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Abstract

The antiproliferative effect of statins on mesangial cells could represent a new therapeutic approach in glomerulonephritis. We studied in

rat mesangial cells whether the antiproliferative action of cerivastatin on mesangial cells may be mediated by mesangial nitric oxide (NO)

formation due to the inducible NO synthase (iNOS) or by induction of cyclooxygenase-2. Mesangial cells were stimulated with interleukin-

1h and treated with cerivastatin for 24 h. Cell proliferation was examined by bromodeoxy-uridine (BrdU) incorporation, and nitrite and

prostaglandin production was measured in supernatants as a means for iNOS or cyclooxygenase-2 activity. iNOS and cyclooxygenase-2

expression was quantified by Northern and Western blot analyses. Cerivastatin (0.0625 AM) significantly inhibited DNA synthesis in

interleukin-1h-stimulated mesangial cells without altering cell viability. Interleukin-1h-induced nitrite production was twofold increased by

0.05 AM cerivastatin, and this effect could be reversed by addition of 100 AM mevalonate. iNOS mRNA levels increased sixfold (33% of

maximum) in cerivastatin-treated mesangial cells as compared with vehicle-treated controls (3.5% of maximum). iNOS and cyclooxygenase-

2 protein expression increased threefold (iNOS: 2.77F 0.53/cyclooxygenase-2: 3.49F 1.25). The NOS inhibitors N-methyl-L-arginine (L-

NMMA) and L-N6-(1-iminoethyl)lysine (L-NIL) reversed the antiproliferative effect of cerivastatin. The cyclooxygenase-2 inhibitor

celecoxib did not alter DNA synthesis and iNOS or cyclooxygenase-2 expression, but blocked prostacyclin production in interleukin-1h and

cerivastatin-treated mesangial cells. In conclusion, cerivastatin increased cytokine-induced iNOS and cyclooxygenase-2 expression, thus

constituting NO-regulated growth inhibition of mesangial cells.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction moting activities on mesangial cells and therefore can be
Autoregulation of renal mesangial cells alternates be-

tween growth stimulation and secretory activity and is

paralleled by a balance between proliferative and growth

inhibitory signals. Inflammation may lead to persisting

mesangial cells activity during the breakdown of autoregu-

lative, growth-controlling mechanisms and can induce pro-

gressive glomerular sclerosis. As a consequence, glomerular

injury can become irreversible within the context of a

glomerulonephritis (Haas et al., 1999). In vitro, it is well

established that interleukin-1h displays such growth-pro-
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used as an exemplary stimulus to mimic pathogenic pro-

cesses of the inflamed kidney (Stahl et al., 1990). During rat

anti-Thy1 nephritis, interleukin-1h has been recognised as a

mesangial growth factor expressed by mesangial cells in

vivo (Tesch et al., 1997) pointing to an autocrine inflam-

matory cascade as has been shown for glomerular epithelial

cells (Tateyama et al., 2001). Interleukin-1h-activated
mesangial cell proliferation may involve the induction of

activator protein-2 (AP-2) as an important transcriptional

factor (Suyama et al., 2001) via cytokine-induced formation

of reactive oxygen species (Radeke et al., 1990; Huang and

Domann, 1998).

By contrast, it was proposed, that cytokine-induced nitric

oxide (NO) formation of mesangial cells (Pfeilschifter and

Schwarzenbach, 1990) acts as an autocrine, antiproliferative

regulator and inhibits the proliferation of cultured mesangial
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cells (Garg and Hassid, 1993; Rupprecht et al., 2000) very

likely by induction of apoptosis (Mühl et al., 1996). The

NO-mediated apoptotic death of mesangial cells is antagon-

ised by the simultaneous formation of superoxide (O2
�) and

vice versa (Brüne, 2002). The balanced and simultaneous

generation of NO and O2
� turned out to be protective for

mesangial cells by regulation of cell turnover and growth in

an inflammatory setting and therefore seems to be a possible

target of drugs influencing mesangial cells proliferation.

NO production of mesangial cells is due to the activation

of the inducible NO synthase (iNOS) since iNOS was

immunohistochemically localized in the diseased kidney of

patients with glomerulonephritis exclusively in mesangial

cells, glomerular epithelial cells and infiltrating cells and very

rarely in mesangial sections of control kidneys (Furusu et al.,

1998). iNOS can be activated by interleukin-1h (Kunz et al.,

1996) and amplified by endogenously produced nitric oxide

(Mühl and Pfeilschifter, 1995). Once activated, NOS iso-

forms may not only produce NO but under certain conditions

such as lack of the substrate L-arginine or the cofactor BH4

also superoxide or reactive nitrogen species, e.g., peroxyni-

trite (ONOO�). Marnett (2000) reported a biochemical link-

age of nitrite oxide biosynthesis with cyclooxygenase-2

activation mediated by peroxynitrite. Cyclooxygenase-2 in-

duction was connected with a stimulation of endogenous

prostaglandins presumably acting antiproliferative. In that

way, NO serves as a regulator of cyclooxygenase-2 activity

(Tetsuka et al., 1996). This regulation includes an ‘‘on-and-

off’’ switching effect, depending on the NO level and on the

stage of cellular activity (Diaz-Cazorla et al., 1999).

