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The mitogen-activated protein (MAP) kinases mediate
he response of renal glomerular mesangial cells to a
ariety of physiologic and pathologic stimuli. This inves-
igation examines the effect of the cyclopentenone pros-
aglandin 15-deoxy-D12,14-prostaglandin J2 (15d-PGJ2) on
AP kinases in human mesangial cells. We show that

5d-PGJ2 dose-dependently increases the extracellular
ignal-regulated kinase (ERK) activity of human mesan-
ial cells, but has no effect on Jun-NH2-terminal kinase
r p38 MAP kinase. Despite the fact that 15d-PGJ2 is a
eroxisome proliferator-activated receptor (PPAR) li-
and, and PPARg is shown to be expressed by mesangial
ells, the thiazolidinedione PPARg agonist ciglitazone
oes not activate ERK. Additionally, a synthetic PPARg
ntagonist does not attenuate the activation of ERK by
5d-PGJ2. 15d-PGJ2-mediated ERK activation is how-
ver blocked by the MEK inhibitor PD 098059, appears
o require phosphatidylinositol-3 kinase, but is indepen-
ent of protein kinase C activation. These results dem-
nstrate a novel effect of 15d-PGJ2 to induce ERK in
uman mesangial cells independently of PPARg. © 2001

cademic Press

Key Words: cyclopentenone prostaglandin; mitogen-
ctivated protein kinase; PPAR; mesangial cell; glo-
erulus; extracellular signal-regulated kinase; thiazo-

idinedione; phosphatidylinositol-3 kinase.

The mesangial cell plays a central regulatory role in
lomerular biology. Induction of mesangial mitogen-
ctivated protein (MAP) kinases is a key step in the
athogenesis of glomerulosclerosis, a severe form of
lomerular injury that occurs in response to a number
f renal insults, including diabetes and glomerulone-
hritis. MAP kinases are serine/threonine kinases that
egulate a variety of processes, including cell growth,
roliferation, apoptosis, and extracellular matrix accu-

1 To whom correspondence should be addressed at Nephrology Divi-
ion, Ohio State University, N210 Means Hall, 1654 Upham Drive,
olumbus, OH 43210. Fax: 614-293-3073. E-mail: rovin.1@osu.edu.
57
ulation (1–8). We and others have shown that extra-
ellular signal-regulated kinase (ERK), Jun-NH2-
erminal kinase (JNK), and p38 MAP kinase can be
ctivated in human mesangial cells by cytokines and
rowth factors (7, 9, 10). Other (patho)physiologic reg-
lators of mesangial MAP kinases remain to be char-
cterized.
The naturally occurring cyclopentenone prostaglandin

5-deoxy-D12,14-prostaglandin J2 (15d-PGJ2) is derived
rom prostaglandin D2 through a series of dehydration
teps that occur in aqueous environments (11, 12). Other
ntermediates in this pathway include PGJ2 and D12-
GJ2. The J series prostaglandins are unique in having a
yclopentenone ring that contains a reactive, electrophilic
arbon. Because cyclopentenone prostaglandins are
aken up by cells and incorporated into nuclei (13), the
yclopentenone ring can bind covalently to intracellular
ucleophiles such as free sulfhydryls and cysteines, and

n so doing modify protein function (11). This may ac-
ount for the ability of 15d-PGJ2 to block activation of the
ranscription factor nuclear factor-kappaB (NF-kB), and
hereby the expression of NF-kB-dependent genes (14–
6). 15d-PGJ2 is also a potent agonist of the peroxisome
roliferator-activated receptor (PPAR)-g (17), a nuclear
ormone receptor and transcription factor that has a role

n regulating fatty acid homeostasis (17, 18). 15d-PGJ2

an therefore regulate adipocyte differentiation via PPAR
esponsive genes involved in lipid metabolism (19).

Evidence that 15d-PGJ2 modulates MAP kinase ac-
ivity is conflicting. It has been shown that 15d-PGJ2

ctivates JNK in untreated Hela cells (16), but blocks
L-1-induced JNK phosphorylation in rodent pancre-
tic islets (20). Similarly, induction of macrophage ap-
ptosis by 15d-PGJ2 was shown to depend on the p38
AP kinase, however 15d-PGJ2 appeared to decrease

hosphorylation of p38 (21), a step necessary for its
ctivity. These data imply that the effects of 15d-PGJ2

n MAP kinases may be cell-context specific. Although
series prostaglandins are present in human urine,

nd may be made by mesangial cells (22, 23), there are
o data regarding modulation of human mesangial cell
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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AP kinase activity by 15d-PGJ2. The current inves-
igation was undertaken to examine this issue. This
eport shows that 15d-PGJ2 specifically activates p42
nd p44 ERK in human mesangial cells through a
PARg-independent mechanism.

