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1. Introduction

ABSTRACT

We previously demonstrated that the widely used immunosuppressive drugs cyclosporin A (CsA) and
tacrolimus (FK506), independent of immunophilin binding, can activate profibrogenic transforming
growth factor 8 (TGF3)/Smad signaling cascades in rat renal mesangial cells (MC). Here we report that
both peptidyl-prolyl cis/trans isomerase (PPlase) inhibitors activate the extracellular-signaling regulated
kinase (ERK) a member of the mitogen activated protein kinase (MAPK) and induce a rapid and transient
increase in ERK phosphorylation. The MEK inhibitor U0126, the reactive oxygen species (ROS) scavenger
N-acetyl-cysteine (NAC), a cell-permeant superoxide dismutase (SOD) and stigmatellin, an inhibitor of
mitochondrial cytochrome bc1 complex strongly attenuated the increase in ERK1/2 phosphorylation
triggered by PPlase inhibitors. Moreover, neutralizing antibodies against heparin binding-epidermal
growth factor (HB-EGF), and inhibition of the EGF receptor by either small interfering (si)RNA or AG1478,
demonstrate that ERK activation by both PPlase inhibitors is mediated via HB-EGF-induced EGF receptor
(EGFR) tyrosine kinase activation. The strong inhibitory effects achieved by GM6001 and TAPI-2
furthermore implicate the involvement of a desintegrin and metalloproteinase 17 (ADAM17).
Concomitantly, the PPlase inhibitor-induced ADAM17 secretase activity was significantly reduced by
SOD and stigmatellin thus suggesting that mitochondrial ROS play a primary role in PPlase inhibitor-
induced and ADAM17-mediated HB-EGF shedding. Functionally, both immunosuppressants caused a
strong increase in MC proliferation which was similarly impeded when cells were treated in the presence
of NAC, TAPI-2 or AG1478, respectively. Our data suggest that CsA and FK506, via ROS-dependent and
ADAM17-catalyzed HB-EGF shedding induce the mitogenic ERK1/2 signaling cascade in renal MC.

© 2011 Elsevier Inc. All rights reserved.

trans isomerase (PPlase) inhibitors cyclosporin A and tacrolimus
(FK506) [5]. An increase in TGF plays a critical role in the PPlase

The excessive synthesis and deposition of glomerular and
interstitial extracellular matrix (ECM) is an important feature of
many renal diseases characterized by glomerulosclerosis and
interstitial fibrosis [1,2]. Functionally, the activated renal
mesangial cells (MC) account as main producers of glomerular
ECM which itselfis indispensable for the structural and functional
plasticity of an intact glomerulus [3,4]. In addition to many
human kidney diseases, renal fibrosis is a major outcome of long-
term immunosuppressive therapy with the peptidyl-prolyl cis/
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inhibitor-induced nephropathy as has been convincingly dem-
onstrated by the beneficial effects of TGF(3-neutralizing anti-
bodies [6-10]. Mechanistically, both structurally dissimilar
immunopressants impede T cell activation through a negative
interference with the Ca?*-induced activation of protein phos-
phatase 2B (calcineurin) thereby preventing dephosphorylation
and activation of nuclear factor of activated T cells (NFAT) (for a
review see [11]). With regard to adverse side effects of PPlase
inhibitors, a potential involvement of reactive oxygen species
(ROS) has been proposed by several studies ([12-14]; for review
see [15,16]). In line with these studies, we previously demon-
strated that CsA and FK506, independent of immunophilin
binding, rapidly activate the canonical TGF(3-Smad signaling
cascade by a ROS-triggered mechanism in rat MC [17]. Obviously,
the direct source of PPlase inhibitor-induced ROS in rat MC is
quite heterogeneous and involves the generation of either
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superoxide and depends on the target investigated [17] or H,0,
[18]. In addition to the fibrogenic Smad pathway, TGFf3 can
induce extracellular signal-regulated kinases (ERKs) classically
associated with growth factor-mediated signaling devices mainly
implied in cell proliferation [19,20]. In addition, an elevation in
ERK activity can enhance Smad activity in human MC thus
suggesting that ERK activity is needed for an optimal response to
TGFf3; [21]. However, mitogenic cell responses in most cases are
initiated by the epidermal growth factor (EGF) or one of the EGF-
like ligands including epiregulin, TGFo, amphiregulin, B-cellulin,
neuregulins or heparin-binding EGF (HB-EGF). Each of these
ligands displays overlapping but partially distinct binding
affinities toward different ErbB receptors (for a review see:
[22,23]). The EGF/ErbB family of receptor tyrosine kinases
controls key cell functions including proliferation, migration,
differentiation, and apoptosis (for review see [22-24]). Particu-
larly, HB-EGF is one of the most prominent and best characterized
mitogens in renal cells and of special interest since its expression
is increased in experimental models and human forms of
glomerulonephritides [25,26]. Mechanistically, transactivation
of EGFR by HB-EGF shedding is target of many different external
stimuli including activators of PKC and Raf-MAPK signaling
cascades [26-29]. Conversely, a constitutive HB-EGF shedding
was observed in tumor cells and therefore may constitute a target
of novel anti-tumorigenic therapy [30]. Like other EGF-like
ligands, HB-EGF is synthesized as inactive transmembrane
precursor and the release of mature HB-EGF depends on the
proteolytic cleavage by the action of metalloproteinases or a
disintegrin and metalloproteinase (ADAM), namely ADAM17
[23,31-33]. However, the detailed mechanisms triggering the
protease-dependent growth factor shedding are poorly under-
stood. In addition to release of mature growth factor from the
cell surface, the synthesis of HB-EGF is induced by phorbol
esters, proinflammatory cytokines and hydrogen peroxide
which are relevant for proliferation of MC in the course of
glomerulonephritis [25].

