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Abstract

 

Platelet-derived growth factor (PDGF) and basic fibroblast

growth factor (bFGF) regulate mesangial cell proliferation

and matrix production in vitro and in vivo and crucially

participate in the pathogenesis of glomerulonephritis. We

investigated whether PDGF-BB and bFGF influence nitric

oxide (NO) production, another important effector molecule

in inflammatory glomerular injury.

Inducible NO synthase (iNOS) induction in rat glomerular

mesangial cells has been described in response to two princi-

pal classes of activating signals comprising inflammatory

cytokines such as interleukin 1

 

b

 

 (IL-1

 

b

 

) or elevation of cy-

clic AMP (cAMP). Treatment of mesangial cells with IL-1

 

b

 

induces iNOS activity measured as nitrite levels in cell cul-

ture supernatants. Coincubation of mesangial cells with

 

PDGF-BB inhibits production of nitrite by 

 

z

 

 95%. This ef-

fect can be reversed by the simultaneous incubation of

PDGF-BB in the presence of calphostin C, a potent and se-

lective inhibitor of protein kinase C. In contrast, incubation

of cells in the presence of bFGF potentiates IL-1

 

b

 

–induced

production of NO and is functionally associated with an in-

creased rate of apoptosis of mesangial cells. Western blot

analyses reveal that PDGF-BB causes a decrease in the for-

mation of iNOS protein which is preceded by decreases in

iNOS mRNA steady state levels. bFGF drastically increases

iNOS protein levels as well as the corresponding iNOS

mRNA steady state levels. Nuclear run-on experiments re-

veal that PDGF-BB decreases the IL-1

 

b

 

–induced transcrip-

tion rate of the iNOS gene, whereas bFGF potentiates the

transcriptional activity of the iNOS gene. Northern blot anal-

yses demonstrate that bFGF strongly potentiates the forma-

tion of IL-1

 

b

 

–induced IL-1 type I receptor mRNA levels,

whereas PDGF-BB has no effect.

Treatment of mesangial cells with the membrane-perme-

able cAMP analogue 

 

N

 

6

 

,

 

O

 

-2

 

9

 

-dibutyryladenosine 3

 

9

 

,5

 

9

 

-phos-

phate (Bt

 

2

 

cAMP) markedly increases the production of ni-

trite. Whereas PDGF-BB does not affect cAMP-induced

nitrite levels, bFGF strongly potentiates them. PDGF-BB

alters neither cAMP-induced iNOS protein levels nor the

corresponding iNOS mRNA steady state levels. By contrast,

bFGF superinduces cAMP-stimulated iNOS protein and iNOS

mRNA levels. These changes by bFGF are due to an in-

crease in cAMP-induced transcriptional activity of the iNOS

gene which is not affected by PDGF-BB.

In summary, the results show that PDGF and bFGF dif-

ferentially regulate iNOS expression in mesangial cells in a

stimulus-specific way. The timely sequence of expression of

PDGF and bFGF and of cytokines like IL-1 will crucially

determine the amounts of NO produced and the functional

consequences thereof in the course of progressive glomerular

diseases. (

 

J. Clin. Invest. 

 

1997. 100:2800–2809.) Key words:

nitric oxide 

 

•

 

 growth factors 

 

•

 

 rat mesangial cells 

 

•

 

 apoptosis 

 

•

 

protein kinase C

 

Introduction

 

Nitric oxide (NO)

 

1

 

 is a free radical gas mediating intercellular
communications in many mammalian organs. In recent years
the importance of NO for the regulation of vascular homeosta-
sis, the involvement in neurotransmission, and the defense
against infectious agents has become established (1, 2). Three
isoforms of NO synthase (NOS) have been identified and
cloned (3, 4). The neuronal and endothelial enzymes are con-
stitutively expressed and their enzymatic activity is regulated
by changes in concentration of intracellular free Ca

 

2

 

1

 

. The
third member of the family of NOSs is the inducible NOS
(iNOS). This enzyme is regulated at the transcriptional level
and the activity is independent of changes in intracellular free
Ca

 

2

 

1

 

. iNOS is expressed in many different cell types and pro-
duces high levels of NO. Excessive formation of NO mediates
the bactericidal and tumoricidal actions of macrophages. How-
ever, under pathological conditions, high output of NO is asso-
ciated with tissue damage observed in arthritis, insulitis, septic
shock, and nephritis (for reviews see references 1 and 2).

The importance of the 

 

L

 

-arginine/NO pathway for the
pathogenesis of certain forms of glomerulonephritis is docu-
mented in the literature (for reviews see references 5 and 6).
Cattell and co-workers (7–10) demonstrated ex vivo produc-
tion of nitrite in glomeruli isolated from rats with four differ-
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 bFGF, basic fibroblast growth fac-
tor; Bt
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-arginine; NO, nitric oxide; NOS, nitric oxide synthase;
PDGF-BB, BB isoform of PDGF; PKC, protein kinase C.
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ent models of immune complex–mediated glomerular injury,
including Thy 1.1 glomerulonephritis. Weinberg and col-
leagues (11) reported that oral administration of an iNOS in-
hibitor, 

 

L

 

-

 

N

 

G

 

-monomethyl-

 

L

 

-arginine (L-NMMA), a struc-
tural analogue of 

 

L

 

-arginine, prevents the development of
glomerulonephritis in MRL-

 

lpr/lpr

 

 mice that develop a spon-
taneous autoimmune disease. Narita et al. (12) have shown
that in antithymocyte serum-induced glomerulonephritis com-
plement-dependent mesangial cell lysis can be prevented by
pretreatment of the rats with L-NMMA, suggesting that glo-
merular injury in this model is NO mediated. 

