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1 Tumour necrosis factor-a (TNF-a)- and lipopolysaccharide (LPS)-induced apoptosis of bovine
glomerular endothelial cells is now recognized as an important part in the pathogenesis of
glomerulonephritis characterized by early mitochondrial cytochrome c release, mitochondrial
permeability transition, Bak protein upregulation, Bcl-XL protein downregulation and caspase-3
activation.

2 Co-treatment of cells with 10 nM dexamethasone and TNF-a or LPS blocked roughly 90% of
apoptotic cell death in glomerular endothelial cells. The action of glucocorticoids could be
documented in that they prevented all apoptotic markers such as DNA laddering, DNA
fragmentation measured by the diphenylamine assay as well as morphological alterations.

3 To mechanistically elucidate the action of glucocorticoids we evaluated whether glucocorticoids
elicit a time-dependent e�ect. For dexamethasone, to maximally inhibit DNA fragmentation a
preincubation period was not required. Even if dexamethasone was supplemented 6 h following
TNF-a or LPS we observed a maximal inhibitory e�ect.

4 Concerning its in¯uence on TNF-a and LPS signal transduction, we found that dexamethasone
only partially prevented cytochrome-c-release as a ®rst sign of apoptotic cell death but e�ciently
blocked mitochondrial permeability transition. Moreover, TNF-a- and LPS-induced Bak
upregulation, Bcl-XL-downregulation, and the activation of caspase-3-like proteases, measured
¯uorometrically using DEVD-AMC and PARP cleavage, were e�ciently blocked by dexamethasone.

5 We postulate that glucocorticoids exert their inhibitory action upstream of the terminal death
pathways but downstream of primary receptor mediated signals by blocking pro-apoptotic signals
pre- and/or post cytochrome c release and mitochondrial signalling.
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Introduction

The adrenal glucocorticoids, cortisol and corticosterone, have
important physiological actions on growth, development, the
immune system, and in¯ammatory processes (Cole et al.,

1995). Dexamethasone and other powerful synthetic gluco-
corticoids are in widespread clinical use in the treatment of
rheumatoid arthritis, in a variety of autoimmune disorders,

and in many other disease states (Da Silva, 1995).
Glucocorticoids are the most potent and e�ective agents in
controlling chronic in¯ammatory diseases. Inhaled steroids

have become a ®rst-line therapy for chronic asthma, one of the
most prevalent in¯ammatory diseases in industrialized
countries (Lipworth, 1999). Glucocorticoids exert their e�ects
by binding to their cytoplasmatic, speci®c glucocorticoid

receptor which belongs to a family of transcriptional

regulatory proteins that interact with speci®c target sequences
upon association with their cognate ligand. The interaction
between the glucocorticoid receptor and other transcription

factors such as activator protein 1 (AP-1) and nuclear factor
kB (NF-kB) has also been shown to play a role in altering
glucocorticoid action, suggesting extensive transcriptional

cross-talk with other signalling pathways capable of modulat-
ing the e�ect of glucocorticoids (Wissink et al., 1998; Auphan
et al.; 1995, Xie et al., 1997, Pfeilschifter & MuÈ hl, 1999).

As many other chemotherapeutic agents, glucocorticoids
are well known to inhibit cell growth and to induce apoptosis
in lymphocytes and in several lymphoid cell lines (Osborne et
al., 1996). The physiological role of apoptosis in immature T

cell development is now relatively well understood. After
entering the thymus, immature thymocytes undergo a complex
series of di�erentiation steps involving proliferation, expres-

sion of accessory molecules, and T cell receptor (TCR) gene
rearrangements. Immature CD4+CD8+ thymocytes expres-
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sing potentially self-reactive TCRs are subjected to negative
selection, by the induction of programmed cell death
(Anderson et al., 1996). Induction of thymocyte apoptosis by

glucocorticoids also occurs under physiological conditions, i.e.
by stimulation of endogenous glucocorticoid release via
immunization with exogenous antigens (Gruber et al., 1994).
Apart from its well-known apoptosis inducing e�ect in

thymocytes and eosinophils (Nittoh et al., 1998; Liu et al.,
1999), non-lymphoid cells are resistant to glucocorticoid-
induced apoptosis and moreover, dexamethasone has been

shown to prevent apoptosis in drug-induced glioma cells
(Naumann et al., 1998) and in bovine glomerular endothelial
cells (Meûmer et al., 1999b).