Since NO could have toxic or protective effects, there is as

yet no clear understanding of how it affects the pathogenesis

of glomerulonephritis. Cyclooxygenase-2 expression in this

context is also controversially discussed. On the one hand,

high-output NO and an increased cyclooxygenase-2 expres-

sion have been described as pathogenic factors in several

glomerulonephritis models (Noris and Remuzzi, 1999;

Blume et al., 1999). In contrast, the induction of iNOS during

the chronic inflammatory phase of an experimentally induced

glomerulonephritis in rats (anti-Thy1-nephritis) has been

shown to be protective by interfering with intraglomerular

coagulation processes (Westenfeld et al., 2002). Concerning

cyclooxygenase-2, the use of selective cyclooxygenase-2

inhibitors in the same glomerulonephritis model led to a

progression of the disease: renal damage was progressive

and characterised by an increased albuminuria and mesan-

giolysis (Kitahara et al., 2002). Based on these observations,

drugs capable of enhancing renal NO and subsequently

cyclooxygenase-2 activity may be renoprotective in a variety

of experimental renal diseases (Cattell, 2002).

Recent results concerning new therapeutic approaches

for inflammatory renal diseases suggest that statins as

inhibitors of the 3-hydroxy-3-methylglutaryl coenzyme A-

reductase improve glomerular pathology and renal dysfunc-

tion, and this suppressive action on the progression of

glomerular disease was observed in different models (Oda
and Keane, 1999; Nogaki et al., 1999). In vitro observations

of anti-inflammatory actions of statins on vascular cells

displayed effects beyond lipid-lowering on the cellular level

(Guijarro and Keane, 1996). Cell culture experiments have

shown that statins suppress cell proliferation in many cell

types, including mesangial cells (Nagasawa et al., 2000;

Grandaliano et al., 1993), yet the underlying mechanisms

are still unclear.

In the context of cholesterol-independent so-called pleio-

tropic effects of statins, it has been shown recently that the

expression of cyclooxygenase-2 in vascular smooth muscle

cells is mediated by statins via geranylgeranylated proteins

(Degraeve et al., 2001). In addition, statins are involved in

the expression of the endothelial NO synthase (eNOS) in

vascular endothelial cells and therefore modulate NO pro-

duction (Hernandéz-Perera et al., 1998). Similar results have

been reported for vascular smooth muscle cells (Hattori et

al., 2002).

Based on these data, we investigated whether cerivastatin

influences cytokine-induced mesangial cell proliferation by

affecting iNOS expression. Furthermore, the effect of cer-

ivastatin on cyclooxygenase-2 protein expression was mea-

sured in interleukin-1h-stimulated mesangial cells. The

detection of specific cellular effects of cerivastatin on the

molecular level in vitro can possibly be transferred to the

therapeutic action of this substance in vivo.
2. Methods

2.1. Chemicals

All chemicals not especially mentioned in the text were

obtained from Sigma-Aldrich, Deisenhofen, Germany.

2.2. Rat mesangial cell culture and stimulation

Rat mesangial cells were cultivated as described previ-

ously (Pfeilschifter et al., 1993). Mesangial cells were

grown in RPMI 1640 medium (Gibco, Mannheim, Ger-

many, with addition of 100 U/ml penicillin, 100 Ag/ml

streptomycin and 5 Ag/ml insulin) supplemented with 10%

heat-inactivated fetal calf serum in six-well plates for RNA

extraction, in 10-cm-diameter dishes for bromodeoxy-uri-

dine (BrdU) assays and washed with phosphate-buffered

saline (PBS) after 24 h. Afterwards, cells were maintained in

serum-free Dulbecco’s minimal essential medium (Life

Technologies, Karlsruhe, Germany; DMEM with 0.45%

glucose, 100 U/ml penicillin, 100 Ag/ml streptomycin and

5 Ag/ml insulin) supplemented with 0.1 mg/ml of fatty acid-

free bovine serum albumin for 24 h before interleukin-1h
stimulation (interleukin-1h, 0.5 nM, Novartis Pharma,

Basel, Switzerland). Mesangial cells were used between

passages 12 and 19. The following substances used in the

experiments are water soluble, no vehicle had to be used:

cerivastatin (kindly provided by Bayer, Wuppertal, Ger-
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many; 0.0078–0.5 AM as indicated), N-methyl-L-arginine

(L-NMMA) (0.5 mM), L-N6-(1-iminoethyl)lysine (L-NIL)

(0.5 mM), L-/D-arginine (10 mM). Celecoxib (kindly pro-

vided by Pfizer (New York, USA, 5–10 AM as indicated)

and 2-(4-morpholino)-8-phenyl-4H-1-benzopyran-4-one

(LY 294002, Calbiochem-Novabiochem, Schwalbach, Ger-

many; 0.1–10 AM as indicated) had to be solved in

dimethylsulfoxide (DMSO); here the corresponding controls

were pretreated with the vehicle.

2.3. Preparation of mevalonate for use in cell culture

The inactive form of mevalonate was converted to its

active form as described (O’Donnell et al., 1993). In brief,

130 mg of the inactive mevalonate was dissolved in 3.25 ml

absolute ethanol, and 0.1 M NaOH was added, heated at 50

jC for 2 h and neutralized with 0.1 M HCl to pH 7.4.

2.4. Cell viability and cytotoxicity of mesangial cells

Cell viability and cytotoxicity of mesangial cells were

determined under the chosen experimental conditions by the

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-

mide test (MTT, Boehringer-Mannheim, Mannheim, Ger-

many) (Mosmann, 1983) and lactate dehydrogenase (LDH)

activity in the mesangial cell culture medium. According to

the criteria of the MTT test, cell viability was measured and

compared to unstimulated controls ( = 100%, mesangial cells

in RPMI medium with 1% fetal calf serum) and was above

80% under all experimental conditions studied except addi-

tion of cerivastatin concentrations z 0.1 AM. Therefore, the

potential toxicity of this substance was distinctively evaluat-

ed using a cytotoxicity detection kit (Roche Molecular

Biochemics, Mannheim, Germany). Mesangial cells incubat-

edwith increasing concentrations of cerivastatin for 24 hwere

tested strictly in accordance with the instructions for the kit.