Mesangial cells are a major determinant in the regulation
of glomerular filtration rate (13, 14). In coincubation experi-
ments it was demonstrated that NO released from glomerular
endothelial cells increases cGMP in mesangial cells, thus inhib-
iting angiotensin II–induced mesangial cell contraction (15).
Moreover, mesangial cells are not only a target for NO, but
have themselves the capacity to produce NO (for reviews see
references 16 and 17). Recently, we and others have shown
that two principal classes of activating signals may induce
iNOS expression in mesangial cells. These two groups com-
prise inflammatory cytokines such as IL-1

 

b

 

 or TNF-

 

a

 

 (18–20)
and agents that elevate cellular levels of cAMP (21, 22). Both
signal transduction pathways act on the transcription rate of
the iNOS gene and subsequently increase iNOS mRNA steady
state and protein levels (21).

Growth factors such as PDGF and basic fibroblast growth
factor (bFGF) have been identified as important mediators in
the rat model of mesangial proliferative Thy 1.1 nephritis, with
bFGF being associated with the mesangiolytic phase and PDGF
with the proliferative of the disease (23, for reviews see refer-
ences 24–26). The aim of this study was to evaluate whether
PDGF-BB and bFGF modulate induction of iNOS in mesan-
gial cells. We show that PDGF-BB decreases IL-1

 

b

 

–induced
iNOS expression but has no effect on cAMP-stimulated iNOS
induction. In contrast, bFGF potentiates IL-1

 

b

 

– and cAMP-
induced iNOS expression. These data may provide new in-
sights in the understanding of basic mechanisms of NO func-
tion in the pathogenesis of Thy 1.1 glomerulonephritis and
other types of progressive glomerular diseases.

 

Methods

 

Cell culture.

 

Rat mesangial cells were cultured as described previ-
ously (20). In a second step, single cells were cloned by limited dilu-
tion using 96-microwell plates. Clones with apparent mesangial cell
morphology were used for further processing. The cells exhibited the
typical stellate morphology. Moreover, there was positive staining for
the intermediate filaments desmin and vimentin, which are consid-
ered to be specific for myogenic cells, positive staining for Thy 1.1 an-
tigen, and negative staining for the Factor VIII–related antigen and
cytokeratin, excluding endothelial and epithelial contamination, re-
spectively. The generation of inositol trisphosphate upon activation
of the angiotensin II AT

 

1

 

 receptor was used as a functional criterion
for characterizing the cloned cell line. The cells were grown in RPMI
1640 supplemented with 10% FCS, penicillin (100 U/ml), streptomy-
cin (100 

 

m

 

g/ml), and bovine insulin at 0.66 U/ml (Sigma, Buchs, Swit-
zerland). For the experiments, passages 6–16 of mesangial cell were
used. 

 

Nitrite analysis.

 

Nitrite production by rat glomerular mesangial
cells was measured as a read-out for NOS activity as described previ-
ously (27). Confluent mesangial cells in 24-well plates were washed
twice with PBS and incubated in DMEM without phenol red and sup-

plemented with 0.1 mg/ml of fatty acid–free BSA, with or without
agents for the indicated time periods. Thereafter, the medium was
withdrawn and nitrite was measured by mixing 200 

 

m

 

l of the superna-
tant with 100 

 

m

 

l of Griess reagent. The absorbance at 550 nm was
measured and the nitrite concentration was determined using a cali-
bration curve with sodium nitrite standards.

 

Western blot analysis.

 

Confluent mesangial cells were stimulated
with agents for 24 h and then washed with PBS and scraped into 1 ml of
buffer A (50 mM Tris/HCl, pH 7.4, 0.5 mM EDTA, 0.5 mM EGTA,
1 

 

m

 

M leupeptin, 0.1 mM PMSF, 1 mM dithiothreitol). Cells were ho-
mogenized in a Dounce homogenizer and centrifuged at 200,000 

 

g

 

 for
30 min at 4

 

8

 

C. Protein concentration was determined by the method
of Bradford (28). The supernatants (3 mg of protein) were incubated
for 30 min at 4

 

8

 

C with 400 

 

m

 

l of a 1:1 (vol/vol) slurry of 2

 

9

 

,5

 

9

 

-ADP-
agarose in buffer A with gentle agitation. After centrifugation for 10
min at 3,000 

 

g

 

 the pellets were washed twice with buffer A, once with
buffer A containing 0.5 M NaCl, and finally with buffer A only. The
proteins were solubilized from the beads by heating for 5 min at 95

 

8

 

C
in 0.1 ml of SDS-PAGE sample buffer (3.6% [wt/vol] SDS, 15% [wt/
vol] glycerol, 120 mM Tris-HCl, pH 6.8, 0.125 M DTT) and subjected
to SDS-PAGE (7.5% acrylamide gel). Immunoblotting was per-
formed as described using a polyclonal anti-iNOS antibody (29) at a
dilution of 1:1,000.

 

Northern blot analysis.

