehicle) treated cells. Results
are expressed as the average of 3 independent experiments performed in quadrupli-
cate. Error bars represent SEM. (C) Western immunoblotting after treatment for
16 hours with TNF-� (10 and 20 ng/mL), IL-4 (5 and 10 ng/mL), or LPS (100 ng/mL).
Equal loading was confirmed by stripping and probing with antibody against GAPDH.
Gel and blot shown are representative of 3 separate experiments.
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a constitutively active, ligand-independent, PPAR-� construct,
pcDNA3-VP16-PPAR-�. Before transfection, HL-60 cells were
cultured in 1.25% DMSO for 6 days, an established procedure to
produce PMN-like cells. Transfection of pcDNA3-VP16-PPAR-�
into DMSO-treated HL-60 cells resulted in significant attenuation
of fMLP (10�7 M)–induced chemotaxis compared with that by
cells transfected with control plasmid, pcDNA3 (Figure 3A). This
result suggests a direct inhibitory role for PPAR-� on PMN
chemotactic responses.

PPAR-� activation decreases phosphorylation of ERK-1/2 in
human PMNs after exposure to fMLP

Previous work in our laboratory has shown an important role for
MEK1/ERK-1/2 in human PMN chemotaxis.19 Chemotaxis of
human PMNs stimulated by either IL-8 or fMLP was found to be
inhibited by U0126, a specific inhibitor of MEK1/ERK-1/2, but not
by LY294002 or SB20358, which, respectively, inhibits phosphati-
dylinositol 3-kinase and p38 mitogen-activated protein kinase
(MAPK).19 We therefore examined the effect of PPAR-� ligands on
activation of MAPK pathways, specifically the p38 and p42/44
(ERK-1/2) MAPK cascades. Stimulation with fMLP resulted in a
time-dependent increase in phosphorylated ERK-1/2 that was
maximal 10 minutes after stimulation and absent at the 30-minute
point. Two-hour pretreatment of PMNs with 15d-PGJ2 (10 �M)
totally abolished fMLP-induced ERK-1/2 activation at all time
points (Figure 4A), whereas pretreatment with troglitazone (10 �M)
markedly reduced but did not eliminate ERK phosphorylation
(Figure 4A). fMLP-induced ERK phosphorylation was also re-

duced by transfection with the constitutively active PPAR-�
construct pcDNA3-VP16-PPAR-� (Figure 3B). Phosphorylation of
p38, however, was not reduced by pretreatment with either PPAR-�
agonist (Figure 4B). These findings suggest that PPAR-� activation
may block PMN chemotaxis by selectively inhibiting the ERK-1/2
pathway.

Troglitazone inhibits fMLP-induced actin polymerization in
human PMNs

Movement of PMNs is accompanied by formation of bands with
high concentrations of polymerized actin (filamentous actin, or
F-actin).20 The amount of F-actin has been shown to be increased
by molecules such as fMLP,21 as we also observed. This fMLP-
stimulated increase in F-actin was significantly inhibited by
treatment with troglitazone, but, interestingly, no effect was seen

Figure 2. PPAR-� ligands decrease human PMN chemotaxis. Cells were isolated
and treated with troglitazone (Tro; 1-10 �M) or 15d-PGJ2 (PGJ2; 1-10 �M) for 2 hours
before stimulation with (A) 10�7 M fMLP or (B) 100 ng/mL IL-8 for assessment of
chemotaxis. All data are expressed as mean PMN count per high-powered field at
100� magnification (PMNs/hpf). *P 	 .05 compared with DMSO (vehicle) treated
cells. Results are expressed as the average of 2 independent experiments performed
in triplicate. Ctrl, unstimulated cells (without fMLP or IL-8 treatment). Error bars
represent SEM.