Cell damage indicating LDH activity is determined in an en-

zymatic test and is proportional to the reduction of NAD+ to

NADH+/H+ and to the transfer of H+ to the tetrazolium salt

2-(4-iodophenyl)-5-(4-nitrophenyl)-3-phenyltetrazolium

(INT), which is reduced to formazan in this assay. Formazan

was detected photometrically at 490 nm.

2.5. Analysis of mesangial cell proliferation

Cell proliferation was quantified by measuring DNA

synthesis using the cell incorporation of bromodeoxy-uri-

dine (Boehringer-Mannheim) (Selden et al., 1993).

2.6. Preparation of mesangial cells for total RNA extraction

Differentially treated mesangial cells were harvested for

total RNA extraction strictly in accordance with the instruc-

tions for the RNeasy-Mini-Kit (Qiagen, Hilden, Germany).

RNA was quantified by spectrometry, and RNA integrity

was monitored by agarose gel electrophoresis.
2.7. Nitrite analysis

The activity of iNOS was measured by determination of

nitrite, one of the stable end products of NO formation, in

the culture medium of mesangial cells using the Griess

method (Green et al., 1982) with a ready-to-use reagent

(Merck, Darmstadt, Germany). Nitrite levels were expressed

in picomoles NO2
� per microgram of total protein deter-

mined by Bradford analysis.

2.8. Northern blot analysis of iNOS mRNA

Isolation of total RNA from mesangial cells and Northern

blotting was performed as described previously (Chomczyn-

ski and Sacchi, 1987). Filter-bound RNA was hybridised

using a [32P]-labelled cDNA probe for iNOS. Equivalent

loading of the RNA samples was corrected after rehybridiza-

tion of the filter with a cDNA probe for GAPDH. The mRNA

levels for iNOS and GAPDH were measured by a Fujifilm

BAS 1500 automated detector system (Raytest, Strauben-

hardt, Germany). iNOS mRNA levels were corrected for the

mRNA levels of GAPDH and are expressed as arbitrary units.

2.9. Western blot analysis of cyclooxygenase-2 and iNOS

protein expression

Confluent mesangial cells grown in 10-cm-diameter

dishes were stimulated with 0.5 nM interleukin-1h for

24 h after preincubation with cerivastatin (0.005–0.1 AM)

for 30 min. Thereafter, mesangial cells were homogenised

using homogenisation buffer (20 mM Tris–HCl, pH 7.5, 1

mM EDTA, 1mM EGTA, 1% Triton X-100, 25 Ag
leupeptin, 1 mM phenylmethylsulfonyl fluoride and 2 mM

dithiotreitol). After incubation on ice for 5 min, cell extracts

were sonicated three times for 10 s and centrifuged at 13,000

rpm for 2 min. The protein concentration of the cell lysate

was determined using the Bradford protein assay (Bio-Rad,

Munich, Germany). Samples containing a total of 10 Ag
protein were incubated at 95 jC for 5 min and subjected to a

sodium dodecyl sulfate (SDS)-polyacrylamide gel, 8% (wt/

vol) for iNOS, 12% (wt/vol) for cyclooxygenase-2. After

electrophoresis, proteins were blotted onto nylon mem-

branes, and the immunoreactive protein was detected using

specific antibodies against the iNOS [N-terminal antibody

(Kunz et al., 1994) in a dilution of 1:2500], cyclooxygenase-

2 (monoclonal antibody, 1:500, Transduction Laboratories).

Protein bands were visualised using horseradish peroxidase-

linked secondary antibodies and increased chemiluminis-

cence (Amersham Pharmacia Biotech Europe, Freiburg,

Germany).

The intensity of the bands representing iNOS (130 kDa)

and cyclooxygenase-2 (70 kDa) was evaluated using Quan-

tity One (Biometra, Munich, Germany) for densitometrical

analysis, whereby the ratio with a-actin was used to correct

for equivalent loading (detected using specific antibodies

against the 26-kDa protein of a-actin).



C. Blume et al. / European Journal of Pharmacology 485 (2004) 1–104
2.10. Western blot analyses of phospho-PKB and PKBa/Akt

Quiescent mesangial cells were treated with cerivastatin

(0.1 AM) for short time intervals up to 16 min. Thereafter,

cells were harvested and quickly dissolved in 2� concen-

trated electrophoresis sample buffer (125 mM Tris pH 6.8,

4% SDS, 10% glycerol, 0.006% bromophenol blue, 2% h-
mercaptoethanol) for protein analysis. Western blots were

performed using specific phospho-Ser473-PKB antibody

(New England Biolabs, Frankfurt am Main, Germany) and

total PKBa antibody (Upstate Biotechnologies, Lake Placid,

USA) at a dilution of 1:1000 and 1: 1600, respectively.

Bands (60 kDa) were detected by the ECL method accord-

ing to the manufacturer’s recommendation (Amersham

Pharmacia Biotech Europe).