 

Confluent mesangial cells were washed
twice with PBS and incubated in DMEM, supplemented with 0.1 mg/ml
of fatty acid–free BSA, with or without agents for the indicated time
periods. Cells were washed twice with PBS and harvested using a rub-
ber policeman. Total cellular RNA was extracted from the cell pellets
using the guanidinium thiocyanate/cesium chloride method (30).
Samples of 20 

 

m

 

g RNA were separated on 1% (wt/vol) agarose gels
containing 0.66 M formaldehyde before the transfer to GeneScreen
membranes (New England Nuclear, Boston, MA). After UV cross-
linking and prehybridization for 2 h, the filters were hybridized for
16–18 h to a 

 

32

 

P-labeled SmaI cDNA insert from pMac-NOS. To cor-
rect for variation in RNA amount, the NOS probe was stripped with
boiling 0.1

 

3

 

 SSC/1% SDS and the blots were rehybridized to the

 

32

 

P-labeled BamHI/SalI cDNA insert from clone pEX 6 coding for
human 

 

b

 

-actin. DNA probes (0.5–1 

 

3

 

 10

 

6

 

 dpm/ml) were radioactively
labeled with [

 

32

 

P]dATP by random priming (Boehringer Mannheim,
Mannheim, Germany). Hybridization reactions were performed in
50%(vol/vol) formamide, 5

 

3

 

 SSC, 5

 

3

 

 Denhardt’s solution, 1% (wt/
vol) SDS, 10% (wt/vol) dextran sulfate, and 100 

 

m

 

g/ml salmon sperm
DNA. Filters were washed three times in 2

 

3

 

 SSC/0.1% SDS at room
temperature for 15 min, and then twice in 0.2

 

3

 

 SSC/1% SDS at 65

 

8

 

C
for 30 min. Filters were exposed for 24–48 h to Kodak X-Omat XAR
film using intensifying screens.

 

Nuclear run-on transcription.

 

For preparation of nuclei, 

 

z

 

 5 

 

3

 

10

 

7

 

 cells were lysed in ice-cold RSB (10 mM Tris-HCl, pH 7.4, 5 mM
KCl/3 mM MgCl

 

2

 

) containing 0.5% Nonidet P-40. Nuclei were iso-
lated by spinning at 800 

 

g

 

, washed once in ice-cold PBS, and finally
resuspended in 40% (vol/vol) glycerol/50 mM Hepes (pH 8.0)/5 mM
MgCl

 

2

 

/2 mM dithiothreitol. For the run-on transcription assay, the nu-
clei suspension was mixed with 0.2 ml of 2

 

3

 

 reaction buffer (100 mM
Hepes [pH 8.0]/10 mM MgCl

 

2

 

/300 mM KCl/200 U/ml RNasin) (Boeh-
ringer Mannheim), 1 mM each ATP, GTP, and CTP/150 

 

m

 

Ci (1 

 

m

 

Ci 

 

5

 

37 kBq) of [

 

32

 

P]UTP (3,000 Ci/mmol) and incubated for 30 min at
37

 

8

 

C. Transcription was stopped by adding 20 

 

m

 

g of DNase I, fol-
lowed by 80 

 

m

 

g of proteinase K. The 

 

32

 

P-labeled RNA was purified by
extraction with phenol/chloroform and two sequential precipitations
with ammonium acetate. Equal amounts of labeled RNA (8

 

 3 

 

10

 

7

 

dpm/ml) were hybridized in 50% formamide/5

 

3

 

 SSC/5

 

3 

 

Denhardt’s
solution/1% SDS (1

 

3

 

 SSC 

 

5 

 

150 mM NaCl/15 mM sodium citrate,
pH 7.0) at 42

 

8

 

C for 72 h. Filters contained 10 

 

m

 

g each of linearized
plasmids immobilized on GeneScreen membranes after blotting in
12

 

3

 

 SSPE with a dot-blot apparatus. After hybridization filters were
rinsed for 30 min in 2

 

3

 

 SSC at 60

 

8

 

C, for 5 min in 2

 

3

 

 SSC containing
10 mg/ml of RNase A at 37

 

8

 

C, and finally for 1 h in 2

 

3

 

 SSC at 37

 

8

 

C.
Filters were air dried and exposed at 

 

2

 

70

 

8

 

C for 2–6 d.
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Cell death detection by analysis of cytosolic oligonucleosome-

bound DNA.

 

Confluent mesangial cells in 35-mm-diameter dishes
were washed twice with PBS and incubated in DMEM. Cytosolic
oligonucleosome-bound DNA was quantitated using an ELISA kit
(Boehringer Mannheim) with a primary antihistone antibody and a
secondary anti-DNA antibody coupled to peroxidase according to
the manufacturer’s instructions. Absorbance values (A

 

450nm/486nm

 

) are
a relative measure for DNA fragmentation. Percentage of fragmenta-
tion is expressed in comparison to controls.

 

Cell fractionation for immunodetection of protein kinase C (PKC).

 

Stimulated mesangial cells were washed with ice-cold PBS (137 mM
NaCl/2.7 mM KCl/8 mM Na

 

2

 

HPO

 

4

 

/1.5 mM KH

 

2

 

PO

 

4

 

) and scraped
into 0.5 ml of ice-cold homogenization buffer (20 mM Tris-HCl [pH
7.5]/1 mM EDTA/1 mM EGTA/2 mM dithiothreitol/25 

 

m

 

g of leupep-
tin per ml/1 mM PMSF/10 mM benzamidine) with a rubber police-
man. All subsequent steps were carried out at 4

 

8

 

C. The cells were
lysed with 3 

 

3

 

 10-s bursts with a sonifier (setting 4.0, model B15;
Branson Ultrasonics Corp., Danbury, CT) and centrifuged for 1 h at
100,000 

 

g

 

. Supernatants were used as a source of cytosolic protein.
Pellets were resonicated in 1 ml of the same buffer containing 1%
(vol/vol) Triton X-100 and centrifuged for 1 h at 100,000 

 

g

 

, yielding
the solubilized particulate fractions. Protein concentration was deter-
mined by the method of Bradford (28). Generation and characteriza-
tion of PKC isoenzyme-specific antibodies has been reported previ-
ously (31, 32).

 

Chemicals.