ETHODS

Human mesangial cell cultured. Human mesangial cells were
ultured from kidneys not suitable for transplantation, and charac-
erized as previously described (24). Cells from at least three differ-
nt donors were used between passages 4 and 7. Cells were grown to
onfluence in RPMI 1640 containing 10% heat-inactivated fetal bo-
ine serum (GIBCO, Grand Island, NY). Before treatment, cells were
ashed to remove serum. Experiments were performed in media

onsisting of serum free RPMI 1640 plus 0.25% bovine serum albu-
in (SF media).

Pharmacological treatments. To activate MAP kinases, cells were
reated with 1.1 ng/ml human recombinant interleukin-1b (IL-1, R &

Systems, Minneapolis, MN) for 30 min, or with 25 nM of the
horbol ester phorbol 12-myristate 13-acetate (PMA) (9, 10). 15d-
GJ2 was purchased from Cayman Chemical (Ann Arbor, MI) as a
ethyl acetate solution. Ciglitazone was obtained from Biomol (Ply-
outh Meeting, PA), and dissolved in ethanol. In each experiment

ehicle was added to control or IL-1-treated cells at the same con-
entration as cells treated with 15d-PGJ2 or ciglitazone. Mesangial
ells were treated for 2 h before harvest, or before the addition of
L-1. In some experiments PPARg was blocked by the synthetic
PARg antagonist bisphenol A diglycidyl ether [BADGE (25)].
ADGE was added to cells 2 h before 15d-PGJ2. In other experi-
ents cells were preincubated for 1 h with PD 098058 (Calbiochem,
an Diego, CA), a specific inhibitor of the ERK kinase MEK (9, 10).
o test the role of protein kinase C (PKC) and phosphatidylinositol-3

PI-3) kinase in 15d-PGJ2-mediated ERK activation, cells were pre-
reated with GF109203X (GFX, Calbiochem) or LY294002 (Calbio-
hem), PKC and PI-3 kinase inhibitors, respectively.

Determination of PPARg expression by human mesangial cells.
esangial PPARg expression was examined at the RNA and protein

evels. Total RNA was isolated, reverse transcribed to cDNA, and am-
lified with the following PPARg primers: 59-GGCAATTGA-
TGTCGTGTCTGTGGAGATAA-39 and 59-AGCTCCAGGGCTTGT-
GCAGGTTGTCTTGA-39 (expected size: 900 bp). RT-PCR products
ere separated on agarose gels and visualized by ethidium bromide

taining. Nuclear protein (10 mg) was isolated from mesangial cells (26),
esolved on 10% SDS–polyacrylamide gels under reducing conditions,
nd electroblotted onto 0.45-mm nitrocellulose membranes (27). PPARg
as identified with a rabbit polyclonal anti-PPARg antibody (Affinity
ioReagents, Golden, CO). Nonimmune rabbit IgG served as a control.
he secondary antibody was a biotinylated goat anti-rabbit IgG (Zymed,
an Francisco, CA). Blots were developed using enhanced chemilumi-
escence (ECL, Amersham, Arlington Heights, IL).

Measurement of MAP kinase activation. MAP kinases must be
yrosine/threonine phosphorylated for activation. We have previ-
usly shown that immunoblotting mesangial cell lysates for the
yrosine or tyrosine/threonine phosphorylated forms of ERK, JNK, or
38 MAP kinase correlates with activation of these MAP kinases (9,
0). Thus, immunoblotting for phospho-ERK, JNK, and p38 MAP
inase was used as the initial test of MAP kinase activation. For
hese experiments mesangial cells were rapidly lysed after treat-
ent using an SDS lysis buffer (2% SDS, 1 mM EDTA, 1 mM PMSF,