Based on our previous findings that PPlase inhibitors via an
activation of latent TGF3 initiate Smad-driven gene expression in
renal MC [17], we aimed to elucidate whether both PPlase
inhibitors would additionally activate mitogenic ERK signaling
cascades. Interestingly, findings from experimental nephritis
models indicate that indeed, a late accumulation of extracellular
matrix (ECM) is preceded by MC proliferation and part of the
physiological resolution phase in response to tissue injury [34,35].
Here we demonstrate for the first time, that a short-term treatment
with PPlase inhibitors induces the mitogenic MAPK cascade via
ROS-triggered EGF receptor signaling which inturn initiates MC
proliferation.

2. Materials and methods
2.1. Materials

Human recombinant HB-EGF was purchased from Calbio-
chem (Schwalbach, Germany). A rabbit pan-specific HB-EGF
antibody was purchased from R&D Systems (Wiesbaden-
Nordenstadt, Germany). The PPlase inhibitors CsA and FK506
were from Axxora GmbH (Lorrach, Germany). AG1478, GM 6001,
U0126, SP600125 and SB203580 and the TACE inhibitor TAPI-2
were obtained from Calbiochem (Schwalbach, Germany).
Diphenylene iodonium (DPI), N-acetyl cysteine (NAC), catalase,
polyethylene glycol-superoxide dismutase (PEG-SOD), and
stigmatellin were obtained from Sigma Aldrich (Taufkirchen,
Germany). Antibodies specifically raised against either phos-
phorylated and total ERK1/2, respectively and the antibodies
against rat EGFR/HER-1 and phospho-EGFR (Tyr 1068) were

from Cell Signaling (Frankfurt am Main, Germany). Antibodies
against [3-actin, anti-rabbit horseradish peroxidase-linked and
anti-rabbit Alexa 488-linked secondary antibodies, as well as
rabbit IgG were obtained from Santa Cruz Biotechnology
(Heidelberg, Germany). 5,-6-Dichloromethyl-2,7-dichlorodihy-
drofluorescein diacetate, acetyl ester (CM-H,-DCFDA), a cell-
permeable indicator for ROS was from Molecular Probes
(Karlsruhe, Germany).

2.2. Cell culture

Rat glomerular MC were grown as described [36]. All cell
culture media and supplements were purchased from Life-
Technologies (Karlsruhe, Germany). For experiments, serum-free
preincubations were performed in Dulbecco’s modified Eagle’s
medium supplemented with bovine serum albumin (BSA). In all
experiments, the pharmacological inhibitors were applied half an
hour prior to the addition of the PPlase inhibitors.

2.3. Western blot analysis

For detection of phosphorylated and total ERK1/2 levels, whole
cell lysates were prepared as described previously [37]. Total cell
extracts containing 30 g of protein were prepared in SDS sample
buffer, subjected to SDS-PAGE and Western blot analysis was
performed by standard procedures. For detection of tyrosine-
phosphorylated and total EGFR cells were directly lysed with SDS
loading buffer without bromphenol blue and proteins subsequent-
ly transferred to polyvinylidene difluoride (PVDF) membranes
before immunodetection.

2.4. RNA interference

Gene silencing of rat EGF receptor (GenBank accession no.
NM_031507) was performed using customer siRNAs against rat
EGF receptor from Qiagen (Hilden, Germany) and a control siRNA
from Santa Cruz Biotechnology. Transfection of subconfluent MC
was performed using the Oligofectamine reagent by following the
manufacturer’s instructions (Invitrogen, Karlsruhe, Germany).

2.5. Indirect immunofluorescence microscopy

Activation of mitogenic MAPK signaling was analyzed by
measuring levels of phosphorylated ERK1/2 content by indirect
immunofluorescence microscopy as described previously [38].
Images were analyzed using an inverse immunofluorescence
microscope, BZ-7000 (Biozero, Keyence, Neu-Isenburg, Germany)
equipped with a Zeiss Apo 20x/0.75 NA objective.