Figure 3. Constitutively active PPAR-� decreases fMLP-induced HL-60 chemo-
taxis and ERK-1/2 phosphorylation. (A) DMSO-treated HL-60 cells transiently
transfected with either the pcDNA3-VP16-PPAR-� construct or pcDNA3 (control
vector), were stimulated with 10�7 M fMLP and assessed for chemotaxis. All data are
expressed as mean HL-60 count per high-powered field at 100� magnification
(cells/hpf). *P 	 .05 compared with cells transfected with control vector (Ctrl). Results
are expressed as the average of 3 independent experiments performed in triplicate.
Unstim, unstimulated cells without fMLP treatment. (B) Cells transfected as in panel A
were lysed 0, 2, 5, and 10 minutes after treatment with 10�7 fLMP, and phosphoryla-
tion of ERK-1/2 was determined by Bio-Plex assay. The ratio of phosphorylated to
total ERK-1/2 is displayed. No phosphorylation of ERK-1/2 was observed at
10 minutes. *P 	 .05 compared with cells transfected with control vector (Ctrl).
Results are expressed as the average of 3 independent experiments performed in
triplicate. Error bars represent SEM.
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with 15d-PGJ2 at any of the doses tested (Figure 5A). Quantitative
analysis confirmed a dose-dependent reduction in actin polymeriza-
tion with troglitazone but not with 15d-PGJ2 (Figure 5B).

PPAR-� ligands inhibit fMLP-induced adhesion of PMNs to
fibrinogen

Cells migrating through a solid matrix must adhere to the substrate,
such as fibrinogen, to move. fMLP was previously shown to
enhance PMN adhesion to fibrinogen and thus their ability to move
on this substrate. To test the ability of PPAR-� ligands to inhibit
PMN adhesion to fibrinogen in response to fMLP, we seeded PMNs
onto fibrinogen-coated plates. After 20 minutes, cells were treated
with troglitazone (5 or 10 �M) or 15d-PGJ2 (5 or 10 �M) for
2 hours, followed by treatment with fMLP for 45 minutes. After
washing to remove nonadherent cells, adherent cells were removed
by trypsinization and counted. Compared with controls, both
agonists significantly reduced the number of fibrinogen-adherent
PMNs in a dose-dependent manner (Figure 6).

PMNs from septic patients or mice show increased expression
of PPAR-�

Patients with sepsis are frequently observed to have significant
immunosuppression characterized by a decreased host response to

infectious pathogens.7 Inhibition of PMN migratory activity is
suspected to be a clinically important event during sepsis.5 Because
of the suppressive effects of PPAR-� activation on human PMN
chemotaxis and the up-regulation of PPAR-� that was observed
with selective cytokines associated with sepsis, we examined
expression of PPAR-� in PMNs isolated ex vivo from septic
patients compared with controls. PMNs were isolated from healthy
controls and nonseptic and septic patients in the MICU. RNA was
immediately extracted, and levels of PPAR-� and �-actin mRNA
were determined by real-time quantitative RT-PCR. PMNs isolated
from the majority of sepsis patients showed significant increases in
PPAR-� mRNA expression compared with PMNs from either
control group (Figure 7A left).

To further investigate the in vivo effects of sepsis on PMNs,
including PPAR-� expression and chemotaxis, we used 2 murine

Figure 4. PPAR-� ligands decrease fLMP-induced phosphorylation of ERK-1/2
in human PMNs. PMNs were pretreated for 2 hours with or without troglitazone (Tro;
10 �M) or 15d-PGJ2 (PGJ2; 10 �M) before stimulation with 10�7 M fMLP. Cells were
lysed at 0, 2, 10, and 30 minutes after fMLP treatment. Bio-Plex assay was then used
to measure amounts of (A) phospho-ERK and (B) phospho-p38. Figures show the
ratio of phosphorylated protein to the corresponding total protein. *P 	 .05
compared with DMSO (Ctrl) treated cells. Results are expressed as the average
of 3 independent experiments performed in triplicate. Error bars represent SEM.

Figure 5. Troglitazone, but not 15d-PGJ2, decreases polarization and actin
polymerization in response to fMLP. PMNs were pretreated with troglitazone (5 or
10 �M) or with 15d-PGJ2 (5 or 10 �M) for 2 hours, then stimulated with fMLP
(10�7 M) for 10 minutes. (A) Cells were stained with TRITC-phalloidin, and confocal
microscopy was used to analyze F-actin distribution and morphologic changes.
Results shown are representative of 3 independent experiments. All panels depict
stimulation with fMLP except control (Ctrl). (B) The change in F-actin content is
expressed as a relative fold change in mean fluorescence intensity, with the
fluorescence intensity of unstimulated control cells set as 1. *P 	 .05 compared to
DMSO-treated cells. Tro indicates troglitazone; PGJ2, 15-deoxy-�12,14-prostaglandin
J2. Error bars represent SEM.
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models of sepsis, one induced by intraperitoneal injection of LPS
(1 mg/kg), the other induced by CLP. As we had found in human
sepsis patients, both LPS administration and CLP produced signifi-
cant time-dependent increases in blood PMN expression of PPAR-�
mRNA at 6 and 12 hours after induction of sepsis (Figure 7A center
and right).