2.11. Prostaglandin measurement in cell culture

supernatants

6-Keto-PGF1a and thromboxane B2 as stable metabolites

of the COX-2-dependent prostaglandins prostacyclin and

thromboxane A2 and PGE2 were determined using radio-

immune-assays (RIAs) as previously described (Schrör and

Seidel, 1988). For this purpose, MC were stimulated with

interleukin-1h (0.5 nM) with or without cerivastatin (0.05–

0.1 AM) for 24 h, and cell supernatants were frozen

immediately at � 20 jC. Corresponding samples were

additionally treated with the COX-2-specific inhibitor cele-

coxib (5 AM). Three independent experiments showed

similar results.
Fig. 1. BrdU incorporation in rat mesangial cells stimulated with different

agonists. Growth-arrested mesangial cells were stimulated for 24 h with

vehicle (open bars, control), 10% fetal calf serum (FCS), 10 ng/ml PDGF or

1 nM/0.5 nM interleukin-1h (IL-1h) as indicated. Bromodeoxy-uridine

(BrdU) incorporation was measured over a time period of 2 h (n= 6,

meansF S.D.). In mesangial cells stimulated with 10% fetal calf serum, the

IC50 of cerivastatin was determined at 350–400 nM.
3. Results

3.1. Cytotoxicity of cerivastatin

To test drug toxicity on mesangial cells, lactate dehydro-

genase (LDH) activity as a marker for cell lysis was

measured in the cell-free supernatant of mesangial cells

after drug incubation over 24 h. Cerivastatin concentrations

of 0.25 AM and above appeared to be toxic, leading to LDH

release of 35% of the maximum of Triton X 100-induced

cell lysis (corresponding to an optical density of 0.572

compared to a maximal OD of 1.64). In contrast, LDH

release remained at 12.8% of the maximum at concentra-

tions up to 0.125 AM (corresponding to an OD of 0.211, not

shown), compared to the vehicle-treated controls (OD

0.125). Parallel incubation of mesangial cells with interleu-

kin-1h and cerivastatin resulted in a LDH release of 20% of

the maximum (corresponding to an OD of 0.344). Higher

cerivastatin concentrations than 0.125 AM caused a twofold

increase of cytotoxicity in interleukin-1h-treated mesangial

cells. We concluded from these data that cerivastatin con-

centrations up to 0.1 AM were ‘‘nontoxic’’ for interleukin-

1h-stimulated mesangial cells and were used for all further

experiments.
3.2. Antiproliferative effect of cerivastatin on DNA synthesis

of interleukin-1b-stimulated mesangial cells

As a marker for cell proliferation, DNA synthesis was

measured by incorporation of bromodeoxy-uridine into

mesangial cells. Mesangial cells stimulated with 1 nM

interleukin-1h for 24 h showed a 3.5-fold increase in

DNA synthesis (optical density 1.4) and a twofold increase

in DNA synthesis at 0.5 nM interleukin-1h (OD of 0.8)

compared with unstimulated controls (OD 0.4). This equals

to approximately 40% of DNA synthesis in mesangial cells

stimulated with 10% fetal calf serum (OD 1.9) and 50% of

DNA synthesis in mesangial cells stimulated with platelet-

derived growth factor (PDGF) (Fig. 1), and 0.5 nM inter-

leukin-1h was used in all further experiments.

Cerivastatin showed an antiproliferative effect on mesan-

gial cells stimulated with 10% fetal calf serum (Fig. 2) with

an IC50 of 0.35 AM and significantly reduced interleukin-

1 h-driven DNA synthesis of mesangial cells (P < 0.01) at

concentrations of 0.0625 AM and above compared with

vehicle-treated controls (Fig. 2). The basal proliferation of

unstimulated mesangial cells was not affected by cerivastatin.

3.3. Addition of the NOS inhibitors L-NMMA and L-NIL led

to a significant reversal of the antiproliferative cerivastatin

effect

Addition of the NOS inhibitors L-NMMA (0.5 mM, Fig.

3) or L-NIL (0.5 mM, Fig. 3) significantly reversed the

antiproliferative effect of nontoxic cerivastatin concentra-

tions on interleukin-1h-induced DNA synthesis. In contrast,

proliferation of interleukin-1h-stimulated mesangial cells

was not affected by addition of NOS-inhibitors in the

absence of cerivastatin (Fig. 3). Addition of an excess of

L-arginine (10 mM) to interleukin-1h and cerivastatin-trea-

ted mesangial cells significantly antagonised the effect of L-

NMMA, whereas addition of the inactive D-arginine (10

mM) did not.



Fig. 2. Effect of cerivastatin on BrdU incorporation in interleukin-1h-
stimulated rat mesangial cells. Bromodeoxy-uridine (BrdU) incorporation

was measured over a time period of 2 h in interleukin-1h (IL-1h)-
stimulated (filled bars) and -unstimulated mesangial cells (control, open

bars). Cerivastatin concentrations were as indicated. Statistical analysis was

performed using simple ANOVA and Dunnett’s test (n= 6, meansF S.D.).

**P < 0.01 versus interleukin-1h.
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3.4. Effect of cerivastatin on interleukin-1b-induced iNOS

activity and iNOS expression

The activity of iNOS in mesangial cells was measured by

determination of nitrite, one of the stable end products of

NO formation, using the Griess method, and expressed in

picomoles nitrite per microgram of total protein. Mesangial

cells stimulated with interleukin-1h were coincubated with

cerivastatin and showed increased iNOS activity. Nitrite

production of cerivastatin and interleukin-1h-treated mesan-
Fig. 3. Effect of L-NIL and L-NMMA and L-/D-arginine on BrdU

incorporation in interleukin-1h- and cerivastatin-treated rat mesangial cells.