2.6. HB-EGF neutralization experiments

The impact of HB-EGF on the PPlase inhibitor-induced cell
responses was tested by the use of a neutralizing HB-EGF antibody
(R&D Systems). MC were pretreated with 20 g of the neutralizing
antibody for 60 min before stimulation with PPlase inhibitors. To
exclude any unspecific inhibitory effects of the immunoglobulins,
cells were treated with the same amount of rabbit IgG instead of
the anti-HB-EGF antibody.

2.7. Detection of intracellular ROS production

Measurement of intracellular formation of ROS was done by
using the cell permeant indicator CM-H,DCFDA. For ROS measure-
ment, serum-starved MC were stimulated for 1 h and after having
removed the stimulation media, cells were washed once with
Hank’s balanced salt solution (HBSS). Trypsinized cells were
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collected by a short centrifugation (1000 rpm), cell pellets
resuspended in CM-H,DCFDA (5 .M in HBSS) and incubated in
the dark at 37 °C for 30 min. Subsequently, the cells were washed
and returned to HBSS media and ROS generation was determined
by measuring the formation of the oxidation product dichloro-
fluorescein (DCF) which was determined with a micro-plate
fluorimeter (Wallac, Victor) by using excitation/emission wave-
lengths of 488 and 515 nm, respectively.

2.8. Measurement of ADAM17 (TACE) activity

ADAM17 (synonym TACE) activity was determined using the
fluorimetric SensoLyte TACE (a-Secretase) activity assay kit
(AnaSpec, San Jose, USA) following the manufacturer’s specifications.
This kit uses a FRET peptide substrate for the continuous
measurement of ADAM17 enzyme activity. Upon cleavage of the
FRET peptide by the active enzyme, the fluorescence of the intact
FRET peptide 5-carboxyfluorescin which is normally quenched by
QXL 520 is recovered and monitored at excitation/emission of 490/
520 nm.

2.9. Measurement of cell proliferation

Proliferation of MC was determined by using a colorimetric 5'-
bromo-2-deoxy-uridine (BrdU) labelling and detection kit III
(Roche, Mannheim, Germany) following the manufacturer’s
instructions. Briefly, serum-starved MC were seeded on 6-well
plates before treatment for 24 h with control medium or with
different PPlase inhibitors in the presence or absence (vehicle) of
different inhibitors. Subsequently, MC were labelled with BrdU for
6 h at 37 °C, and the incorporation of BrdU was determined by
immunological detection of BrdU. Extinction of samples was
measured at 492 nm using a microplate reader.

2.10. Statistical analysis

Results are expressed as means + SD. Statistical analysis was
performed using the Student’s t-test and for multiple comparisons the
ANOVA test for significance. The data are presented as relative
induction compared with control conditions (*) or compared with CsA
(#) or FK506 (§)-stimulated values. P < 0.05, <0.01, and <0.001 were
considered significant

3. Results
3.1. CsA and FK506 activate ERK1/2 in glomerular MC

Previously, we demonstrated that the PPlase inhibitors CsA and
FK506 independent of cyclophilin binding induce fibrogenic TGF[3-
Smad signaling cascade by a ROS-dependent mechanism [17].
Moreover, we showed that the activation of Smad 2/3 by PPlase
inhibitors partially depends on p38 MAPK activity which itself acts
downstream of ROS. To test, whether PPlase inhibitors in addition to
p38 MAPK, would exert any modulatory effects on the mitogenic
MAPK signaling cascade, we monitored the phosphorylation state of
ERK1/2 by using phospho-specific antibodies. According to results
from our earlier reports, we chose standard concentrations of 1 WM
CsA and 0.1 uM FK506, respectively which turned out to be most
efficient without exerting significant cytotoxic effects on rat MC
[17]. Time-course experiments revealed that stimulation of MC with
CsA (1 wM) induced a rapid and significant increase in ERK1/2
phosphorylation already at 5 min and declined rapidly thereafter
back to basal levels at 30 min (Fig. 1A). A similar induction profile
was observed with FK506 (Fig. 1A). In contrast, the total ERK1/2
content did not change upon stimulation with either PPlase

inhibitors (Fig. 1A). Similarly, an activation of ERK1/2 by CsA was
observed by indirect immunofluorescence microscopy (Fig. 1B).
Activation of ERK1/2 by PPlase inhibitors is furthermore
demonstrated by the strong inhibitory effects of U0126 (20 M)
an inhibitor of the upstream kinase MEK1/2 whereas the JNK
inhibitor SP600125 (10 wM), exerted no inhibitory effect on CsA-
or FK506-induced ERK1/2 phosphorylation (Fig. 1C). An additional
inhibitory effect on drug-induced ERK phosphorylation was
observed with the p38 inhibitor SB203580 (10 M) thus indicating
that activation of the p38 MAPK pathway is critically involved and
upstream of ERK1/2 activation by PPlase inhibitors (Fig. 1C).