PPAR-� inhibition reverses sepsis-induced suppression of
murine PMN chemotaxis and recruitment

To test the hypothesis that suppression of PMN chemotaxis and
recruitment observed during sepsis is mediated, at least in part, by

PPAR-�, we inhibited PPAR-� activation during the septic re-
sponse. Specifically, we administered GW9662, a PPAR-� antago-
nist, or vehicle to mice 30 minutes after induction of sepsis by LPS
administration. Six hours later, PMNs were isolated, and the
chemotactic response to leukotriene B4 was assessed. Chemotaxis
by PMNs from vehicle-treated septic mice was significantly
suppressed compared with that seen in PMNs from healthy mice,
but treatment with GW9662 restored chemotaxis essentially to
control levels (Figure 7B).

In the clinical setting, chemotaxis is directed toward the site of
infection. We accordingly assessed the effect of GW9662 on
infection-site recruitment using a different model of murine sepsis,
CLP. Animals received GW9662 or vehicle 30 minutes after CLP
or sham operation and the number of PMNs in the peritoneal cavity
was assessed 6 hours after the operation. GW9662 significantly
increased the number of PMNs in the peritoneal cavity compared
with vehicle-treated controls (Figure 7C). GW9662 administration
had no effect on PMN expression of PPAR-� (data not shown).

Discussion

In this study, we show several significant findings. First, human
PMNs constitutively express the nuclear hormone receptor PPAR-�.
Incubation with either TNF-� or IL-4, cytokines important in
regulating the septic response, results in up-regulation of PPAR-�
in these cells. Second, treatment of PMNs with PPAR-� ligands or
transfection with constitutively active PPAR-� results in inhibition
of chemotaxis. Inhibition appears to occur by down-regulation of
ERK phosphorylation and is accompanied by reductions in actin
polymerization and PMN adhesion to a fibrinogen substrate, both
required for movement of PMNs in a solid matrix. Third, PMNs

Figure 7. Sepsis-induced inhibition of PMN chemotaxis is reversed by blocking activation of PPAR-�, expression of which is increased in sepsis. (A left) Peripheral
blood PMNs were isolated from control subjects (healthy volunteers [n 
 7] and nonseptic patients in the intensive care unit [n 
 3]) and patients with sepsis (n 
 14). Relative
expression of PPAR-� was plotted as the fold change from healthy controls. PPAR-� mRNA levels at specific time points after induction of sepsis by (center) LPS administration
(1 mg/kg) or by (right) CLP were plotted as the fold change compared with PMNs from vehicle-treated or sham-operated (control) mice, arbitrarily assigned a value of 1. In all
panels, �-actin measurements were used for normalization. *P 	 .05 compared with each control group. (B) Blood PMNs were isolated from mice (n 
 8 mice/group) that were
rendered septic by intraperitoneal administration of LPS (1 mg/kg) 6 hours previously. Some mice also received GW9662 (1 mg/kg; GW) or vehicle (Veh) by intraperitoneal
injection 30 minutes after LPS. Chemotactic responses to leukotriene B4 (10�7 M) were measured and are reported as the number of cells per high-power field. *P 	 .05
compared with control (Veh). (C) Mice (n 
 4/group) underwent CLP (f) or sham operation (�). Some mice also received GW9662 (1 mg/kg; GW) or vehicle (Veh)
intraperitoneally 30 minutes after the operation. Six hours later animals were killed, and the number of PMNs in the peritoneal cavity was determined as described in “Methods.”
*P 	 .05 compared with control (Veh). Error bars represent SEM.