0 mM leupeptin and 0.15 u/ml aprotinin). Cell lysates were briefly
onicated at 4°C and equivalent amounts promptly separated on 10%
DS–polyacrylamide gels under reducing conditions. After transfer
o nitrocellulose the membranes were probed overnight at 4°C with
abbit polyclonal anti-phospho-ERK, anti-phospho-JNK, or anti-
hospho-p38 MAP kinase antibodies, which recognize the epitope of
58
rly, MA). Equivalent amounts of lysate were also probed with an-
ibodies that recognize total (phosphorylated and unphosphorylated)
RK, JNK, and p38 MAP kinase (Santa Cruz Biotechnology, Santa
ruz, CA), to verify that any increase in the phosphorylated MAP
inase was not do to an absolute increase in total MAP kinase. The
AP kinases were visualized with ECL as above.
ERK activation was verified by modification of a method we pre-

iously used (10). Briefly, p42 and p44 ERK were immunoprecipi-
ated from 250 mg of cell lysate of appropriately treated mesangial
ells using a rabbit polyclonal anti-pan-ERK antibody covalently
onjugated to Protein A–agarose (Upstate Biotechnology, Lake
lacid, NY) for 120 min at 4°C. After several washes with cold PBS,
his immunoprecipitate was added to kinase buffer containing 500
M ATP and 20 mg purified bovine brain myelin basic protein (MBP).
he kinase reaction was allowed to proceed for 20 min at 30°C and
as halted by the addition of 5 ml SDS loading buffer and boiling for
min. The MBP was separated by 12% SDS–PAGE under reducing

onditions and transferred to nitrocellulose. Changes in MBP thre-
nine phosphorylation induced by ERK were identified by immuno-
lotting with an anti-phospho-MBP antibody (Upstate Biotechnol-
gy) overnight at 4°C. After the addition of appropriate secondary
ntibodies, phosphorylated MBP bands were identified by ECL. Den-
itometry of the phospho-MBP bands was performed using SigmaGel
Jandel Scientific, San Rafael, CA).

Statistical analysis. Data are presented as the mean 6 standard
eviation. Comparisons were made with the Student’s t test. P ,
.05 was considered significant.

ESULTS

5d-PGJ2 Activates ERK in Human Mesangial Cells

Mesangial cells were treated with 15d-PGJ2 (1–50
M) for 2 h. Phosphorylation of ERK, JNK, and p38
AP kinase was used as an index of MAP kinase

ctivation. As shown in Fig. 1, 15d-PGJ2 caused a
ose-dependent increase in the phosphorylation of both
he p42 and p44 isoforms of ERK, but had no effect on
NK or p38 MAP kinase phosphorylation. ERK phos-
horylation was apparent beginning at a prostaglan-
in concentration of 10 mM, and increased to a level
omparable to that achieved by IL-1 treatment at a
oncentration of 50 mM 15d-PGJ2. This effect appears
o be specific for 15d-PGJ2, as treatment of resting
esangial cells with other 15-deoxy cyclopentenone

rostaglandins (15-deoxy-D12,14-PGA1, 15-deoxy-D12,14-
GA2) did not activate ERK (data not shown). Under
hese experimental conditions 15d-PGJ2 displayed no
ytotoxicity, as assessed by the conversion of a tetra-
olium compound to its formazan product, as well as
rypan blue exclusion.

The 15d-PGJ2-mediated increase in ERK phosphor-
lation correlated with an increase in ERK kinase ac-
ivity. ERK immunoprecipitated from cells treated
ith 50 mM 15d-PGJ2 caused a two-fold increase in the
hosphorylation of MBP (Fig. 2). The level of substrate
hosphorylation was comparable to the increase in
hosphorylation seen after PMA treatment.
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PARg Does Not Mediate ERK Activation
by 15d-PGJ2

Because 15d-PGJ2 is a potent agonist of PPARg, we
nvestigated whether the effects on ERK activation
ere mediated by PPARg. To this end, mesangial cells
ere treated with the structurally different PPARg
gonist ciglitazone, a thiazolidinedione (TZD) class
nti-diabetic agent (28). Ciglitazone in concentrations
f 10–100 mM had no effect on mesangial ERK activity
Fig. 3A). Furthermore, cells were pretreated with bis-
henol A diglycidyl ether (BADGE), a synthetic PPARg
gonist (25), followed by 15d-PGJ2, and then examined
or ERK phosphorylation. BADGE had no effect on the
ntrinsic level of ERK phosphorylation, and was unable
o inhibit the 15d-PGJ2-mediated ERK phosphoryla-
ion (Fig. 3B). This apparent lack of involvement of
PARg is not due to a lack of receptor expression in the
esangial cells. As shown in Fig. 4A, RT-PCR identi-
ed PPARg RNA in mesangial cells. Because these
rimers crossed introns, and because no product was
mplified from RNA samples in which reverse tran-