3.2. Activation of ERK1/2 by CsA is mediated via the EGFR

In a next step, we explored the possible involvement of the EGFR
in PPlase inhibitor-induced ERK activation. For this purpose,
expression of the EGFR (synonymously called erbB-1) was depleted
by specific siRNA. MC transfected with an siRNA against the rat EGFR
showed a strong reduction in EGFR expression when compared with
cells transfected with a control siRNA (Fig. 2A). We found that
depletion of EGFR expression by specific siRNA caused a clear
augmentation in both, CsA- and FK506-triggered ERK phosphoryla-
tion (Fig. 2A). We furthermore tested the impact of CsA and FK506 on
EGEFR transactivation as determined by phosphorylation at tyrosine
1068 (EGFR-Tyr1068). CsA caused a clear and transient increase in
EGFR phosphorylation at 5 min fully returned to basal levels at
20 min after the addition of CsA (Fig. 2B). In contrast, addition of
recombinant EGF (50 pg/ml) which was used as a positive control
caused a stronger and more sustained response when compared to
CsA (Fig. 2B). By contrast, FK506 caused only a weak increase in
EGFR-tyrosine phosphorylation the signal being hardly detectable
by Western blot analysis (data not shown).

3.3. Activation of ERK1/2 by CsA and FK506 is prevented after
neutralization of HB-EGF

The former data clearly indicate that the PPlase inhibitor-
induced ERK1/2 phosphorylation depends on the transactivation of
the EGFR. In a next step, we tested the impact of HB-EGF, which in
MC accounts for a potent mitogenic agonist of the EGFR, by
employing a neutralizing HB-EGF antibody [26,27]. Preincubation
of MC with a neutralizing HB-EGF antibody (10 pg/ml) for 1 h
followed by stimulation with CsA (1 wM) or FK506 (0.1 uM)
caused an almost complete attenuation of PPlase inhibitor-induced
ERK1/2 phosphorylation but interestingly, did not affect constitu-
tive ERK1/2 phosphorylation in MC (Fig. 3A). In contrast, the
addition of isotype-specific control IgG had no effect on either
basal or on PPlase inhibitor-induced phospho-ERK1/2 levels
(Fig. 3A). By contrast, pharmacological inhibition of EGFR tyrosine
kinase activity by AG1478 (250 nM) caused an almost complete
reduction of basal and stimulated ERK phosphorylation (Fig. 3A).
These data indicate that CsA and FK506 can induce a canonical
induction of EGFR-ERK1/2 signaling pathway which is specifically
triggered by HB-EGF. Due to the fact that we could not detect HB-
EGF in the conditioned media of PPlase inhibitor-treated MC, we
compared the phospho ERK1/2 contents evoked by different
amounts of recombinant HB-EGF with those which were induced
upon stimulation with PPlase inhibitors. As shown in Fig. 3B, the
increase in ERK phosphorylation induced by CsA or FK506 is
weaker than that evoked by 10 pg/ml HB-EGF, a concentration
which is at the lower detection limit of HB-EGF-specific ELISAs.

3.4. Activation of ERK1/2 by PPlase inhibitors depends on ROS

Based on our previous finding that PPlase inhibitors induce the
Smad signaling cascade through an increase in ROS production
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Fig. 1. CsA and FK506 cause a rapid and transient activation of ERK1/2 in renal MC. (A) Serum-deprived MC were stimulated with either vehicle (=) or with CsA (1 wM) or
FK506 (0.1 wM) for the indicated time periods prior to cell lysis. Total protein (30 wg) was subjected to Western blot analysis and successively immunoblotted against
phosphorylated (p-ERK1/2) and total ERK1/2 (ERK1/2). Data in the lower panel of (A) show a densitometric analysis of phospho-ERK1/2 relative to total ERK1/2 levels and
represent means + S.D. (n = 3). **p < 0.01 versus unstimulated control. (B) Indirect immunofluorescence visualizing time-dependent increase in ERK1/2 phosphorylation by CsA.
Quiescent MC were stimulated for 10 or 30 min before cells were fixed and stained with a phospho-specific ERK1/2 antibody and the secondary anti-mouse Cyc 3 antibody. Bar,
50 pwm. (C) Effects of different MAPK inhibitors on CsA-induced ERK1/2 phosphorylation. Quiescent MC were pretreated for 30 min with vehicle (-) or with the indicated MAPK
inhibitors before cells were stimulated for 10 min with (+) or without (—) 1 wM of CsA. The different MAPK inhibitors were applied at the following concentrations: SB203580
(10 M), SP600125 (10 M), and U0126 (20 wM). Western blot analysis was performed as described in (A). Data shown in (B) and (C) are representative of two independent

experiments giving similar results.

[17], we wondered if CNI-induced ERK activation similarly would
depend on ROS. For this purpose, we tested for modulatory effects
by the ROS scavenger NAC (5 mM), or by diphenylene iodonium
(DPI, 10 wM), an inhibitor of NADPH oxidases when both inhibitors
were applied 30 min before the PPlase inhibitors. As shown in
Fig. 4A, NAC caused an almost complete inhibition of PPlase
inhibitor-induced ERK1/2 phosphorylation whereas DPI had no
significant effect on PPlase inhibitor-triggered ERK1/2 activity.