Figure 6. PPAR-� ligands decrease fMLP-induced adhesion of PMNs to
fibrinogen. Human PMNs were isolated and seeded onto fibrinogen-coated plates.
After 20 minutes, PMNs were treated with troglitazone (5 or 10 �M) or 15d-PGJ2 (5 or
10 �M) or vehicle for 2 hours followed by treatment with 10�7 fMLP for 45 minutes.
Adherent cells were trypsinized and counted using a Coulter counter. *P 	 .05
compared with DMSO-treated cells. Results are expressed as the average of
3 independent experiments performed in quadruplicate. Tro indicates troglitazone;
PGJ2, 15-deoxy-�12,14-prostaglandin J2; Ctrl, without fMLP treatment. Error bars
represent SEM.
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isolated from septic patients or mice express higher levels of
PPAR-� compared with controls. Finally, the sepsis-induced
inhibition of PMN chemotaxis and recruitment is reversed by
blocking PPAR-� activation in vivo. We suggest that these
findings, taken together, provide a coherent explanation for the
previously observed reduction in chemotaxis by PMNs from
septic patients.4,5

Cytokines have been shown to regulate PPAR-� expression
and function. Treatment of macrophages with IL-4, for instance,
results in enhanced expression and activity of PPAR-�.22 We
similarly found that IL-4 increased PPAR-� messenger RNA and
protein expression in PMNs. Interestingly, we found that
treatment with the proinflammatory cytokine TNF-� also in-
creased PPAR-� expression in PMNs. In other cell types, TNF-�
was shown to decrease PPAR-� expression.23 We did not
investigate the effects of IL-4 or TNF-� on expression of
12/15-lipoxygenase, which produces the PPAR-� ligands 15-
hydroxyeicosatetraenoic acid (15-HETE) and 13-hydroxyoctade-
cadienoic acid (13-HODE), although 15-lipoxygenase is known
to be expressed in human neutrophils.24 However, IL-4 up-
regulates expression of 12/15-lipoxygenase in macrophages,
leading to increased production of 15-HETE and 13-HODE,
which would suggest that the same could be true for neutro-
phils.22,25 The situation may be different for TNF-�, whereby to
our knowledge no effects on 12/15-lipoxygenase have been
reported. In contrast to these effects of cytokines, direct
exposure to LPS in vitro did not alter PMN expression of
PPAR-� in our study. Induction of murine sepsis either by
administration of LPS or by CLP, however, did increase
expression of PPAR-� by PMNs. This is in agreement with the
findings of Leininger et al26 for LPS-induced endotoxemia,
although that study examined all peripheral blood leukocytes as
a group. We did not investigate the mechanism through which
PPAR-� expression was up-regulated, but our in vitro results
suggest that the increased PPAR-� expression observed in vivo
is likely to have been an effect of sepsis-induced cytokines.

PPAR-� ligands exert a wide range of effects on leukocytes.
Specifically, PPAR-� ligands were previously shown to inhibit
eosinophil27 and monocyte28 chemotaxis in a dose-dependent
manner. In addition, in vivo animal studies suggest that PMN
migration to sites of inflammation is impaired after PPAR-� ligand
administration.29,30 Inhibition of PMN chemotaxis in our study was
similar irrespective of the specific type of ligand used, either
troglitazone or 15d-PGJ2, and regardless of whether fMLP or IL-8
was used as the chemoattractant. Furthermore, transfection of a
constitutively active PPAR-� construct into HL-60 cells induced
to differentiate into PMN-like cells inhibited chemotaxis by
these cells, thus providing compelling evidence of a PPAR-�–
specific effect.

To investigate the migration-suppressing mechanism of PPAR-�
ligands, we examined their effects on MAPK activation. The
ERK-1/2 MAPK pathway was shown to play an important role in
the migration of several cells, including PMNs.31-33 We found that
troglitazone and 15d-PGJ2, as well as a constitutively active
PPAR-� construct, reduced activation of the ERK-1/2 MAPK
signal transduction pathway induced by fMLP. In contrast, al-
though one study showed that chemotaxis of THP-1 cells, a human
monocytic cell line, was inhibited by treatment with PPAR-�
ligands, no inhibition of MCP-1–induced MAPK activation was
observed.28 Inhibition of PMN chemotaxis in our study did not
occur as a result of chemotaxin receptor down-regulation,
because surface expression of PMN CXCR1, CXCR2, or FPR

was not altered with either 15d-PGJ2 or troglitazone treatment
(data not shown).