 

Recombinant human IL-1

 

b

 

 was generously supplied
by Dr. C. Rordorf (Novartis Pharma Inc., Basel, Switzerland);

 

N

 

6

 

,

 

O

 

-2

 

9

 

-dibutyryladenosine 3

 

9

 

,5

 

9

 

-phosphate (Bt

 

2

 

cAMP) was from
Sigma; PDGF-BB was a kind gift of Dr. Michael Pech (F. Hoffmann-
La Roche Ltd., Basel, Switzerland); (ser70,88)bFGF was generously
supplied by Dr. Michael Fox (Amgen Inc., Thousand Oaks, CA); the
cDNA clone pMac-NOS, coding for the inducible macrophage NOS was
kindly provided by Dr. J. Cunningham (Boston, MA); and the cDNA
clone pEX 6, coding for human b-actin, was a gift from Dr. U. Aebi
(Maurice E. Müller Institut, Basel, Switzerland). The genomic clone
coding for 28S ribosomal RNA was kindly provided by Dr. Th. Gei-
ger (Novartis Pharma Inc., Basel, Switzerland), the cDNA clone cod-
ing for murine IL-1 type I receptor was a gift from Dr. C. Dinarello
(Denver, CO); Nylon membranes (GeneScreen) were purchased
from DuPont de Nemours International (Regensdorf, Switzerland);
[32P]dATP (specific activity 3,000 Ci/mmol) was from Amersham
(Dübendorf, Switzerland); calphostin C was purchased from Anawa
(Dübendorf, Switzerland); cell culture media and nutrients were from
Gibco BRL (Basel, Switzerland); and all other chemicals were either
from Merck (Darmstadt, Germany) or Fluka (Buchs, Switzerland).
Antibodies specific for iNOS were generated using the multiple anti-
gen peptide (MAP) system. The peptide antigen based on an NH2-
terminal sequence of mouse iNOS (NVPESLDKLHVT) is assembled
stepwise on the MAP core resin. After complete peptide assembly,
the MAP system is cleaved from the resin support and after dialysis is
used for immunization (29).

Results

IL-1b–induced iNOS activity is differentially affected by PDGF-

BB and bFGF. Mesangial cells were incubated with IL-1b and
cell culture supernatants were assayed for nitrite production,
one of the stable end products of NO formation. Only low
amounts of NO (1467 nmol nitrite/mg of protein) are pro-
duced in unstimulated mesangial cells. Treatment with IL-1b

(2 nM) for 24 h dramatically induces the production of NO
by z 44-fold (617649 nmol nitrite/mg of protein, mean6SD,
n 5 4).

Treatment of mesangial cells with PDGF-BB dose-depen-
dently inhibits the formation of nitrite induced by IL-1b with a
half-maximal inhibitory concentration (IC50) of 4.260.4 ng/ml

PDGF-BB (mean6SD, n 5 3) and maximal inhibition at 100
ng/ml, thus confirming previous observations (33). In contrast,
bFGF dose-dependently superinduces IL-1b–dependent ni-
trite production with significant effects already at 3 ng/ml
bFGF and a maximal potentiation by 53612% (mean6SD, n 5

3) at 100 ng/ml bFGF.
The experiments described here have been performed with

(ser70,88) bFGF in which cysteine residues at positions 70 and
88, which are not conserved among the FGF family members,
have been replaced with serines in order to reduce intermolec-
ular dimer formation at high protein concentration. This mole-
cule has biological activity identical to that of native bFGF
(34). Selected experiments have been performed with native
bFGF (Boehringer Mannheim) and gave identical results.

Modulation of IL-1b–induced iNOS activity by PDGF-BB

and bFGF is due to changes in iNOS protein and mRNA lev-

els. Western blot analysis with an iNOS-specific polyclonal an-
tibody demonstrates that treatment of mesangial cells with IL-1b
drastically upregulates the 130-kD iNOS protein as shown in
Fig. 1. This band is not detectable in unstimulated mesangial
cells and also the growth factors PDGF-BB and bFGF alone
have no effect on iNOS protein expression (Fig. 1). Coincuba-
tion of cells with IL-1b and PDGF-BB potently reduces iNOS
protein levels, whereas bFGF strongly potentiates formation
of iNOS protein (Fig. 1).

To assess whether the modulation of IL-1b–induced iNOS
protein levels by PDGF-BB and bFGF is associated with
changes in the corresponding mRNA steady state levels cod-
ing for iNOS, Northern blot analyses were performed. As
shown in Fig. 2 A, IL-1b–induced iNOS mRNA steady state
levels are reduced by PDGF-BB in a dose-dependent fashion,
whereas bFGF strongly augments IL-1b–stimulated iNOS
mRNA steady state levels (Fig. 2 B). The different intensity of
the IL-1b signal is intended and is due to different exposure
times of 2 h (Fig. 2 B) and overnight (Fig. 2 A) in order to al-
low optimal evaluation of the stimulatory and inhibitory ef-
fects of bFGF and PDGF-BB, respectively.

PDGF-BB and bFGF differentially modulate IL-1b–induced

iNOS gene transcription in mesangial cells. Nuclear run-on ex-
periments were performed to evaluate whether changes in
iNOS gene transcription may contribute to the observed
changes in iNOS mRNA steady state levels. As shown in Fig.
3, in unstimulated mesangial cells virtually no transcriptional