Glomerular in¯ammatory diseases and their progression
to renal scaring (glomerulosclerosis and interstitial ®brosis)
are leading causes of end stage renal failure (Sterzel &

Lovett, 1988; Edelstein et al., 1997). Apoptosis of
glomerular endothelial cells may contribute to the develop-
ment of glomerulosclerosis during severe forms of glomer-
ulonephritis (Kitamura et al., 1998). The contribution of

proin¯ammatory agents such as the cytokine TNF-a and
LPS, the cell wall component of gram negative bacteria to
apoptosis induction in glomerular endothelial cells was

concluded from in vivo experiments (Shimizu et al., 1997;
1998) and recently described in cultured bovine glomerular
endothelial cells (Meûmer et al., 1999a).

TNF-a is one of the most intensively investigated pro-
in¯ammatory cytokines which induces apoptosis via the TNF
receptor (TNF-R) subtype I in several tumour cell lines and

other cell types (Baker & Reddy, 1998). Following the TNF/
TNF-RI-trimerization the intracellular signal transduction
cascade starts by the interaction of the intracellular receptor
`death domain' with other `death domain' containing proteins

such as TNF receptor-associated death domain protein
(TRADD), Fas-associated death domain protein (FADD),
and receptor-interacting protein (RIP) (Darnay & Aggarwal,

1997). Involving several other pathways such as apoptosis
signal-regulating kinase 1 (ASK1)/c-Jun N-terminal kinase
(JNK)/NF-kB-inducing kinase (NIK) the pro-apoptotic signal

is passed to the caspase protease family which acts as a
terminal cascade of cysteine proteases causing the coordinated
morphological changes of the cell structure. Modulatory
e�ects on these pro-apoptotic signalling pathways are achieved

by several other proteins such as members of the Bcl-2 protein
family (like Bcl-2, Bcl-xL, Mcl-1, A1, and Bcl-w) (Reed, 1998)
and the IAP protein family, the latter showing anti-apoptotic

activities (Deveraux & Reed, 1999). In our previous works we
characterized the interaction of TNF-a with bovine glomerular
endothelial cells and compared its cytotoxic e�ects with those

of LPS (Meûmer et al., 1999a). Glomerular endothelial cells
die by apoptosis within 24 h following exposure to either
TNF-a or bacterial LPS. Signalling pathways comprise a

sequence of cytochrome c e�ux from mitochondria into the
cytosol, mitochondrial permeability transition, upregulation
of the pro-apoptotic Bak protein and concomitant down-
regulation of the anti-apoptotic Bcl-xL molecule as well as

caspase-3 activation (Meûmer et al., 1999a). Further on, we
described that TNF-a and LPS-induced apoptosis was
prevented by glucocorticoids (Meûmer et al., 1999b). We

reported on the anti-apoptotic potency of naturally and
synthetic glucocorticoids which could be ordered in the
sequence ¯uocinolone4dexamethasone4prednisolone4hy-

drocortisone4corticosterone and which correlates well with
their anti-in¯ammatory activities. Although we identi®ed
inhibitory e�ects upstream of terminal death pathways, the
mechanism of the survival e�ect of glucocorticoids on

glomerular endothelial cells (as well as in other cell types)
remains to be clari®ed (Meûmer et al., 1999b). Therefore, in
our current work we clearly characterized the e�ect of

glucocorticoids on glomerular endothelial cell death with
respect to a detailed time kinetic context and distinct apoptotic
pathways. Glucocorticoids were found to block the lethal
signal delivered by TNF-a and LPS signal even if they

administered several hours after the apoptotic insult and they
block apoptotic signal transduction upstream of Bak
upregulation, Bcl-xL downregulation and caspase-3 activation.

Methods

Materials

Diphenylamine, lipopolysaccharide (LPS, E. coli serotype
0127:B8), heparin sodium, cycloheximide, dexamethasone,
¯uocinulone acetonide (¯uocinulone), prednisolone, 17-hydro-
xycorticosterone (hydrocortisone), corticosterone-21-acetate

(corticosterone), 4-androsterone-17b-ol-3-one (testosterone),
and 17b-estradiol (estradiol) were purchased from Sigma
(Deisenhofen, Germany). N-acetyl-aspartyl-glutamyl-valinyl-

aspartyl-7-amino-4-coumarin (DEVD-AMC) was delivered by
Bachem (Heidelberg, Germany). RU-486 was from Roussel-
UCLAF. Bovine acidic ®broblast growth factor (aFGF) and

human basic ®broblast growth factor (bFGF) were purchased
from R&D Systems (Wiesbaden, Germany), and recombinant
human tumour necrosis factor-a (speci®c activity:

6.66106 units/mg) was a generous gift from Knoll AG,
Germany. RPMI 1640, cell culture supplements and foetal
calf serum were from Gibco (Eggenstein, Germany). All other
chemicals were of the highest grade of purity commercially

available.