Bromodeoxy-uridine (BrdU) incorporation was measured over a time

period of 2 h in unstimulated mesangial cells (control, open bars), in

interleukin-1h-stimulated mesangial cells without cerivastatin (filled bars)

or in interleukin-1h-stimulated mesangial cells with 0.1 AM cerivastatin

(hatched bars). L-NMMA (0.5 mM), L-NIL (0.5 mM) or L-/D-arginine (10

mM) were added as indicated. Statistical analysis was performed using

simple ANOVA and Dunnett’s test (n= 6, meansF S.D.). *P< 0.05 versus

interleukin-1h + cerivastatin. w P< 0.05 versus L-arginine.
gial cells was significantly higher than in interleukin-1h-
stimulated mesangial cells in the absence of cerivastatin.

Nitrite levels reached a maximum of 91 pmol NO2/Ag
protein at 0.1 AM cerivastatin and 79 pmol NO2/Ag protein

at 0.05 AM cerivastatin as compared with 30 pmol NO2/Ag
protein in interleukin-1h-stimulated controls (Fig. 4A).

Cerivastatin alone did not cause significant nitrite produc-

tion (data not shown). Addition of the NOS inhibitor L-

NMMA (0.5 mM) abolished cerivastatin-driven nitrite pro-

duction after interleukin-1h to 7 pmol/Ag protein. The

addition of an excess of L-arginine (10 mM) partially

reversed the inhibitory effect of L-NMMA nitrite producing

19 pmol/Ag protein, whereas addition of D-arginine (10

mM) was without effect. Addition of 100 AM mevalonate
Fig. 4. (A) Effect of L-NMMA and L-/D-arginine on iNOS activity in

interleukin-1h- and cerivastatin-treated rat mesangial cells. iNOS activity of

unstimulated (control, open bars) or interleukin-1h-treated mesangial cells

(dark grey bars) or interleukin-1h- and cerivastatin-treated mesangial cells

(hatched and grey bars) was measured by determination of mesangial nitrite

production, one of the stable end products of NO formation [nitrite (pmol/

Ag protein), n= 6; meansF S.D.]. L-NMMA (0.5 mM), L-arginine (10 mM),

D-arginine (10 mM) were added as indicated. Statistical analysis was

performed using ANOVA and Dunnett’s test. *P< 0.05 or **P < 0.01

versus interleukin-1h + L-NMMA. (B) Effect of mevalonate on iNOS

activity in interleukin-1h- and cerivastatin-treated rat mesangial cells. iNOS

activity of unstimulated (control, open bars) or interleukin-1h-treated
mesangial cells (IL-1h, squared bars) or interleukin-1h- and cerivastatin-

treated mesangial cells (hatched and grey bars) was measured as described

[nitrite (pmol/Ag protein), n= 6; meansF S.D.]. Mevalonate (100 AM) was

added as indicated. Statistical analysis was performed using ANOVA and

Dunnett’s test. **P< 0.01 versus interleukin-1hF cerivastatin.



Fig. 6. iNOS and cyclooxygenase-2 protein expression in interleukin-1h-
and cerivastatin-treated mesangial cells. All lanes contain a total of 10 Ag
protein from mesangial cells solubilised according to the experimental

protocol described earlier. Western blot was performed using specific

antisera. Lanes 1 and 2 contain unstimulated mesangial cells with (lane 2)

or without (lane 1) 0.1 AM cerivastatin. Lanes 3–6 represent interleukin-

1h-stimulated mesangial cells treated with increasing concentrations of

cerivastatin (lane 3: control lane; lane 4: 0.005 AM cerivastatin; lane 5: 0.05

AM cerivastatin; lane 6: 0.1 AM cerivastatin).
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led to abolishment of the cerivastatin-induced mesangial

nitrite production in interleukin-1h-treated MC (Fig. 4B).

iNOS mRNA steady-state levels were investigated by

Northern blot analysis. iNOS mRNA was detectable in

interleukin-1h-stimulated mesangial cells, whereas no iNOS

mRNA expression was observed in unstimulated control

cells. Cerivastatin incubation alone did not cause iNOS

mRNA induction in mesangial cells (Fig. 5A, lanes 1 and

2). Cerivastatin dose-dependently amplified interleukin-1h-
induced iNOS mRNA expression in a range from 0.005 up

to 0.1 AM cerivastatin (Fig. 5A, lanes 3–6). Basal induction

of iNOS mRNA at 0.5 nM interleukin-1h is minimal (3.5%

of maximum), but this experimental condition was suited to

show the increasing effect of cerivastatin treatment. Using

GAPDH as an internal standard, we densitometrically ana-

lysed iNOS mRNA expression in cytokine-treated mesan-

gial cells and found that iNOS mRNA was significantly

increased by sixfold after addition of cerivastatin (0.05 AM)

as compared to vehicle-treated controls. Concomitantly,
Fig. 5. iNOS mRNA steady-state levels in mesangial cells treated with

interleukin-1h and cerivastatin. iNOS (4.3 kb) and GAPDH mRNA levels

were measured using Northern blot analysis (A), 30 Ag mRNAwas used per

lane as described in Methods. Lane 1: unstimulated mesangial cells

(control); lane 2: mesangial cells incubated with cerivastatin (0.1 AM).

Lanes 3–7 represent interleukin-1h-stimulated mesangial cells with

increasing concentrations of cerivastatin. Lane 3: control lane; lane 4:

0.005 AM; lane 5: 0.01 AM: lane 6, 0.05 AM: lane 7, 0.1 AM. To correct for

differences in loading, iNOS mRNA levels in interleukin-1h-stimulated

and/or drug-treated cells were corrected for the mRNA levels of GAPDH

and are expressed as percent of the maximum value [(B), n = 3,

meansF S.D.]. Statistical analysis was performed using ANOVA.