Figure 1. Effects of 
PDGF-BB and bFGF 
on IL-1b–stimulated 
iNOS protein levels in 
mesangial cells. Mesan-
gial cells were incu-
bated for 24 h with vehi-
cle (Con), IL-1b (2 nM), 
bFGF (100 ng/ml), 
PDGF-BB (100 ng/ml), 
IL-1b (2 nM) plus 
PDGF-BB (100 ng/ml), 
or IL-1b (2 nM) plus 
bFGF (100 ng/ml) as in-
dicated. Samples were 

analyzed by SDS-PAGE and transferred to nitrocellulose filters. Im-
munoblots were developed by using anti-iNOS antiserum at a dilu-
tion of 1:1,000. The arrow indicates the position of iNOS.
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activity is detected. Incubation of cells with IL-1b for 6 h in-
creases the transcription rate of the iNOS gene to z 11-fold
(Fig. 3). PDGF-BB decreases the transcriptional activity of the
iNOS gene by z 90% (Fig. 3, left). Thus, the suppressive effect
of PDGF-BB on iNOS expression is most likely due to an in-
terference with the transcriptional machinery regulating iNOS
gene transcription. By contrast, coincubation of the cells with
bFGF drastically potentiates IL-1b–induced transcriptional
activity of the iNOS gene, from 11-fold by IL-1b alone, up to
z 41-fold for IL-1b plus bFGF (Fig. 3, right). Therefore, the
observed superinduction of iNOS expression upon coincuba-
tion of mesangial cells with IL-1b and bFGF is due to a dra-
matic effect on the transcription rate of the iNOS gene.

The inhibitory effect of PDGF-BB on IL-1b–induced ni-

trite formation is mediated by protein kinase C and is reversed

by calphostin C. A possible explanation for the disparate ef-
fects of the two growth factors on IL-1b–stimulated iNOS ex-
pression is the different degree of activation of PKC. Whereas
PDGF-BB potently stimulates phosphoinositide turnover and
subsequent activation of PKC in mesangial cells (35, 36),
bFGF is a poor activator of this signaling pathway (Pfeil-
schifter, J., unpublished results). We reported earlier that
mesangial cells express four PKC isoenzymes (a, d, e, z) (31, 32,
37). For the classical and novel PKC isotypes, increased associ-
ation with the membrane fraction and concomitant loss from
the soluble fraction is called “translocation” and is equated
with activation (38). As shown in Fig. 4, PDGF-BB triggers
translocation of PKC-a, -d, and -e isoenzymes, leaving PKC-z
unaffected. Moreover, PDGF-BB downregulates PKC-d and
less pronounced also PKC-a after 30 min of incubation. In
contrast, bFGF only weakly induces PKC-a translocation with-
out affecting PKC-d, -e, and -z isoenzymes (Fig. 4), thus con-
firming the previous observation on a different degree of PKC
activation by the two growth factors. To evaluate whether the
inhibitory effect of PDGF-BB on iNOS expression is mediated
by PKC we used calphostin C, a potent and specific inhibitor
of PKC (39). Mesangial cells were incubated for 24 h with IL-1b
and PDGF-BB in the presence or absence of calphostin C.

Figure 2. Modulation of IL-1b–stimulated iNOS 
mRNA steady state levels in mesangial cells by 
PDGF-BB (A) and bFGF (B). Mesangial cells were 
incubated for 24 h with vehicle (Con), IL-1b (2 nM), 
alone or together with the indicated concentrations 
of PDGF-BB (A) or bFGF (B). Samples of 20 mg of 
total RNA were blotted on to GeneScreen mem-
branes which were hybridized to 32P-labeled iNOS 
cDNA. To assess for variations in RNA loading, 
blots were stripped and rehybridized to 32P-labeled 
b-actin cDNA probe.

Figure 3. Effects of PDGF-BB and bFGF on IL-1b–induced iNOS 
gene transcription in mesangial cells. Mesangial cells were stimulated 
for 6 h with vehicle (Con), IL-1b (2 nM), and IL-1b (2 nM) plus 
PDGF-BB (100 ng/ml) (left) or IL-1b (2 nM) plus bFGF (100 ng/ml) 
(right). The rate of transcription of iNOS and b-actin genes by iso-
lated nuclei was determined by hybridizing the elongated, 32P-labeled 
RNA transcripts to iNOS cDNA, b-actin, and pSPTBM20 probes
immobilized onto nitrocellulose membranes. To correct for differ-
ences in loading, the signal intensity of each sample hybridized to the 
b-actin probe. The corrected data are displayed as bar graphs in the 
lower part of the figure.
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Subsequently cell culture supernatants were assayed for ni-
trite. As shown in Fig. 5, calphostin C almost completely re-
verses the inhibitory effect of PDGF-BB on IL-1b–induced
formation of nitrite. Thus, the inhibitory action of PDGF-BB
on iNOS expression is indeed most likely mediated by the acti-
vation of PKC. A possible target for PKC that eventually
could result in inhibition of iNOS expression is the IL-1 recep-
tor (40, 41) which was examined next.

bFGF, but not PDGF-BB, affects IL-1b–induced IL-1 type

I receptor mRNA levels. To determine whether IL-1 type I re-
ceptor mRNA steady state levels are affected by the action of
the growth factors, Northern blot analyses were performed.
Mesangial cells were incubated for 24 h with IL-1b in the pres-
ence of PDGF-BB or bFGF. Subsequently, polyA-RNA was
isolated and used for Northern blot analysis. As shown in Fig.
6, in unstimulated mesangial cells only a minor signal is de-
tected. Incubation with IL-1b increases IL-1 type I receptor
mRNA levels by about fivefold as compared with control cells.
Coincubation of cells with IL-1b and PDGF-BB does not
change IL-1 type I receptor mRNA levels (Fig. 6). In contrast,
incubation of cells with IL-1b in the presence of bFGF drasti-
cally increases steady state mRNA levels of IL-1 type I recep-
tor by z 17-fold (Fig. 6).

cAMP-induced iNOS activity is differentially modulated by

PDGF-BB and bFGF. A second class of stimuli besides in-
flammatory cytokines that have been shown to induce expres-
sion of iNOS in mesangial cells are cAMP-elevating agents (21,
22). Therefore, we incubated mesangial cells with Bt2cAMP, a
membrane-permeant analogue of cAMP, together with in-
creasing amounts of PDGF-BB or bFGF for 24 h and cell cul-
ture supernatants assayed for nitrite production. Bt2cAMP
(10 mM) increases nitrite production by 33-fold (462628
nmol/mg of protein; mean6SD, n 5 4) as compared with con-
trol cells (1467 nmol/mg of protein). Treatment of mesangial

