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ctivation of PPARa or g Reduces Secretion of Matrix
etalloproteinase 9 but Not Interleukin 8 from Human
onocytic THP-1 Cells
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tissue distribution patterns and metabolic functions.
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Peroxisome proliferator-activated receptors (PPARs)
re ligand-activated transcription factors that directly
ontrol numerous genes of lipid metabolism by binding
o response elements in the promoter. It has recently
een proposed that PPARg may also regulate genes for
roinflammatory proteins, not through PPRE binding
ut by interaction with transcription factors AP-1,
TAT, and NF-kB. Recent studies with cultured human
onocytes, however, have failed to observe an inhibi-

ory effect of PPARg agonists on induced expression of
NFa and IL-6, genes known to be controlled by AP-1,
TAT, and NF-kB. In a similar fashion, we show here
hat PPARa (fenofibrate) or PPARg (rosiglitazone) ago-
ists failed to modulate LPS-induced secretion of IL-8 in
HP-1 cells. When we made parallel observations on an-
ther gene, matrix metalloproteinase 9 (MMP-9), we
ere surprised to find profound downregulation of LPS-

nduced secretion by both PPARa or PPARg agonists.
hese findings suggest that PPAR may regulate only a
ubset of the proinflammatory genes controlled by AP-1,
TAT, and NF-kB. Effects of PPARs on MMP-9 may ac-
ount for the beneficial effect of PPAR agonists in ani-
al models of atherosclerosis. © 2000 Academic Press

Peroxisome proliferator-activated receptors (PPARs)
re transcription factors belonging to the nuclear recep-
or supergene family (1–3). Three distinct PPARs, termed
, d, and g, have been described. Each one is encoded by
separate gene. PPARs are characterized by distinct

Abbreviations used: PPAR, peroxisome proliferator-activated re-
eptors; MMP-9, metalloproteinase 9; IL, interleukin; LPS, lipopoly-
accharide; TNF, tumor necrosis factor.

1 These two authors contributed equally.
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aboratories, Department of Lipid Biochemistry, RY80W-250, 126
ast Lincoln Avenue, Rahway, NJ 07065. Fax: 732-594-1169.
-mail: tianquan_cai@merck.com.
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PAR a is highly expressed in tissues that demonstrate
igh catabolic rates for fatty acids such as liver, heart,
idney and muscle (4, 5), while PPAR g is highly ex-
ressed in adipose tissue where it plays a major regula-
ory role in adipocyte differentiation and the expression
f adipocyte genes involved in lipid metabolism (6, 7).
PAR d shows a wide-spread tissue distribution but its
hysiological role remains to be fully delineated (8).
Recently, human monocyte-derived macrophages
ere found to express both PPAR a and g (9, 10), and

everal laboratories have examined a potential effect of
PARg activation on the inflammatory responses of
acrophages (11–13). PPARg agonists were shown to

brogate expression of nitric oxide synthase (iNOS),
atrix metalloproteinase 9 (MMP-9, also known as

elatinase B), and scavenger receptor A genes in mu-
ine macrophages (11), and tumor necrosis factor-a
TNFa), interleukin-1b and -6 (IL-1b and IL-6) genes
n human monocytes (12). In transfected cells, tran-
cription of reporter constructs with promoters for
roinflammatory genes that are regulated by AP-1,
TAT and NF-kB transcription factors were antago-
ized by activation of PPARg (11). It was thus proposed
hat the inhibitory effects of PPARg agonists occur at
he transcriptional level, and that interference with
he proinflammatory transcription factors AP-1, STAT,
nd NF-kB would depress a broad spectrum of proin-
ammatory genes in the macrophages.
In contrast with the above studies, a recent study

ound that activation of PPARg failed to block the
roduction of TNFa and IL-6 in monocytes or macro-
hages.3 This was demonstrated in in vitro studies
ith isolated human monocytes, human macrophages
3 R. Thieringer, J. E. Fenyk-Melody, C. B. LeGrand, B. A. Shelton,

. A. Detmers, E. Polizzi, L. Carbin, D. E. Moller, S. D. Wright, and
. Berger. Activation of PPARg does not inhibit responses of macro-
hages to lipopolysaccharide in vitro or in vivo. Submitted for pub-
ication.
0006-291X/00 $35.00
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and a murine macrophage cell line RAW 264.7 and
w
b
v
p
q
a
s