FIG. 1. 15d-PGJ2 induces the phosphorylation of p42 and p44
RK. (A) Lysates from vehicle-treated cells (C), or cells treated with

he indicated concentrations of 15d-PGJ2 for 2 h were immunoblotted
or tyrosine and threonine phosphorylation of ERK (upper panel).
otal ERK remained constant (lower panel). (B, C) The same lysates
ere also immunoblotted for phospho-p38 MAP (P-p38) kinase and
hospho-JNK (P-JNK). IL-1b (1.1 ng/ml for 30 min) was used as a
ositive control. Representative of four experiments.
59
criptase was omitted (not shown), it is unlikely that
he RNA was contaminated with genomic DNA. The
resence of PPARg was confirmed by immunoblotting
esangial cell nuclear lysates with an antibody to
PARg. A specific band of molecular mass 51.7 kDa
as found in unstimulated cells, as well as cells treated
ith IL-1 or 15d-PGJ2 (Fig. 4B). This molecular mass is

imilar to that described for PPARg1 (19, 29, 30). In-
erestingly, there appeared to be more PPARg1 present
n nuclei of cells treated with 15d-PGJ2, compared to
ells treated with vehicle or IL-1. (Fig. 4B).

pstream Signals in 15d-PGJ2-Mediated
ERK Activation

ERK activation is most often mediated by MAP ki-
ase (MEK). PD 098059, a synthetic compound which

nhibits the activation of ERK by MEK, was used to
erify that 15d-PGJ2 activates ERK through MEK. As
hown in Fig. 5A, PD 098059 completely prevented the
hosphorylation of ERK in cells treated with 15d-PGJ2.

FIG. 2. 15d-PGJ2 induces ERK activity in human mesangial
ells. Cell lysates from vehicle (C) or 15d-PGJ2-treated mesangial
ells (50 mM for 2 h) were immunoprecipitated with anti-ERK anti-
ody and used in an in vitro kinase assay with myelin basic protein
MBP) as a substrate. (A) MBP was separated by electrophoresis and
mmunoblotted for phosphorylated MBP. Phorbol ester treated mes-
ngial cells (PMA, 25 nM for 30 min) served as a positive control. (B)
ensitometric analysis of phosphorylated MBP from immunoblots
escribed in A. MBP phosphorylation was significantly higher in
esponse to lysates from cells treated with 15d-PGJ2 than from cells
reated with vehicle alone (P , 0.02, n 5 4).
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ERK pathway activation can be PKC-dependent or
I-3 kinase-dependent (18, 31–33). PKC is probably
ot involved in 15d-PGJ2-mediated ERK activation,

FIG. 3. 15d-PGJ2-mediated ERK phosphorylation is not PPARg-
ediated. (A) Lysates from vehicle-treated cells (C), or cells treated
ith the indicated concentrations of ciglitazone for 2 h were immuno-
lotted for phospho-ERK. IL-1b (1.1 ng/ml for 30 min) was used as a
ositive control. Representative of four experiments. (B) Cells were
retreated with the PPARg antagonist BADGE (100 mM) 2 h prior to
5d-PGJ2 (50 mM). After an additional 2 h cell lysates were harvested
nd immunoblotted for phospho-ERK. Representative of three experi-
ents.

FIG. 4. Expression of PPARg in human mesangial cells. (A) Total
NA was isolated from unstimulated mesangial cells and probed for
PARg mRNA by RT-PCR. The expected product size of 900 bp is
emonstrated. Representative of four experiments. (B) Mesangial
ell nuclear protein was isolated and immunoblotted for PPARg.
ells were either vehicle-treated (C), or treated with 1.1 ng/ml IL-1
r 10 mM 15d-PGJ2 for 18 h before harvest. These preparations (n 5
) showed a single specific band with a molecular mass of 51.7 kDa.
60
ecause the specific PKC inhibitor GFX had no effect
n 15d-PGJ2-induced ERK phosphorylation (Fig 5B).
n contrast, GFX caused a dose-dependent inhibition of
horbol ester-induced ERK phosphorylation, as ex-
ected (Fig. 5B). Pretreatment of mesangial cells with
Y294002, an inhibitor of PI-3 kinase, completely pre-
ented induction of ERK phosphorylation by 15d-PGJ2

Fig. 5C), indicating a dependence on PI-3 kinase for
RK activation.