Cell culture and cell treatment

Bovine glomerular endothelial cells were cultivated as
described previously (Briner & Kern, 1994). In brief,

approximately 10 g of renal cortex tissue were minced, passed
through a sterile 240 mm stainless steel sieve, and suspended in
HBSS. This suspension was then poured through a 180 mm
stainless sieve followed by a 100 mm mesh. The glomeruli

retained by the 100 mm sieve were washed three times in HBSS
and were then incubated for 10 to 15 min at 378C in HBSS
containing 1 mg ml71 collagenase (type V, Sigma, Deisenho-

fen, Germany). After digestion, glomerular remnants were
sedimented at 500 g for 5 min. The supernatant was
centrifuged at 10006g for 5 min, and the pellet was suspended

in RPMI 1640 medium containing 20% FCS, 100 u ml71

penicillin, 100 mg ml71 streptomycin, 50 mg ml71 heparin
sodium, and 5 ng ml71 of acidic ®broblast growth factor.

Cells were plated on 0.2% gelatin-coated tissue culture plates.
Primary cultures of endothelial cell clones were isolated with
cloning cylinders, detached with trypsin-EDTA, and passaged
at cloning density onto gelatin-coated 35-mm diameter plates.

Individual clones of endothelial cells were characterized by
positive staining for Factor VIII-related antigen and uniform
uptake of ¯uorescent acetylated low-density lipoproteins

(Ballermann, 1989). Negative staining for smooth muscle actin
and cytokeratin excluded mesangial cell and epithelial cell
contaminations, respectively. For the experiments, passages 9

to 19 of endothelial cells were used.
For experiments, endothelial cells were grown to con¯uency

in 60-mm or 100-mm petri-dishes with RPMI 1640 medium
containing 15% FCS, 100 u ml71 penicillin, 100 mg ml71
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streptomycin, 50 mg ml71 heparin sodium, and 5 ng ml71 of
acidic ®broblast growth factor and incubated in RPMI 1640
containing 2% FCS, 100 u ml71 penicillin, and 100 mg ml71

streptomycin.

Quantitation of DNA fragmentation

DNA fragmentation was essentially assayed as reported
previously (Meûmer et al., 1998). Brie¯y, after incubation
cells were scraped o� the culture plates, resuspended in 250 ml
10 mM Tris, 1 mM EDTA, pH 8.0 (TE-bu�er), and incubated
with an additional volume lysis-bu�er (5 mM Tris, 20 mM

EDTA, pH 8.0, 0.5% Triton X-100) for 30 min at 48C. After

lysis, the intact chromatin (pellet) was separated from DNA
fragments (supernatant) by centrifugation for 15 min at
13,0006g. Pellets were resuspended in 500 ml TE-bu�er and

samples were precipitated by adding 500 ml 10% trichlor-
oacetic acid at 48C. Samples were pelleted at 4000 r.p.m. for
10 min and the supernatant was removed. After addition of
300 ml 5% trichloroacetic acid, samples were boiled for

15 min. DNA contents were quantitated using the diphenyla-
mine reagent (Burton, 1956). The percentage of DNA
fragmented was calculated as the ratio of the DNA content

in the supernatant to the amount in the pellet.

Morphological investigations

Glomerular endothelial cells were grown in 60-mm culture
plates to nearly con¯uency. Cells were stimulated, followed by

®xation with 3% paraformaldehyde for 5 min onto glass slides.
Samples were washed with phosphate-bu�ered saline, stained
with Hoechst dye H33258 (8 mg ml71) for 5 min, washed with
distilled water, and mounted in KAISER's glycerol gelatin.

Nuclei were visualized using a Zeiss Axiovert ¯uorescence
microscope. For each preparation around 500 cells were
counted by two di�erent investigators which were blinded

toward the treatment. Each evaluation was repeated three
times by three independent experiments.