P
P
z
f
S
e
t
i
t

M

m
r
p
y
(
B
a
u
t
P
w
c
n
m
o
p
c
M
a
E
P

t
C
t
a
h
a
5
r
m
9
c
A
f
f
a
q

b
t

treated as described above. After removing 150 ml/well of conditioned
m
t
m
s
a

u
B
s
7
o
a
w
2
s
l
i
w
(
f
g
T
m
n
a
d
o
a
d
t

p
f
c
p
p
b
8
o
f
t
d
p

R

T
P
p
t
u
s
P
c
e

M
f
m
P
t
c

Vol. 267, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ith a panel of potent PPARg agonists. The failure to
lock cytokine production was further shown in an in
ivo study with lean and db/db mice treated with a
otent thiazolidinedione PPARg agonist, and subse-
uently challenged with LPS. In fact, it was found that
dministration of the thiazolidinedione resulted in a
light increase of TNFa in blood.
To further explore the anti-inflammatory potential of

PAR agonists, here we employed two well-defined
PAR agonists, fenofibrate (a selective) and rosiglita-
one (g selective), to determine if PPAR activation af-
ects the function of human monocytic THP-1 cells.
imilar to cultured human macrophages, THP-1 cells
xpress both PPARa and g. To our surprise, we found
hat activation of either PPAR a or g significantly
nhibits LPS-induced production of MMP-9, but activa-
ion of neither PPAR a nor g affects IL-8 secretion.

ATERIALS AND METHODS

Reagents. Bacterial lipopolysaccharide (LPS) from Salmonella
innesota strain R595 was obtained from List Biological Laborato-

ies, Inc. (Cambell, CA). Recombinant human IL-8, matrix metallo-
roteinase 9 (MMP-9), monoclonal antibody anti-human IL-8, biotin-
lated goat anti-human IL-8 were purchased from R & D System
Minneapolis, MN). Sheep anti-human MMP-9 was obtained from
iodesign International (Kennebunk, ME). Biotinylated monoclonal
nti-human MMP-9 was purchased from Oncogene Research Prod-
cts (Cambridge, MA). CellTiter 96 AQueous One solution was ob-
ained from Promega (Madison, WI). Superblock was obtained from
ierce (Rockford, IL). Streptavidin conjugated alkaline phosphatase
as purchased from Bio-Rad (Hercules, CA). Heat inactivated fetal

alf serum and RPMI 1640 medium were obtained from Life Tech-
ologies (Gaithersburg, MD). Fenofibrate, penicillin G, and strepto-
ycin were purchased from Sigma (St. Louis, MO). Attophos was

btained from JBL Scientific, Inc. (San Luis Obispo, CA). The rabbit
olyclonal antibody (E8) raised against human PPARg was pur-
hased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA).
S1118, rabbit antibody specific to PPARa, was generated at Merck,

nd details will be described elsewhere (manuscript in preparation).
nhanced chemiluminescence plus (ECL1plus) was from Amersham
harmacia Biotech Inc. (Piscataway, NJ).

Cell culture. Human THP-1 monocytic leukemia cells were ob-
ained from the American Type Culture Collection (Rockville, MD).
ells were maintained in RPM1 1640 medium with 10% heat inac-

ivated FCS, 50 U/ml penicillin G, 50 mg/ml streptomycin sulfate in
n atmosphere containing 5% CO2 and 95% air. Cultured cells were
arvested and washed once with PBS, and then resuspended in the
ssay medium (RPM1 1640 medium with 0.5% heat inactivated FCS,
0 U/ml penicillin G, and 50 mg/ml streptomycin sulfate). All the
eagents used in the experiment were diluted in the same assay
edium. Cells were seeded at a density of 1.5 3 104 cells/well into

6-well plates with a final volume of 250 ml/well, and treated with
ompounds for 1 h before addition of either LPS or assay medium.
fter 48 h incubation at 37°C, plates were centrifuged at 1000 rpm

or 5 min. 150 ml/well conditioned cell medium was then harvested
rom each well. Medium from triplicate samples were pooled and
ssayed for IL-8 and MMP-9 concentrations. Cell proliferation was
uantitated as described below.