Figure 4. Effect of PDGF-BB and bFGF on translocation of PKC 
isoenzymes in mesangial cells. Confluent mesangial cells were stimu-
lated for the indicated time periods (min) with PDGF-BB (30 ng/ml; 
open symbols) or bFGF (30 ng/ml; closed symbols), and the cytosolic 
and particulate fractions were prepared. Samples (100 mg of protein) 
were subjected to SDS-PAGE (8% acrylamide gel), transferred to ni-
trocellulose, and Western blot analysis was performed using specific 
polyclonal antibodies against PKC-a (1:100), PKC-d (1:1,000), and 
PKC-e (1:1,000). Bands were detected with horseradish peroxidase 
and densitometrically evaluated. Results are expressed as percentage 
of the respective control values and are means6SD of three indepen-
dent experiments.

Figure 5. Effect of calphostin C on PDGF-BB inhibition of IL-1b–
stimulated nitrite formation in mesangial cells. Mesangial cells were 
incubated for 24 h with vehicle (Con), IL-1b in the absence or pres-
ence of PDGF-BB, or calphostin C as indicated. Thereafter, the me-
dium was removed and used for nitrite determination. Data represent 
means of four independent experiments.
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cells with PDGF-BB virtually does not affect cAMP-induced
production of nitrite (data not shown). By contrast, bFGF am-
plifies the formation of nitrite by mesangial cells by z 75%, as
shown in Fig. 7.

Modulation of cAMP-induced iNOS activity by PDGF-BB

and bFGF is due to changes in iNOS protein and mRNA lev-

els. Western blot analysis demonstrates that treatment of mes-
angial cells with Bt2cAMP for 24 h upregulates the 130-kD
iNOS protein as shown in Fig. 8. Coincubation of cells with
Bt2cAMP and PDGF-BB for 24 h does not alter iNOS protein
levels (Fig. 8). By contrast, incubation of mesangial cells with
Bt2cAMP in the presence of bFGF enhances cAMP-induced
expression of iNOS protein (Fig. 8). To assess whether the mod-
ulation of cAMP-induced iNOS protein levels by PDGF-BB
and bFGF was associated with changes in the corresponding
mRNA steady state levels coding for iNOS, Northern blot anal-
yses were performed. Whereas cAMP-induced iNOS mRNA
steady state levels are not significantly affected by PDGF-BB
(data not shown), bFGF strongly potentiates Bt2cAMP-stimu-
lated iNOS mRNA steady state levels as shown in Fig. 9.

PDGF-BB and bFGF differentially modulate cAMP-induced

iNOS gene transcription in mesangial cells. Nuclear run-on ex-
periments were performed to evaluate whether changes in
iNOS gene transcription may contribute to the observed
changes in iNOS mRNA steady state levels. Incubation of cells
with Bt2cAMP for 6 h increases the transcription rate of the
iNOS gene by about sevenfold (Fig. 10). Whereas PDGF-BB
only causes a minor decrease in the transcriptional activity of
the iNOS gene, bFGF potentiates cAMP-induced transcrip-
tional activity of the iNOS gene, from 7-fold induction by
Bt2cAMP alone, up to z 11-fold for Bt2cAMP plus bFGF (Fig.
10). Therefore, the observed superinduction of iNOS expres-
sion upon coincubation of mesangial cells with cAMP and
bFGF is most likely due to an increase in the transcription rate
of the iNOS gene.

bFGF triggers NO-dependent apoptosis of mesangial cells.

We have reported previously that NO delivered from exoge-
nously applied NO donors causes apoptosis of mesangial cells
(42). Surprisingly, endogenously produced NO in IL-1b–stim-

Figure 6. Effect of PDGF-BB and bFGF on IL-1 type I receptor 
mRNA levels in mesangial cells. Mesangial cells were incubated with 
vehicle (Con), IL-1b (2 nM), IL-1b (2 nM) plus PDGF-BB (30 ng/ml), 
or IL-1b (2 nM) plus bFGF (30 ng/ml) for 24 h. Samples of 3–5 mg of 
poly A-RNA were blotted on to GeneScreen membranes and were 
hybridized to 32P-labeled IL-1 type I receptor cDNA. To assess for 
variations in RNA loading, blots were stripped and rehybridized to 
32P-labeled b-actin cDNA probe. The densitometrical analysis, based 
on b-actin hybridization. is shown in the bottom part of the figure and 
represents the means of two independent experiments.

Figure 7. Superinduction of cAMP-stimulated nitrite formation in 
mesangial cells by bFGF. Mesangial cells were incubated for 24 h 
with vehicle (Con), bFGF, Bt2cAMP (cAMP), and Bt2cAMP plus the 
indicated concentrations of bFGF. Thereafter, the medium was re-
moved and used for nitrite determination. Data represent means of 
four independent experiments.

Figure 8. Effects of 
PDGF-BB and bFGF 
on cAMP-stimulated 
iNOS protein in mesan-
gial cells. Mesangial 
cells were incubated for 
24 h with vehicle (Con), 
Bt2cAMP (10 mM), 
bFGF (100 ng/ml), 
PDGF-BB (100 ng/ml), 
Bt2cAMP (10 mM) plus 
PDGF-BB (100 ng/ml), 
or Bt2cAMP (10 mM) 
plus bFGF (100 ng/ml). 