**P < 0.01 versus interleukin-1h.
iNOS mRNA was increased by 20-fold in interleukin-1h-
treated mesangial cells at 0.1 AM cerivastatin (**P < 0.01;

Fig. 5B).

Western blot analysis showed that in cerivastatin-treated

mesangial cells, interleukin-1h-induced iNOS protein ex-

pression was significantly and dose-dependently increased

(Fig. 6). Exemplary, in interleukin-1h-stimulated mesangial

cells treated with 0.05 AM cerivastatin, the increase was

threefold as compared to interleukin-1h-stimulated mesan-

gial cells without cerivastatin (*P < 0.05; Fig. 8).

Addition of the NOS-inhibitor L-NMMA (0.5 and 1 mM)

led to a significant decrease of iNOS protein expression in

interleukin-1h-treated mesangial cells at 0.05 AM cerivas-

tatin as compared to the corresponding protein samples

without L-NMMA (Figs. 7 and 8). In summary, cerivastatin

led to a statistically significant increase in iNOS activity,

iNOS mRNA expression and iNOS protein expression after

interleukin-1h stimulation of mesangial cells. This increase

was reversible by L-NMMA. Addition of the selective

cyclooxygenase-2 inhibitor celecoxib (up to 10 AM) did

not alter iNOS expression or activity in these experimental

settings (data not shown).

3.5. Effect of cerivastatin on interleukin-1b-induced cyclo-

oxygenase-2 protein expression

Cyclooxygenase-2 protein expression in interleukin-1h-
stimulated mesangial cells stimulated showed a threefold,

dose-dependent increase after incubation with 0.05 AM
cerivastatin (Figs. 6 and 8). This increase in cyclooxyge-

nase-2 protein expression was statistically significant

(**P < 0.01) as compared with untreated controls, interleu-

kin-1h-stimulated mesangial cells or mesangial cells treated

with cerivastatin alone (Fig. 7).

The addition of the NOS inhibitor L-NMMA (0.5–1

mM) led to a significant decrease of cyclooxygenase-2

expression after interleukin-1h stimulation, but not after

additional cerivastatin treatment (Figs. 6 and 7). Addition of



Fig. 9. LDH activity in the supernatants of interleukin-1h- and drug-treated

mesangial cells. LDH activity was determined at 490 nm in the cell-free

culture supernatant of interleukin-1h and cerivastatin (open bars) or in IL-

1h- and celecoxib-treated mesangial cells as indicated (closed bars).

Statistical analysis was performed using ANOVA (n= 6; meansF S.D.).

**P < 0.05 versus interleukin-1h + cerivastatin.

Fig. 7. Effect of L-NMMA on iNOS and cyclooxygenase-2 protein

expression in interleukin-1h- and cerivastatin-treated mesangial cells. All

lanes contain a total of 10 Ag protein from interleukin-1h-stimulated

mesangial cells solubilised as described in Methods. Western blot was

performed using specific antisera. Lane 1: control; lane 2: 0.05 AM
cerivastatin. Lane 3: 0.5 mM L-NMMA; lane 4: 0.05 AM cerivastatin and

0.5 mM L-NMMA. Lane 5: 1 mM L-NMMA; lane 6: 0.05 AM cerivastatin

and 1 mM L-NMMA.
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up to 10 AM celecoxib alone had no effect on cyclo-

oxygenase-2 expression in this experimental setting (data

not shown).

3.6. Cylooxygenase-2 upregulation is protective but not

growth regulating

The cerivastatin effect includes upregulation of cyclo-

oxygenase-2 protein in interleukin-1h-stimulated mesangial

cells. However, BrdU incorporation of interleukin-1h-stim-

ulated and cerivastatin-treated mesangial cells was not

significantly altered by the addition of celecoxib (up to 10

AM, results not shown).

Cytotoxicity of interleukin-1h-treated mesangial cells

according to LDH release induced by cerivastatin was not

influenced by addition of the NOS-inhibitor L-NIL (2 mM,

results not shown). Addition of the cyclooxygenase-2 spe-
Fig. 8. Densitometrical analysis of iNOS and cyclooxygenase-2 protein

expression after interleukin-1h stimulation, with or without cerivastatin,

with or without L-NMMA. The protein expression of iNOS and

cyclooxygenase-2 in mesangial cells stimulated with 0.5 nM interleukin-

1h (IL-1h) was set to 1. Cerivastatin and L-NMMA were added as

indicated. Protein bands obtained by Western blotting were analysed by

densitometry and are expressed as arbitrary units compared with controls

(ANOVA, n = 3; meansF S.D.); **P < 0.01 versus interleukin-1h;
wP< 0.01 versus interleukin-1h + cerivastatin.
cific inhibitor celecoxib (5 AM) in the above mentioned

experimental setting led to a significantly increased cyto-

toxicity (*P < 0.05) at 0.1 AM cerivastatin as compared to

interleukin-1h- and vehicle-treated mesangial cells (Fig. 9).