Cell proliferation assay. THP-1 cell proliferation was assessed
ased on the ability of the cells to convert MTS into formazan, using
he AQueous cell proliferation assay kit. Cells were maintained and
346
edium as described above, 20 ml of AQueous One Solution was added
o each well, and incubated for 2 h at 37°C. Formazan formation was
easured using a multi-well SpectraFluor plate reader (Tecan, Re-

earch Triangle Park, NC) at 492 nm. Results were expressed in
rbitrary absorbance units. Each sample was assayed in triplicate.

MMP-9 and IL-8 ELISAs. MMP-9 and IL-8 were quantitated
sing sandwich ELISAs with commercially available antibodies.
riefly, 5 ml/well of monoclonal anti-IL-8 at 20 mg/ml or 10 ml/well of
heep anti-MMP-9 at 236 mg/ml diluted in PBS were immobilized on
2-well terasaki plates (Robbins Scientific, Mountain View, CA)
vernight at 4°C. The plates were blocked for 90 min with Superblock
t room temperature. The blocked plates were washed four times
ith PBS. 5 ml/well of biotinylated antibody (goat anti-human IL-8 at
mg/ml or monoclonal anti-human MMP-9) and 5 ml/well of culture

upernatants or recombinant human protein (IL-8 or MMP-9) di-
uted in the assay medium were added to the wells. Plates were
ncubated for 2 h at room temperature. After washing four times
ith PBS, 10 ml/well of streptavidin conjugated alkaline phosphatase

1:1000 diluted) was added to the wells. The plates were incubated
or an additional 30 min on ice. After washing, 7 ml/well of a fluoro-
enic substrate for alkaline phosphatase, Attophos, was added.
ime-dependent changes in fluorescence was measured using a
ulti-well SpectraFluor plate reader. Fluorescence emission at 595
m was digitally recorded over time, with excitation at 430 nm. The
ctual amount of MMP-9 or IL-8 were quantitated relative to stan-
ard curves representing a range of dilutions of recombinant MMP-9
r IL-8. Each sample was assayed in triplicate. The monoclonal
ntibody against human MMP-9 used in the assay does not show
etectable cross-reactivity with MMP-1, -2, or -3 as determined by
he manufacturer.

Immunoblot analysis. Nuclear and cytoplasmic extracts were
repared from THP-1 cells (about 107 cells) using NE-PER (Pierce)
ollowing the manufacturer’s instruction. 40 mg of either nuclear or
ytoplasmic extracts was electrophoresed in 4–20% SDS–
olyacrylamide gels (SDS–PAGE). Electrophoretically separated
roteins were electroblotted onto polyvinylidene difluoride mem-
ranes. Membranes were blocked in TBST buffer (10 mM Tris, pH
.0, 150 mM NaCl, 0.2% Tween 20) containing 5% dry milk for
vernight at 4°C. The primary rabbit antibody incubation was per-
ormed in TBST buffer containing 0.1% dry milk at room tempera-
ure for 1 h. Secondary antibody incubation and chemiluminescent
etection with enhanced chemiluminescence plus (ECL-plus) were
erformed following instructions provided by the manufacturer.

ESULTS

Expression of PPAR a and PPARg in THP-1 cells.
o determine if human monocytic THP-1 cells express
PARs, cellular extracts (nuclear or cytoplasmic) were
repared from cultured cells. Expression of PPARs in
he extracts was determined by Western blot analyses
sing antibodies specific to human PPARa and g. As
hown in Fig. 1, THP-1 cells express high levels of
PARa (Fig. 1, left) and g (Fig. 1, right) in the nu-
leus, while no expression was detected in the cytosol
xtracts.

Activation of either PPAR a or g reduces secretion of
MP-9 from THP-1 cells. To elucidate the potential

unction of PPARs in the inflammatory responses of
acrophages, we investigated the effect of a selective
PAR a (fenofibrate) or g (rosiglitazone) activator on
he secretion of MMP-9 in human monocytic THP-1
ells. THP-1 cells were initially maintained in medium
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ith 10% FCS and then transferred to medium with
.5% FCS in the presence of increasing concentrations
f PPAR activators. Consistent with previous reports
n cultured human or murine macrophages (14, 15),
roduction of MMP-9 in THP-1 cells completely de-
ends on stimulation. Incubation of THP-1 cells with
PS led to a dose-dependent secretion of MMP-9 (Fig.
). At 1 ng/ml of LPS, THP-1 cells secreted about
1.2 6 4.8 ng/ml of MMP-9, equivalent to 0.354 6 0.08
g/cell (n 5 8).
Treatment of THP-1 cells with either rosiglitazone or

enofibrate resulted in a dose-dependent inhibition of
PS-stimulated MMP-9 secretion (Fig. 3). At 2.5 mM,

enofibrate or rosiglitazone both inhibited the secretion
f MMP-9 by over 75%.