Samples were analyzed by SDS-PAGE and transferred to nitrocellu-
lose filters. Immunoblots were developed by using anti-iNOS antise-
rum at a dilution of 1:1,000. The arrow indicates the position of iNOS.
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ulated mesangial cells did not cause programmed cell death
but instead even protected the cells (43). The reason for this
unexpected finding was a balanced formation of NO and O2

2

in cytokine-exposed mesangial cells. However, a disturbance
of this balance of radicals by surplus NO delivered from exog-
enous sources or within the cell indeed promotes mesangial
cell death again (44). To evaluate whether the potentiating ef-
fect of bFGF on IL-1b–induced NO production is functionally
relevant for triggering mesangial cell death, we measured the
formation of cytosolic oligonucleosome-bound DNA com-
plexes, an established marker of apoptosis (42). As shown in
Fig. 11, incubation of mesangial cells with either IL-1b or
bFGF alone does not cause DNA fragmentation. However, a
coincubation of cells with IL-1b and bFGF evokes a marked
increase in cytosolic histone–DNA complexes (Fig. 11). This
increased rate of apoptosis is NO mediated as evidenced by
the fact that the potent NOS inhibitor L-NMMA completely
blocks DNA fragmentation in response to IL-1b plus bFGF
stimulation (Fig. 11). Parallel changes were observed when
monitoring morphological apoptotic alterations by staining of
nuclei with Hoe-33258 dye (data not shown).

Discussion

In recent years strong evidence was provided that NO is a mes-
senger molecule involved in the regulation of physiological pro-
cesses in the kidney, but is also an important mediator in the
pathogenesis of several inflammatory glomerular diseases. As
for many other vascular beds, a role for NO in the control of
arteriolar resistance in the kidney has been proposed. Applica-
tion of the nonmetabolizable L-arginine analogue L-NMMA
causes inhibition of NO formation and reduction in renal
blood flow (45) and glomerular filtration rate in rats (46). Thus,
NO seems to maintain the systemic and renal vasculature in a
state of active vasodilatation. Moreover, NO has direct effects
on renal tubular functions and increases sodium excretion in-
dependent of its changes in renal blood flow (46). Recent stud-
ies have shown that neuronal NOS is abundantly expressed in

macula densa cells (47, 48) and NO produced by these cells
may act in concert with various other vasoactive substances to
regulate glomerular hemodynamics and renin release in re-
sponse to changes in the composition of tubular fluid.

There is ample evidence for the involvement of the L-argi-
nine/NO pathway in the development of several forms of glo-
merulonephritis, including rat mesangial proliferative anti-Thy
1.1 glomerulonephritis (for reviews see references 5 and 6).
Moreover, iNOS expression in vivo in rat kidneys with acute
immune complex–mediated glomerulonephritis has been dem-
onstrated by immunohistochemistry and in situ hybridization
(49). Expression of iNOS mRNA in accelerated nephrotoxic
nephritis was studied by quantitative RT-PCR. iNOS expres-
sion was present at low levels in normal glomeruli and was
markedly enhanced within 6 h after the induction of glomeru-
lonephritis and peaked at 24 h. Elevated levels of iNOS
mRNA persisted to day 7 (50). These were the first studies

Figure 9. Superinduc-
tion of cAMP-stimu-
lated iNOS mRNA 
steady state levels in
mesangial cells by bFGF. 
Mesangial cells were in-
cubated for 24 h with 
Bt2cAMP (10 mM), 
bFGF (100 ng/ml), and 
Bt2cAMP (10 mM) plus 
the indicated concentra-
tions of bFGF. Samples 
of 20 mg of total RNA 
were blotted onto Gene-
Screen membranes 
which were hybridized 
to 32P-labeled iNOS 
cDNA. To assess for 
variations in RNA load-
ing, blots were stripped 
and rehybridized to 32P-
labeled 28S ribosomal 
RNA probe.

Figure 10. Effects of PDGF-BB and bFGF on cAMP-induced iNOS 
gene transcription in mesangial cells. Mesangial cells were stimulated 
for 6 h with vehicle (Con), Bt2cAMP (10 mM), and Bt2cAMP (10 mM) 
plus PDGF-BB (100 ng/ml) (left), or Bt2cAMP (10 mM) plus bFGF 
(100 ng/ml) (right). The rate of transcription of iNOS and b-actin 
genes by isolated nuclei was determined by hybridizing the elongated, 
32P-labeled RNA transcripts to iNOS cDNA, b-actin, and pSPTBM20 
probes immobilized onto nitrocellulose membranes. To correct for 
differences in loading, the signal intensity of each sample hybridized 
to the iNOS probe was divided by that hybridized to the b-actin 
probe. The corrected data are displayed as bar graphs in the lower 
part of the figure.



Growth Factors Modulate iNOS Expression in Mesangial Cells 2807

demonstrating an in vivo induction of iNOS in immune com-
plex–mediated glomerulonephritis and indicate that the onset
of iNOS gene expression is closely related to the initial deposi-
tion of immune complexes. However, these results do not yet
allow for the discrimination between mesangial cell or mac-
rophage expression of iNOS in nephritic glomeruli.

Growth factors such as PDGF or bFGF have been shown
to be crucially involved in the pathogenesis of many glomeru-
lar diseases including rat mesangial proliferative anti-Thy 1.1
glomerulonephritis (23, 51). This model is characterized by
mesangiolysis, i.e., an acute complement-dependent loss of
mesangial cells with disruption of mesangial matrix with a
maximum at 24 h (52). Floege et al. (53) presented evidence
that glomerular bFGF is synthesized and released during the
mesangiolytic phase. In a second phase, the almost completely
eliminated mesangial cell population undergoes rebound pro-
liferation which peaks by 5–10 d and is accompanied by a
marked upregulation of PDGF A and B chain mRNA in total
glomerular RNA at 3–5 d after the induction of the disease (52).