FIG. 5. Upstream signals in 15d-PGJ2-mediated ERK activation.
A) Cells were treated with vehicle alone (SF) or PD 98059 (25 mM) for
0 min. 15d-PGJ2 (50 mM) was added as indicated for 2 h. Cell lysates
ere subsequently immunoblotted for phospho-ERK. Representative of

wo experiments. (B) Mesangial cells were pretreated for 60 min with
he indicated concentrations of the specific PKC inhibitor GFX. The
ffect of GFX on PMA phosphorylation of ERK (25 nM for 30 min) is
hown in the upper panel. The same concentrations of GFX were used
o determine the effect of PKC inhibition on 15d-PGJ2-mediated ERK
hosphorylation (lower panel). Representative of three experiments. (C)
esangial cells were treated with vehicle alone (SF) or the PI-3 kinase

nhibitor LY294002 (25 mM) for 60 min. 15d-PGJ2 (50 mM) was added as
ndicated for 2 h. Cell lysates were immunoblotted for phospho-ERK.
epresentative of three experiments.
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ISCUSSION

The cyclopentenone prostaglandin 15d-PGJ2 has re-
ently received increasing attention because it is a
otential regulator of diverse processes such as cell
rowth and differentiation (34) and inflammation (35).
he present study adds activation of MAP kinase to
his growing list of regulatory functions. We found that
5d-PGJ2 induces the phosphorylation and activation
f p42 and p44 ERK in human mesangial cells, but has
o effect on JNK or p38 MAP kinase. This specificity
or ERK is interesting, as many of the stimuli that
ctivate mesangial MAP kinases activate multiple
AP kinases (7, 9, 10, 18, 36). This effect also appears

o be specific for 15d-PGJ2, as other 15-deoxy cyclopen-
enone prostaglandins do not activate ERK. The effec-
ive concentrations of 15d-PGJ2 for ERK induction are
igher than the range classically associated with pros-
aglandin activity. This however, is likely dependent
n cell type. For example, in some cell lines the effects
f 15d-PGJ2 on cytokine expression were observed at
oncentrations less than 10 mM, whereas other cell
ypes required concentrations up to 30 mM to achieve
imilar effects (16, 20, 37, 38). Given the evidence that

series prostaglandins may be inducible within the
enal parenchyma (22), ERK activation by 15d-PGJ2

ay play a role in glomerulosclerosis after renal in-
ury.

Although 15d-PGJ2 is a potent PPARg ligand, the
ffect of 15d-PGJ2 on mesangial ERK activity cannot
e reproduced by ciglitazone, a TZD PPARg agonist,
nd is not prevented by BADGE, a synthetic PPARg
ntagonist. These data suggest that activation of ERK
y 15d-PGJ2 is independent of PPARg, and are consis-
ent with the observation that in other cell types sev-
ral biologic activities of 15d-PGJ2 are PPARg-
ndependent (15, 16, 21). This is not because human

esangial cells lack PPARg. Under our cell culture
onditions, human mesangial cells constitutively ex-
ress PPARg, and nuclear expression appears to in-
rease in cells treated with 15d-PGJ2. Similar expres-
ion of PPARg has been described in rodent mesangial
ells (39, 40).

The upstream signals that mediate mesangial ERK
ctivation in response to 15d-PGJ2 are presently un-
lear. PKC can activate ERK (18, 31), but the failure of
FX to inhibit 15d-PGJ2-induced ERK activation does
ot support a role for PKC in this case. PI-3 kinase has
lso been implicated in ERK activation (32, 33), and
ay play a role in the mesangial 15d-PGJ2-ERK path-
ay, given the observation that the PI-3 kinase inhib-

tor LY294002 abrogates the effect of 15d-PGJ2 on
RK. Mechanistically, 15d-PGJ2 may directly alter the
ctivity of intermediates in the ERK activation path-
ay through covalent modification of critical residues
y its reactive cyclopentenone ring, as has been shown
or other proteins (14–16).
61
In summary, this investigation demonstrates that
he J series prostaglandin 15d-PGJ2 induces mesangial
RK activity in a PKC-independent, and PI-3 kinase-
ependent manner. This effect is specific for ERK, as
NK and p38 MAP kinases are not activated. Despite
vidence that 15d-PGJ2 is a PPARg ligand, the induc-
ion of ERK appears to be PPARg-independent. These
ata suggest 15d-PGJ2 may modulate mesangial cell
urvival, production of extracellular matrix proteins,
r other processes classically regulated by the ERK
athway. The relationship of 15d-PGJ2-mediated ERK
ctivation to glomerular injury is currently under in-
estigation.
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