Activation of either PPAR a or g did not reduce se-
retion of IL-8 and proliferation of THP-1 cells. To
etermine if reduction of MMP-9 secretion was due to
educed cell number, THP-1 cell proliferation was as-
essed in parallel based upon the ability of the cells to

FIG. 1. PPARa and g are expressed in human monocytic THP-1
ells. Nuclear and cytoplasmic extracts were prepared from cultured
HP-1 cells (;107 cells). 40 mg of nuclear or cytoplasmic extracts
ere analyzed by SDS–PAGE (4–20%) and Western blotting with
ntibodies against PPARa (left panel) or g (right panel) as described
nder Materials and Methods.

FIG. 2. LPS induces secretion of MMP-9 from THP-1 cells in a
ose-dependent manner. THP-1 cells (1.5 3 104 cells/well) were
lated in a 96-well plate, and mixed with 0.25% NHP and increasing
oncentrations of LPS. After 48 h incubation at 37°C, culture media
ere harvested, and MMP-9 concentrations were determined by
LISA. The results are shown as the means 6 SD of triplicate
eterminations of a representative experiment repeated three times.
347
onvert MTS into formazan, using the AQueous cell pro-
iferation assay kit. As shown in Fig. 4, treatment of
osiglitazone or fenofibrate at concentrations up to 7.5
M did not cause a significant change in cell number.
hese results were further supported by the additional
arallel measurement of IL-8 secretion from THP-1
ells. Similar to the secretion of MMP-9, stimulation of
HP-1 cells with LPS caused a strong and dose-
ependent secretion of IL-8 (data not shown). At 1
g/ml of LPS, THP-1 cells secreted about 884 6 143
g/ml of IL-8, equivalent to 14.7 6 2.4 fg/cell (n 5 8).
owever, under the same conditions, treatment with

ither rosiglitazone or fenofibrate did not result in a
ignificant reduction in IL-8 secretion from the cells
Fig. 5). In fact, a small but consistent increase was
etected when they were treated with either of the
ompounds.

FIG. 3. Activation of PPAR a or g reduces secretion of MMP-9
rom THP-1 cells. THP-1 cells (1.5 3 104 cells/well) were plated in a
6-well plate, and mixed with increasing concentrations of rosiglita-
one or fenofibrate. After 60 min incubation at 37°C, LPS (1 ng/ml)
nd 0.25% NHP were added, and plates were incubated for another
8 h at 37°C. Culture media were harvested, and MMP-9 concentra-
ions were determined by ELISA. Data are shown as the means 6 SD
f three experiments with each performed in triplicate.

FIG. 4. Activation of PPAR a or g did not alter proliferation of
HP-1 cells. THP-1 cells (1.5 3 104 cells/well) were plated in a
6-well plate, and mixed with increasing concentrations of rosiglita-
one or fenofibrate. After 60 min incubation at 37°C, LPS (1 ng/ml)
nd 0.25% NHP were added, and plates were incubated for another
8 h at 37°C. Cell proliferation was then assessed based on the
bility of the cells to convert MTS into formazan as described under
aterials and Methods. Data are shown as the means 6 SD of three

xperiments with each performed in triplicate.
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ISCUSSION

Recent studies have produced apparently conflicting
ata on the ability of PPARg to influence expression of
roinflammatory genes. On one hand, Ricote et al. (11)
nd Jiang et al. (12) have shown that PPARg agonists
educe the stimulated expression of MMP-9, iNOS,
cavenger receptor, TNFa, IL-1b, and IL-6. On the
ther hand, Thieringer et al.3 failed to demonstrate any
nfluence of PPARg agonists on expression of IL-6 and
NFa. These observed differences are surprising be-
ause a common set of transcription factors (STAT,
P-1, and NF-kB) are thought to modulate the induced
xpression of all of the above proinflammatory genes
nd because of the proposed mechanism of action of
PARg is to directly inhibit the activation of those
ranscription factors (11).