To corroborate that NAC effects on ERK phosphorylation are due
to changes in ROS generation, we measured cellular radical
formation by using dichlorodihydrofluorescein (DCF), a cell-
permeant ROS acceptor. Consistent with the data from Western
blot analysis, both PPlase inhibitor induced a significant increase in
ROS which was almost completely abrogated in the presence of
NAC, but again not affected by DPI (Table 1). To identify the source
of PPlase inhibitor-induced ROS formation, we employed further
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compounds interfering with cellular ROS metabolism: ebselen, a
scavenger of peroxynitrite, PEG-SOD, a cell permeant SOD, catalase
which degrades H,0; and, finally, stimgmatellin an inhibitor of the
mitochondrial cytochrome bcl complex. Among the different
inhibitors applied, only PEG-SOD and stigmatellin exerted a clear
inhibitory effect on PPlase inhibitor-induced ERK phosphorylation,
thus indicating that mitochondrial superoxide generation is
targeted by both PPlase inhibitors to trigger ROS formation
(Fig. 4B).

3.5. Inhibition of metalloproteinase activity prevents ERK1/2
activation by PPlase inhibitors

The release of EGFR ligands by the action of metalloproteinases
is a well-known mechanism for EGFR transactivation by G protein-
coupled receptors [39,40]. Moreover, several reports have shown
that the ectodomain shedding of HB-EGF in many cases depends on
ADAM17, synonymously called TNFa converting enzyme (TACE)
[26-28,41]. To evaluate the functional involvement of either of
these proteases on PPlase inhibitor-induced ERK activation, we
tested the broad spectrum MMP inhibitor GM6001 (100 nM), and
TAPI-2 (100 uM) which preferentially inhibits ADAM17. As shown
in Fig. 5 both compounds completely inhibited the PPlase
inhibitor-induced ERK phosphorylation when applied 60 min prior
to CsA or FK506.

3.6. ADAM17 is critical for ERK1/2 activation by PPlase inhibitors

To further test whether ADAM17 is critical for PPlase inhibitor-
induced ERK activation, we silenced ADAM17 expression by

transfection of specific siRNA. Concordant with the inhibitory
effects of TAPI-2, genetic depletion of ADAM17 prevented
constitutive and CNI-induced ERK1/2 phosphorylation (Fig. 6A).
In addition, ERK phosphorylation itself seems to be activated by the
transfection of siRNA as indicated by the high basal phosphorylat-
ed ERK1/2 content in unstimulated MC (Fig. 6A). In summary, this
suggests that ADAM17 is critically involved in the CNI-induced but
also in basal ERK1/2 activation in rat MC.

Next we tested whether the activity of ADAM17 itself is
modulated by CNI by monitoring TACE substrate cleavage
flurorimetrically. CsA and FK506 caused an almost three-fold
increase in TACE activity when applied for 10 min (Fig. 6B).
Importantly, the CNI-mediated increase in TACE activity was
prevented when cells were cotreated with either SOD or with
stigmatellin thus indicating that the increase in TACE activity by
CNI critically depends on the generation of mitochondrial
superoxide (Fig. 6B).

3.7. CNI-induced proliferation depends on ROS, ADAM17 and EGFR
kinase activity

In a next step, we investigated whether the PPlase inhibitor-
induced activation of the mitogenic ERK signaling cascade would
functionally correlate with an increase in MC proliferation. For this
purpose we labelled cells with BrdU. Serum starved MC were either
treated with medium (control) or with different PPlase inhibitors
(vehicle) for 24 h before cells were labelled with BrdU for additional
6 h. Interestingly, the DNA content of MC treated in the presence of
CsA or FK506 showed an approx. 2.5-fold increase when compared
with untreated control cells (Fig. 7A) demonstrating that CsA and
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Fig. 3. PPlase inhibitor-induced ERK1/2 phosphorylation is impaired after neutralizing of HB-EGF. (A) Quiescent MC were pretreated for 60 min without or with either 20 pg
of control IgG (+IgG), 20 g of a neutralizing HB-EGF antibody (+anti-HB-EGF a.b.), or with AG1478 (250 nM). Thereafter, MC were stimulated for 10 min with either vehicle (-
), CsA (left panel), or with 0.1 wM FK506 (right panel) as indicated. For Western blot analysis, 30 g of total cell extracts was subjected to SDS-PAGE and successively probed
with an anti-phospho-ERK1/2 antibody and antiserum against unphosphorylated ERK1/2. The data in the lower panels show a densitometrical analysis of phospho-ERK1/2
relative to total ERK1/2 levels and represent means + S.D. (n = 3). **p < 0.01 versus unstimulated control; and ##p < 0.01 versus PPlase inhibitor-stimulated conditions. (B) Dose-
dependent activation of ERK1/2 by recombinant HB-EGF to estimate the levels of HB-EGF equipotent with ERK1/2 phosphorylation by PPlase inhibitors. Serum-deprived MC were
treated with either vehicle (-) or with different amounts of recombinant HB-EGF, CsA (1 wM) or FK506 (0.1 wM) which all were applied for 10 min before cells were lyzed. Total
protein lysate (30 g) was subjected to Western blot analysis and successively probed with phospho-ERK1/2-specific and total ERK1/2-specific antibody. Data shown are

representative of two independent experiments giving similar results.