Migration of PMNs also requires, in part, adhesion to fibrinogen
and polymerization of actin, both of which we found to be inhibited
by PPAR-� ligands. Previous studies have shown that the rate of
PMN locomotion correlates with the extent of actin polymeriza-
tion21 and that actin polymerization is increased by fMLP.34

Interestingly, this latter study found that TNF-� inhibited actin
polymerization, which parallels our findings for PPAR-� ligands.
Similar to our results, the PPAR-� ligand rosiglitazone has been
found to inhibit fMLP-induced actin polymerization in monocytes
at least partially by reducing Akt phosphorylation.35 The reasons
for the disparate inhibitory effects on actin polymerization between
troglitazone and 15d-PGJ2 in this study remain unclear, but
possibly reflect the complexity of interactions between 15d-PGJ2

and actin. One study showed that 15d-PGJ2 interacts directly with
the actin molecule in neuroblastoma cells to depolymerize F-actin
and block polymerization, but only modest effects were seen at a
concentration of 20 �M.36 We tested only concentrations of 5 and
10 �M because these concentrations had proved adequate to inhibit
chemotaxis.

The rapid effects observed in this study occur in a shorter time
span than is typical for effects mediated by nuclear transcription.
This might be viewed as arguing for a PPAR-�–independent
mechanism despite similar effects shown by 2 structurally dissimi-
lar ligands and by a constitutively active PPAR-� construct. Even
more rapid effects involving PPAR-� ligands have been described,
however. In vascular smooth muscle cells, PPAR-� ligands were
shown to activate ERK within 15 minutes by the phosphatidylino-
sitol-3-kinase pathway.37 Involvement of PPAR-� was not explic-
itly examined, but the investigators suggest that consistent results
with several PPAR-� ligands indicate that effects are mediated by
the receptor. In Chinese hamster ovary cells, treatment with
tetradecanoyl phorbol acetate results in PPAR-� exiting the nucleus
within 30 minutes.38 This effect was shown to be due to direct
interactions between PPAR-� and MEK.

Extending our in vitro data, we observed increased expression
of PPAR-� in PMNs from septic patients, compared with those
from healthy controls and nonseptic MICU patients. Similarly,
Soller et al39 recently observed enhanced PPAR-� expression in
T cells isolated from septic patients compared with control subjects
and showed that sera of septic patients contained elevated levels of
PPAR-� activators. Several studies have also shown alterations in
PMN function during the septic response.4,6,40-42 Two recent studies
have highlighted impairment of PMN chemotactic responses
during sepsis. Tavares-Murta et al43 isolated PMNs from 20 pa-
tients with sepsis and examined their in vitro chemotaxis to fMLP
and LTB4. PMN chemotactic responses were significantly impaired
in septic patients compared with controls. In addition, Chishti et al5

observed impaired PMN chemotaxis to IL-8 but, interestingly,
increased expression of the �-integrin CD11b in 15 patients with
sepsis compared with 8 healthy controls.

We saw a similar increase in expression of PPAR-� mRNA in
PMNs isolated from mice in which sepsis had been induced by LPS
or CLP. Because inhibition of ex vivo chemotaxis after endotox-
emia was shown in animals,44 we hypothesized that this inhibition
could result from endogenous PPAR-� ligands activating the
elevated receptor levels we observed. We accordingly extended our
in vitro studies by investigating effects of the PPAR-� antagonist
GW9662 on PMN chemotaxis and recruitment after LPS adminis-
tration or CLP. We found that blocking PPAR-� activation signifi-
cantly reversed the suppression of chemotaxis observed after LPS
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administration and increased recruitment of PMNs to the peritoneal
cavity after CLP. Analogously, in endotoxin-induced acute lung
injury, the PPAR-� ligand rosiglitazone was found to reduce
neutrophil infiltration into lung tissues with this effect being
reversed by GW9662.45 Interestingly, endotoxemia is known to
up-regulate inducible nitric oxide synthase and to increase NO
production.46 NO reacts nonenzymatically with endogenous unsat-
urated fatty acids to produce nitrated fatty acids that are potent
PPAR-� ligands.47

In conclusion, our results show that PPAR-� activation results
in a significant reduction in the chemotactic response of human
PMNs in vitro. PMNs from patients with sepsis show enhanced
PPAR-� expression, which may be due to cytokines such as TNF-�
and IL-4 that are released during the evolution of sepsis. The
inhibited migration of these cells in septic patients could occur as a
result of PPAR-� activation. Our study suggests that inhibition of
PPAR-� activation may therefore result in enhanced PMN chemo-
taxis and recruitment and improved host immunity in diseases such
as sepsis.
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