Celecoxib alone did not cause significant cytotoxicity in

mesangial cells (data not shown). Cerivastatin led to a dose-

dependent and significant enhancement of the COX-2-

dependent prostacyclin formation up to sixfold at 0.1 AM
cerivastatin in interleukin-1h-treated MC (Fig. 10). In

contrast, thromboxane A2 and PGE2 were not detectable

under these experimental conditions. Whereas COX-2 pro-

tein expression remained unchanged, mesangial prostacy-

clin production was completely abolished by addition of

celecoxib.
Fig. 10. COX-2 dependent prostaglandins in the supernatant of interleukin-

1h- and drug-treated mesangial cells. 6-Keto-PGF1a was measured as a

stable metabolite of prostacyclin using RIA in cell culture supernatants. To

this end, therefore, MC were stimulated for 24 h with vehicle (control),

interleukin 1h and cerivastatin as indicated in the absence and presence of

celecoxib (5 AM). Results are of three independent experiments,

meansF S.D.; **P < 0.01 versus interleukin 1h, ANOVA.
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4. Discussion

Recently, statins have demonstrated to exert beneficial

effects in different models of progressive renal failure. Some

of the effects of statins have been reported to be independent

of cholesterol reduction. Simvastatin suppressed cell prolif-

eration in rats with anti-Thy 1.1-nephritis (Yoshimura et al.,

1999) and PDGF-induced mesangial cells proliferation in

vitro (Grandaliano et al., 1993). This antiproliferative effect

was not connected to the alteration in PDGF mRNA steady-

state levels. In line with these results, cerivastatin signifi-

cantly inhibited serum-derived mesangial cells proliferation

(Fig. 1). Interleukin-1h-induced mesangial cell proliferation

was reduced under cerivastatin (Fig. 2) without apparent

cytotoxicity up to 0.1 AM. This observation is crucial since

cerivastatin was withdrawn from the market throughout the

world 2 years ago due to unspecific muscle damaging and

rhabdomyolysis, and this side effects seemed to be dose

dependent.

It was the aim of this study to examine the underlying

mechanism of the antiproliferative effect of cerivastatin on

cytokine-stimulated mesangial cells as a model for the

inflamed kidney. Interleukin-1h is considered to be a main

stimulus for glomerular mesangial cells to produce nitric

oxide via the inducible NO synthase (Pfeilschifter and

Schwarzenbach, 1990). Several studies showed that high

output NO inhibited the proliferation of mesangial cells

(Rupprecht et al., 2000; Hruby and Beck, 1997). Our results

suggest that the antiproliferative effect of cerivastatin on

interleukin-1h-stimulated mesangial cells is significantly

mediated by cerivastatin-induced NO production by mesan-

gial cells challenged with cytokines. We could show that NO

production in interleukin-1h- and cerivastatin (up to 0.1

AM)-treated mesangial cells was not associated with cell

lysis, but with significantly reduced DNA synthesis (Figs. 2

and 3). Nontoxic amounts of cerivastatin dose-dependently

increased nitrite synthesis two- to threefold (Fig. 4 and iNOS

mRNA levels 6- to 18-fold (Fig. 5) and protein levels iNOS

mRNA levels threefold (Figs. 6 and 8) as compared to

interleukin-1h-stimulated controls. The increase in iNOS

activity caused by cerivastatin after interleukin-1h induction

of mesangial cells was reversed by the addition of L-NMMA,

and this reversal in turn was abolished by L-arginine. In

parallel to that, the observed increase of iNOS protein

expression by cerivastatin was reversed by NO inhibition,

indicating that cerivastatin interferes with NO-induced iNOS

protein expression in cytokine-stimulated cells (Mühl and

Pfeilschifter, 1995). In contrast to our results, Park et al.

(2000) suggested that the therapeutic effect of cerivastatin in

rats transgenic for angiotensinogen might be associated with

suppressed iNOS expression and considered this aspect as

beneficial. Since angiotensin II has been shown to inhibit

iNOS expression, these results may be due to the different

experimental settings (Kihara et al., 1999).

Modulation of NO by statins has been shown earlier.

Atorvastatin and simvastatin prevented the reduction in
mRNA expression and protein levels of endothelial nitric

oxide synthase after exposure to oxidised low-density lip-

oproteins (LDL) (Hernandéz-Perera et al., 1998). In con-

trast, cerivastatin treatment of unstimulated mesangial cells

alone did not lead to a significant nitrite formation. The

observed cerivastatin effect on mesangial iNOS expression

and activity in our experiments was depending upon pre-

activation of the enzyme, e.g., by treatment of mesangial

cells with interleukin-1h (Mühl and Pfeilschifter, 1995). In

parallel, we observed that fluvastatin enhanced activity of

iNOS in terms of nitrite production in interleukin-1h-treated
mesangial cells (results not shown), suggesting that the

effects observed are specific for the group of statins.

The mechanism by which cerivastatin affects iNOS and

cyclooxygenase-2 expression may involve inhibition of

geranylgeranylation via the mevalonate pathway (Degraeve

et al., 2001), and consequently addition of sufficient meval-

onate led to suppression of cerivastatin-induced nitrite

production in cytokine-activated MC (Fig. 4B). These

results point to a possible role of Rho-GTPases that get

active as geranylgeranylated proteins and regulate gene

expression. Recent results have shown that in the presence

of an effective dose of a statin, Rho-GTPases are inactivated

(Stamatakis et al., 2002). Furthermore, a lowered iNOS and

cyclooxygenase-2 expression was observed under the influ-

ence of Rho inactivators (Degraeve et al., 2001; Hausding et

al., 2000). In mesangial cells, simvastatin acts antiprolifer-

ative by inactivation of Rho-GTPases and the cyclin-depen-

dent kinase p21 under high-glucose conditions, implicating

a therapeutic role in early stages of diabetic nephropathy

(Danesh et al., 2002). Another possible pharmacological

pathway targeted by statins may be the activation of nuclear

factor nB (NFnB). However, Hattori et al. (2002) showed
that although statins slightly modulate interleukin-1h-in-
duced NFnB activation, this effect was not associated with

their effect on NO production. To address a possible role for

the PI-3/PKB pathway, we stimulated MC with different

concentrations of cerivastatin for up to 16 min. No changes

in PKB phosphorylation could be detected between controls

and cerivastatin-treated cells. To exclude a downregulation

of PKB phosphorylation by cerivastatin, we prestimulated

resting MC with 0.5 AM cerivastatin for 30 min and forced

mesangial cells in the presence of 1% FCS to PKB phos-

phorylation. No inhibitory effect of cerivastatin prestimula-

tion on FCS-dependent PKB phosphorylation was

detectable. In long-time experiment (24 h), the PI-3 kinase

inhibitor LY 294002 showed no effect on cytokine- and

cerivastatin-induced iNOS expression (results not shown).