FK506, both exert a strong mitogenic effect on MC. To further prove
that the increase in cell proliferation evoked by the PPlase inhibitors
relies on the postulated chain of signaling events initiated by CNI-
induced ROS and followed by the ADAM17-dependent release of HB-
EGF and subsequent activation of ERK, we tested whether inhibitors
of these modules reduce the CNI-triggered increase in proliferation.
To this end, MC were stimulated for 30 min with either NAC (5 mM),
TAPI-2 (10 M) or AG1478 (250 nM) before CsA or FK506 were
applied for an additional 24 h. Interestingly, the CNI-induced cell
proliferation was strongly reduced independent of which inhibitor
was applied (Fig. 7A). Importantly, none of the inhibitors by
themselves had any inhibitory effect on the basal proliferation rate
of MC (Fig. 7B) nor had any significant effect on cell viability as
monitored by MTT test (data not shown). Collectively, these data
underscore the functional consequence of drug-induced ERK1/2

activation and, furthermore, support the permissive role of ROS,
ADAM17 and EGFR activities in the proliferative effects of both
PPlase inhibitors.

4. Discussion

Previously we have shown that the imunosuppressive drugs
CsA and FK506, both in a concentration range which encompasses
therapeutically relevant doses, can induce TGF3-Smad signaling
cascades in renal MC and thereby increase the expression of
fibrogenic genes [17]. The current work extends those findings by
demonstrating that CsA and FK506 in addition to the profibrotic
TGFB-Smad signaling cascade, similarly, can activate ERK1/2
signaling by a ROS-triggered mechanism. A redundancy of both
signaling pathways is indicated by the observation that TGF( itself
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Fig. 4. PPlase inhibitor-mediated ERK1/2 activation depends on ROS. (A) Serum-
starved MC were treated for 10 min with vehicle (-), CsA (1 wM), or FK506 (0.1 wM)
in the absence or presence of either N-acetyl cysteine (NAC, 5 mM) or diphenylene
iodonium (DPI, 10 wM) which were preincubated for 30 min. Subsequently, total
cell lysates were assessed for phospho-ERK1/2 and total ERK1/2 contents. Data
represent means + S.D. (n=3). **p <0.01 versus unstimulated control; #p < 0.05
versus CsA-induced, §§p < 0.01 versus FK506-induced conditions. (B) 30 min prior to
the addition of 1 wM CsA (upper panel) or 0.1 wM FK506 (lower panel), MC were
treated without (-) or with different ROS scavengers including NAC (5 mM), ebselen
(10 wM), PEG-SOD (SOD, 100 U/ml), catalase (500 U/ml), or stigmatellin (20 M) for
additional 40 min before cells were extracted for Western blot analysis. Total protein
(30 wg) was subjected to SDS-PAGE and blots were successfully probed with anti-
phospho-ERK1/2-specific and anti-ERK1/2-specific antibodies. Data shown are
representative of two independent experiments giving similar results.

is able to activate ERK and its downstream signaling members
[19,20]. Additionally, a previous study proved the existence of a
cross-talk between ERK and TGF3-Smad signaling pathways which
is functionally relevant for increased collagen production in
human MC [21]. However, in rat MC, a similar cross activation
of ERK by TGF3 seems not relevant for PPlase inhibitor-induced

Table 1

Effects of different ROS scavengers on CNI-induced radical formation. Quiescent MC
were treated for 60 min with vehicle, CsA (1 wM), or FK506 (0.1 wM) in the presence
of either NAC (5 mM) or DPI (10 M) before cell supernatants were assayed for ROS
which was measured by dichlorofluorescein (DCF) formation. Treatment-depen-
dent DCF formation is expressed as arbitrary units. Data are means + S.D. (n=3) with
all experiments were done in triplicates n.s.: not significant.