Here we confirmed the ability of a specific PPARg
gonist, rosiglitazone, to inhibit LPS-induced MMP-9
xpression (Fig. 3). At the same time, we confirmed
he inability of rosiglitazone to inhibit LPS-induced
L-8 expression (Fig. 5). Since the same samples
ere used to measure IL-8 and MMP-9 secretion, it

s unlikely that the discrepant results with IL-8 and
MP-9 could be caused by experimental error. These

ata clearly show that PPARg may influence inflam-
atory gene expression, but rather than have a

road effect on all genes driven by STAT, AP-1 and
F-kB, it appears that only a subset of genes are
ffected.
LPS-stimulated IL-8 expression is thought to be

riven largely by NF-kB and AP-1 (see review 16).
herefore, the failure of rosiglitazone to modulate IL-8
xpression suggest that control of inflammatory gene

FIG. 5. Effects of PPAR a or g activators on secretion of IL-8 from
HP-1 cells. THP-1 cells (1.5 3 104 cells/well) were plated in a
6-well plate, and mixed with increasing concentrations of rosiglita-
one or fenofibrate. After 60 min incubation at 37°C, LPS (1 ng/ml)
nd 0.25% NHP were added, and plates were incubated for another
8 h at 37°C. Culture media were harvested, and IL-8 concentrations
ere determined by ELISA. Data are shown as the means 6 SD of

hree experiments with each performed in triplicate.
348
ially suggested. In this regard, it should be noted that
he studies describing inhibition of NF-kB and AP-1
ctivities depended largely on 15-deoxyl-D12–14 prosta-
landin J2 (15d-PGJ2) as a ligand for PPARg (11–13).
ecent studies, however, have demonstrated that 15d-
GJ2 may affect secretion of both cytokines (TNFa and
L-6) and superoxide anions through PPARg-indepen-
ent mechanism.3,4 Details of the mechanism used by
PARg to regulate inflammatory gene expression are
he subject of ongoing studies.

Here we have extended previous studies to show that
MP-9 expression is blocked not only by rosiglitazone,
PPARg agonist, but also by fenofibrate, a PPARa

gonist. While previous studies regarding a potential
nti-inflammatory role of PPAR in macrophages have
argely focused on g-selective agonists, a large body of
vidence suggests that PPARa is also a modulator of
nflammation. For example, PPARa-deficient mice
emonstrated a prolonged response to inflammatory
timuli (17). Studies with human smooth muscle cells
howed that PPARa ligands inhibited IL-1b-induced
roduction of IL-6 by repression of NF-kB signaling
18). In human macrophages, a recent study found that
oth PPARa and PPARg ligands can induce apoptosis
9). Our observations extend the finding of potential
nti-inflammatory actions of PPARa.
Secretion of proinflammatory modulators by macro-

hages is crucial for the development of inflammatory
iseases such as atherosclerosis. For example, targeted
eletion of iNOS, an enzyme predominantly expressed
n macrophages of atherosclerotic lesions, suppresses
therogenesis (19). Activated macrophages may influ-
nce many aspects of atherosclerosis, including the
ulnerability of plaques to disruption and thrombosis
20, 21). Pathological studies have shown that rupture-
rone regions are frequently infiltrated with a large
umber of monocyte-derived macrophages (22). Fur-
her observations have shown that atherosclerotic
esion-associated macrophages produce matrix metal-
oproteinase (MMPs), enzymes that participate in ex-
racellular matrix degradation (23). These findings
ave led researchers to suggest that macrophage-
erived MMPs may increase matrix breakdown in
laques, thereby predisposing them to rupture. MMP-9
s the predominant MMP secreted by macrophages
24–26). The effects of PPARs on secretion of MMP-9
nd related proinflammatory modulators may explain
n part for the protective role of PPARa or g agonists in
therosclerosis (27–29).

4 S. Vaidya, E. P. Somers, S. D. Wright, P. A. Detmers, and V. S.
ansal (1999) 15-Deoxyl-D12–14 prostaglandin J2 inhibits the b2

ntegrin-dependent oxidative burst: Involvement of a mechanism
istinct from PPARg ligand. J. Immunol., in press.
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