These data suggest that PKB most likely is not involved in

cerivastatin-evoked signalling in mesangial cells.

Fig. 7 shows, that the increase of cyclooxygenase-2

protein expression induced by interleukin-1h was NO

dependent and could be reversed by addition of the

NOS inhibitors. Interestingly, the additional enhancement

of cycloxygenase-2 protein expression evoked by cerivas-

tatin could not be inhibited by the NOS inhibitors. This



C. Blume et al. / European Journal of Pharmacology 485 (2004) 1–10 9
observation suggests a different mode of action for cyclo-

oxygenase-2 induction by cerivastatin as compared to

interleukin-1h.
Cylooxygenase-2 protein expression was also not affect-

ed by celecoxib, although the production of prostacyclin

was completely inhibited (Fig. 10). It was shown earlier that

the inhibitory effect of NSAIDS on cyclooxygenase-depen-

dent prostanoid synthesis is not connected to a suppressed

cyclooxygenase expression but due to an inhibition of

enzymatic activity (Klein et al., 1994). The functional role

of cyclooxygenase-2 is still controversially discussed. In

cytokine-stimulated endothelial cells, the high-density lip-

oproteins (HDL) induced increase of cyclooxygenase-2

protein and subsequently prostacyclin formation was con-

sidered beneficial and associated with antiatherogenic

effects (Cockerill et al., 1995). In line with these results,

we observed an upregulation of prostacyclin synthesis in

supernatants of cytokine-stimulated mesangial cells after

cerivastatin treatment.

Cytotoxicity measured by determination of LDH release

was significantly increased in interleukin-1h- and cerivas-

tatin-treated mesangial cells under coincubation with cele-

coxib (Fig. 9), thus pointing to a protective role of the statin-

induced cyclooxygenase-2 upregulation. The cytoprotective

effect of cyclooxygenase-2 may include prevention of NO-

induced cell necrosis (Ishaque et al., 2003), mediated by

enhanced production of prostacyclin.

We suggest that the action of cerivastatin on cell growth

is NO mediated. Cerivastatin enhanced the cytokine-induced

endogenous NO formation via iNOS and thereby led to a

decreased mesangial cells proliferation. Moreover, NO-trig-

gered apoptosis may further promote this situation.

Additional studies will have to clarify this point. The

cerivastatin-induced iNOS and cyclooxygenase-2 expres-

sion in mesangial cells may help to optimise renal hemody-

namics and to counterbalance cytokine-induced proliferation

and oxidative stress of mesangial cells in the inflamed

kidney and may be beneficial in therapy of renal disease.
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Schmidt, F., Bieringer, M., Schäfer, O., Lindschau, C., Schneider, W.,

Ganten, D., Luft, F.C., Haller, H., 2000. Cerivastatin prevents angio-

tensin II-induced renal injury independent of blood pressure and cho-

lesterol-lowering effects. Kidney Int. 58, 1420–1430.

Pfeilschifter, J., Schwarzenbach, H., 1990. Interleukin 1 and tumor necrosis

factor stimulate cGMP formation in rat renal mesangial cells. FEBS

Lett. 29, 185–187.
Pfeilschifter, J., Schalkwijk, C., Briner, V.A., van den Bosch, H., 1993.

Cytokine-stimulated secretion of group II phospholipase A2 by rat

mesangial cells. Its contribution to arachidonic acid release and pros-

taglandin synthesis by cultured rat glomerular cells. J. Clin. Invest. 92,

2516–2523.

Radeke, H.H., Mere, B., Topley, N., Floege, J., Habermehl, G.G.,

Resch, K., 1990. Interleukin 1-alpha and tumor necrosis factor-alpha

induce oxygen radical production in mesangial cells. Kidney Int. 37,

767–775.

Rupprecht, H.D., Akagi, Y., Keil, A., Hofer, G., 2000. Nitric oxide inhibits

growth of glomerular cells: role of the transcription factor EGR-1.

Kidney Int. 57, 70–82.

Schrör, K., Seidel, H., 1988. Blood-vessel wall arachidonate metabolism

and its pharmacological modification in a new in vitro assay system.

Naunyn-Schmiedebergs Arch. Pharmacol. 337, 177–182.

Selden, J.A., Dolbeare, F., Clair, J.H., Nichols, W.W., Miller, J.E., Klee-

meyer, K.M., Hylands, R.J., DeLuca, J.G., 1993. Statistical confirma-

tion that immunofluorescent detection of DNA repair in human

fibroblasts by measurement of bromodesoxyuridine incorporation is

stoichometric and sensitive. Cytometry 14, 154–167.

Stahl, R.A., Thaiss, F., Haberstroh, U., Kahf, S., Shaw, A., Schoeppe, W.,

1990. Cylooxygenase inhibition enhances rat interleukin 1 beta-in-

duced growth of rat mesangial cells in culture. Am. J. Physiol. 259,

F419–F424.

Stamatakis, K., Cernuda-Morollón, E., Hernandéz-Perera, O., Pérez-Sala,
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