Treatment DCF (arbitrary units) p(<) vs vehicle (*)/vs
CNI-induction (#)

Vehicle 14,756 + 7700 -

CsA 33,704 +6799 0.01 (%)

CsA+NAC 17,854 +4378 n.s. (*)/0.05 (#)

CsA+DPI 28,737 +4789 0.05 (*)/n.s. (#)

FK506 46,868 + 9678 0.01 (%)

FK506 + NAC 13,209 + 5672 n.s. (*)/0.05 (#)

FK506 + DPI 37,432 +9866 0.05 (*)/n.s. (#)

ERK signaling since an incubation with a neutralizing TGF(3
antiserum did not attenuate the drug-induced ERK1/2 phosphory-
lation (data not shown). In the course of glomerulonephritis, ERK-
dependent proliferation of MC is relevant for maintenance or
exacerbation of ECM accumulation, a key feature for the
development of renal sclerosis [42]. It is interesting to note that
the temporal activation of both pathways differs since the
activation of ERK in many cases precedes a phase of ECM
deposition as observed in the course of various progressive renal
diseases [34,35]. Here we present mechanistic relevance of a
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Fig. 5. Metalloproteinase activity is critical for ERK1/2 activation by CsA and FK506.
Serum deprived MC were treated for 10 min with vehicle (-), CsA (1 wM), or FK506
(0.1 wM) in the absence or presence of the broad spectrum MMP inhibitor GM6001
(10 wM), or TAPI-2 (10 wM), a MMP inhibitor with a high specificity towards
ADAM17. Both inhibitors were preincubated for 30 min before the indicated PPlase
inhibitor was added. Subsequently, cells were harvested for total cell lysates. For
Western blot analysis, the blots were successfully probed with anti-phospho-ERK1/
2-specific and anti-ERK1/2-specific antibodies. Data represent means + S.D.
(n=3)"*p <0.01 versus vehicle (-); ##p <0.01 versus CsA-induced; §§p < 0.01
versus FK506-induced conditions.
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Fig. 6. The constitutive and PPlase inhibitor-induced ERK1/2 activity depends on
ADAM17. (A) MC were transfected with siRNA duplexes of rat-specific ADAM17
(ADAM17-siRNA), or with a none-gene-related control siRNA (control-siRNA). After
transfection, MC were serum deprived for 16 h and subsequently treated with
either vehicle (-), CsA (1 wM), or FK506 (0.1 wM) for 10 min before cells were
harvested for total protein extraction. To prove a knockdown of ADAM17, 30 pg of
protein extract was probed with an ADAM17-specific antibody by Western blot
analysis as indicated. In parallel, 30 g of protein extracts were additionally probed
with a phospho-ERK1/2-specific and with an antibody raised against total ERK1/2.
The data shown are representative of two independent experiments giving similar
results. (B) PPlase inhibitor-induced fluorogenic TACE substrate depends on
mitochondrial ROS. Serum-starved MC were stimulated for 10 min with either
vehicle, CsA (1 wM), or FK506 (0.1 wM). Both immunosuppressants were applied
either without, or with the indicated ROS scavengers which both were preincubated
for 30 min. Subsequently, cell lysates were prepared and TACE activity was
measured by using the flurometric SensoLyteR TACE-activity assay kit (ANASPEC).
Enzymatic activity was assessed by measuring changes in relative fluorescence
(RFU). Data represent means + S.D. (n =3) of triplicate experiments; ***p < 0.005
versus vehicle; ##p < 0.01 versus CsA-induced; §§p < 0.01 versus FK506-induced
conditions.

signaling cascade involving ROS-ADAM17-HB-EGF-EGFR-ERK that
contributes to CsA or FK506-mediated increase in mesangial cell
proliferation. A functional involvement of HB-EGF-mediated EGFR
signaling is indicated by the strong inhibitory effects of a
neutralizing HB-EGF antibody and by AG1478, a highly potent
inhibitor of the EGFR tyrosine kinase. The functional role of HB-EGF
is furthermore highlighted by the fact that induction of ERK
phosphorylation is mimicked by exogenously administered HB-
EGF (Fig. 3B). Various studies have demonstrated that in renal MC
several endogenous mediators, including aldosterone [43], 5-
hydroxytryptamine [27], TGF3 [20] and glucose [26] commonly
transactivate the EGFR. Interestingly, the mTOR inhibitor rapa-
mycin, which induces a similar profibrotic cell response in MC [44],
can increase the survival of different cell types via EGFR-ERK1/2
signaling, by an involvement of c-Src but independent of EGF or
EGF-related growth factors [45].

Furthermore, our data provide evidence that ADAM17 plays an
important role in the activation of ERK1/2 by both tested PPlase
inhibitors as indicated by the strong inhibitory effects by genetic or
pharmacological ADAM17 inhibition (Figs. 5 and 6A). Correspond-
ingly, TACE activity is significantly increased by CsA and FK506
(Fig. 6B) suggesting that the PPlase inhibitor-induced activation of
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Fig. 7. Stimulation with CsA and FK506 leads to an increase in DNA content. (A)
Serum-starved MC were treated without (control) or with CsA (1 wM), or FK506
(0.1 wM) in the absence (vehicle) or presence of the indicated inhibitors NAC
(5 mM), TAPI-2 (10 wM) or AG1478 (250 nM) for 24 h before cells were labelled
with BrdU for an additional 12 h. (B). Serum-starved MC were treated without
(control) or with 10% FCS used as a positive control, or alternatively, with one of the
indicated inhibitors for 24 h before cells were labelled with BrdU for an additional
12 h. The concentrations used were similar as described in (A). Cell proliferation
was assessed by detection of BrdU incorporation into DNA and is depicted as
relative BrdU incorporation (%) in comparison with unstimulated cells which were
set to 100%. Results represent means +S.D. (n=3). *p <0.01 versus control;
#p < 0.05, ##p < 0.01 versus CsA-induced (open bars); §§p < 0.01 versus FK506-
induced conditions (black bars).