There is good evidence that apoptosis of mesangial cells is
involved in the early lytic phase in Thy 1.1 glomerulonephritis
in vivo (54) and in vitro (55) and thus may account for the
rapid mesangiolysis observed during the first 24 h of the dis-
ease. Furthermore, apoptosis is observed in resolving mesan-
gial proliferative nephritis (56, 57). The mechanisms underly-
ing mesangial cell apoptosis in early and late phases in Thy 1.1
glomerulonephritis are unknown. In this context it is impor-
tant to note that in this experimental disease model a signifi-
cant NO production has been associated with the phase of mes-
angiolysis (10). Moreover, Narita et al. (12) have shown that
blocking NO production in vivo by administration of the NOS
inhibitor L-NMMA prevents mesangial cell lysis by 90%, thus
suggesting a crucial role for NO in immune-mediated mesan-
gial cell lysis. We have demonstrated recently that NO donors
induce apoptosis in glomerular cells including mesangial cells

(42). However, whether endogenously produced NO can fulfil
this function critically depends on a balance between reactive
nitrogen and oxygen species produced in mesangial cells (43,
44). We assume that the simultaneous generation of O2

2 rela-
tive to NO reflects a protective principle by antagonizing the
destructive role of individually active radicals. However, a dis-
turbance of the endogenous NO/O2

2 balance by an appropri-
ate increase or decrease of only one radical induces mesangial
cell apoptosis (44). In this context, it is most interesting that
the bFGF-induced superinduction of NO formation seen in
IL-1b–stimulated cells is associated with an increased rate of
apoptosis of mesangial cells (Fig. 11). Thus, it is conceivable
that amplification of iNOS expression and subsequent exces-
sive and unbalanced production of NO crucially contribute to
mesangial cell lysis observed in the early phase of Thy 1.1
glomerulonephritis, which is associated with increased bFGF
production (53). The subsequent upregulation of PDGF ex-
pression may serve to downmodulate NO formation and to
trigger reparative mesangial cell growth. Considering our re-
sults of differential effects of the growth factors on iNOS ex-
pression obtained in mesangial cell cultures, the expression
pattern of bFGF and PDGF-BB in the progress of the anti-
Thy 1.1. glomerulonephritis correlates well with the profile of
nitrite formation in isolated glomeruli derived from rats suffer-
ing from anti-Thy 1.1 glomerulonephritis (10). Additional ex-
perimental work will be needed to evaluate this hypothesis.

We and others have shown that two principal classes of ac-
tivating signals can induce iNOS in mesangial cells. These two
groups comprise inflammatory cytokines such as IL-1b or
TNF-a (18–20) and agents that elevate cellular levels of cAMP
(21, 22). Both signal transduction pathways act on the tran-
scription rate of the iNOS gene and subsequently increase
iNOS mRNA steady state and protein levels (21, 58). Several
hormones stimulate adenylate cyclase in mesangial cells, in-
cluding norepinephrine, histamine, dopamine, calcitonin gene–
related peptide, and prostaglandins E2 and I2 (13). Whether
these hormones modulate iNOS expression in vivo and its pos-
sible relevance for glomerular inflammation has yet to be
determined. cAMP has also been reported to trigger iNOS
expression in vascular smooth muscle cells (59–61), cardiac myo-
cytes (62), and brain microvessel endothelial cells (63).

We now report that PDGF-BB and bFGF differentially af-
fect IL-1b– and cAMP-dependent iNOS expression in mesan-
gial cells, thus extending previous observations on iNOS activity
reported by us and others (33, 64). The mechanisms underly-
ing these differential actions of PDGF and bFGF are not en-
tirely clear but our results show that coincubation of mesangial
cells with PDGF-BB and calphostin C, a potent inhibitor of
protein kinase C (39), reverses the inhibitory effect of PDGF.
This is important as we have shown recently that the e-isozyme
of PKC tonically suppresses iNOS expression in mesangial
cells (65) and PDGF activates PKC-e in mesangial cells (Fig.
4). One possible target for PKC that may mediate inhibition of
IL-1b–induced iNOS gene transcription is the IL-1 type I re-
ceptor. However, the data presented in this report exclude a
downmodulation of IL-1 type I receptor mRNA by PDGF-BB
(see Fig. 6). By contrast, bFGF strongly potentiates IL-1b–
stimulated expression of IL-1 type I receptor mRNA.

Nuclear run-on experiments strongly suggest that the tran-
scriptional machinery involved in the regulation of the iNOS
gene is affected by PDGF-BB and bFGF. We have demon-
strated that activation of NFkB is an absolute requirement for

Figure 11. bFGF triggers apoptosis in IL-1b–stimulated mesangial 
cells. Cells were stimulated for 24 h with vehicle (control); IL-1b 
(2 nM), bFGF (10 ng/ml) in the presence or absence of L-NMMA 
(1 mM) as indicated. Thereafter DNA fragmentation was quantified 
by an ELISA based on the detection of cytosolic histone–DNA com-
plexes. The absorbance ratio A405nm/A486nm was measured. Results are 
means6SEM of four independent experiments.
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IL-1b–dependent induction of the iNOS gene in mesangial cells
(66). Moreover, members of the CREB and C/EBP transcrip-
tion factor family seem to play a role in the induction of the
iNOS gene by cAMP (Eberhardt, W., and J. Pfeilschifter, un-
published results). The question of whether these transcription
factors or the signaling cascades involved in their activation
are affected or whether inhibitory factors that suppress iNOS
gene transcription are induced by the action of growth factors
remains to be investigated. In summary, the data reported in
this study provide new insights into the delicate mechanisms of
cross-talk between cytokines and growth factors that may be
involved in the development of glomerular diseases associated
with pathological NO overproduction.
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