ERK involves an ADAM17-dependent release of HB-EGF. Our data
are in accordance with studies demonstrating that the transactiva-
tion of EGFR by either G protein-coupled receptors or oxidative and
osmotic stress strongly depends on MMP-mediated cleavage of
HB-EGF [20,27,39-41]. Moreover, an oxidant-induced increase in
ADAM17 activity and a subsequent HB-EGF ectodomain shedding
has been reported for the PKC inhibitor chelerythrin [33]. In line
with those studies, the activation of TACE by PPlase inhibitors
observed in MC is ROS-dependent implicating that ROS acts
upstream of HB-EGF. It is worth mentioning that ADAM17 is not
only critical for the transactivation of EGFR by HB-EGF [41] but has
been shown to be involved in EGFR transactivation by TGFa which
seems functionally relevant for the increased intestinal perme-
ability in response to oxidative stress [46]. An activation of ERK1/2
is also implied in the control of renal epithelial barrier function and
of high relevance for CsA-induced disturbance of transepithelial
resistance [47]. In light of these observations, it is tempting to
speculate that PPlase inhibitor-induced activation of HB-EGF-EGFR
signaling is operative in other renal cell types and an important
feature of nephrotoxicity induced by both immunosuppressive
drugs. Since ectodomain shedding by metalloproteinases or
ADAMs is considered a central mechanism of ligand-dependent
activation of EGFR, the contribution of ROS-mediated EGFR
activation may critically depend on the spatiotemporal presence
and release of different EGFR ligands. Further investigations are
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needed to test whether ligands other than HB-EGF are involved in
the activation of EGFR-induced mitogenic ERK signaling by CsA and
FK506.

Of note, a previous study in rat MC has demonstrated that both
PPlase inhibitors can rapidly induce the cold-shock protein Y-box
binding protein 1 (YB-1) by a sequence of consecutive processes
which include ROS generation and subsequent activation of ERK/
Akt pathways [18]. The PPlase inhibitor-induced activation of the
mRNA-binding protein YB-1 results in an accumulation of
fibrogenic genes mainly via posttranscriptional mechanisms
[18]. In contrast to the latter report, we obtained evidence that
ROS production by both immunosuppressants was not affected by
catalase thus excluding a critical involvement of H,0, in the drug-
induced ERK activation in MC (Fig. 4B). However, the cell permeant
PEG-SOD and stigmatellin caused a marked attenuation in PPlase
inhibitor-induced ERK activity indicating that mitochondrial
enzymes may represent the main sources of PPlase inhibitor-
triggered ROS formation in the kidney (Fig. 4B). Our observations
are corroborated by results obtained in smooth muscle cells,
demonstrating that CsA induced ROS generation independent of
cytochrome P-450 oxidases and NADPH oxidases [13,14]. Obvi-
ously, in MC both immunosuppressants can induce profibrotic and
mitogenic responses by simultaneously increasing the expression
and/or activity of different ROS generating enzymes.

A further challenging issue which needs to be addressed by
future experiments is the elucidation of the mechanism underlying
ROS-mediated HB-EGF shedding by PPlase inhibitors. In fact, an
activation of MMP-dependent HB-EGF release by oxidative stress
has already been demonstrated in several previous studies
[33,41,46]. Depending on the cell type investigated, the activation
of MMPs or ADAMs can either occur by a direct ROS effect or,
indirectly, through the action of a protein which is upregulated by
ROS. Activation of the ERK pathway plays a key role in tubular
epithelial cell proliferation in the injured kidney as demonstrated
in a rat model of unilateral ureteral obstruction [48]. In addition, an
increase in ROS formation is responsible for CsA-induced
cytotoxicity described with high doses of CsA [12,49,50]. However,
consistent with our data, studies in mouse tubular epithelial cells
have demonstrated that the ERK pathway itself is not critical for
CsA toxicity since pharmacological inhibitors of MEK did not
prevent CsA-mediated cytotoxicity [51]. Irrespective of whether
ROS are critical for PPlase inhibitor-mediated cytotoxicity, the
doses of CsA and FK506 used in our experiments did not
significantly affect viability of MC [52].

In conclusion, the convergent activation of profibrotic and
mitogenic cell responses by CsA and FK506 emphasizes the
complex repertoire of regulatory events triggered by these widely
used drugs. Definitely, our data provided here warrant further
experiments exploring the pathophysiological relevance of these
mechanisms in PPlase inhibitor-induced nephropathy.
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