Western blot analysis

Cells were cultured and incubated as described. In general, cell
lysis was achieved with lysis bu�er (50 mM Tris, 5 mM EDTA,

150 mM NaCl, 0.5% Nonidet-40, 1 mM PMSF, pH 8.0) and
sonication (Branson soni®er; 10 s, duty cycle 100%, output
control 10%), followed by centrifugation (40006g, 5 min),

and Bradford protein determination (Bradford, 1976). For the
analysis of mitochondrial cytochrome c e�ux glomerular
endothelial cells were harvested by trypsinization, pelleted by

centrifugation, resuspended in 300 ml of homogenization
bu�er (in mM: HEPES 20, pH 7.5, KCl 10, MgCl2 1.5, EDTA
1, EGTA 1, DTT 1, Pefabloc 4, 5 mg ml71 aprotinin,

10 mg ml71 leupeptin, 250 mM sucrose) and incubated for
10 min on ice. Cells were broken by 2615 passages through a
syringe ®tted with a 25-gauge needle. The lysate was
centrifuged at 7506g for 10 min at 48C to pellet nuclei. The

remaining supernatant was centrifuged for 15 min at
10,0006g, the pellet was used as mitochondrial fraction and
the supernatant as cytosolic fraction.

Proteins were normalized to 100 mg lane71 (PARP), 50 mg
lane71 (cytochrome c) or to 40 mg lane71 (Bcl-2 proteins and
TNF-RI), resolved on 7.5% (PARP), 10% (TNF-RI), 12.5%

(Bcl-2 proteins) or 14% (cytochrome c) polyacrylamide gels
and blotted onto PVDF sheets. Sheets were washed twice with
TBS (NaCl 140 mM, Tris 50 mM, pH 7.2) containing 0.1%
Tween-20 before blocking unspeci®c binding with TBS/5%

skim milk. Filters were incubated either with the mouse anti-
cytochrome c antibody (clone 7H8.2C12, PharMingen,
1 mg ml71 in TBS/2% skim milk/0.7% FCS), goat anti-TNF-

RI antibody (0.2 mg ml71 in TBS/0.5% skim milk), mouse
anti-PARP antibody (Biomol, clone C-II-10, 1 mg ml71, in
TBS+0.5% skim milk), mouse anti-Bcl-2 antibody (Immuno-
tech, clone 83-8B, 1 mg ml71), rabbit anti-Bcl-x antibody

(Transduction Laboratories, 1 : 1000 in TBS+0.5% skim
milk), mouse anti-Bad antibody (Transduction Laboratories,
1 : 500 in TBS+0.5% skim milk), rabbit anti-Bax antibody

raised against a peptide MDGSGEQPRGGGPTSSEQIMK
coupled to KLH by the MBS method (1 : 2000 in TBS+0.5%
skim milk), and rabbit anti-Bak antibody raised against a

peptide WIARGGWVAALNLG coupled to KLH by the
MBS method (1 : 1500 in TBS+0.5% skim milk) overnight at
48C. Sheets were washed ®ve times and unspeci®c binding was

blocked as described. Detection was by horse-radish perox-
idase-conjugated goat anti-mouse monoclonal antibodies
(1 : 5000) or goat anti-rabbit monoclonal antibodies (1 : 5000)
for 1.5 h at room temperature using the ECL method

(Amersham). The primary bak and bax antibodies were tested
by comparing with antibodies commercially available (Santa
Cruz clone P-19 anti-bax; Calbiochem Ab-2 anti-bak) using

mouse and human cell preparations (RAW 264.7 and U937).
The antibodies exhibited no cross-reactivity with other Bcl-2
family members.

FACS analysis

For the determination of the mitochondrial membrane
potential (DCm) 3,3'-dihexyloxacarbocyanide iodide
(DiOC6(3); ®nal concentration 10 nM) was used (Petit et al.,
1990). For these experiments glomerular endothelial cells were

cultured in 60-mm culture dishes, incubated with the di�erent
apoptotic stimuli and for the last 15 min 10 nM DiOC6(3) was
added. Afterwards, cells were harvested by trypsinization, and

resuspended in 500 ml PBS containing 10 mg ml71 propidium
iodide. Within 30 min cells were analysed using a FACS
calibur (Becton Dickinson, Heidelberg). Cells exhibiting a

normal forward/side scatter ratio were selected followed by the
determination of the DiOC6(3)/propidium iodide staining
properties.

For cell cycle analysis cells were cultured in 60-mm culture

dishes, incubated, harvested by trypsinization, resuspended in
900 ml PBS, supplemented with 2.1 ml ethanol, and ®xed for at
least 2 h at 7208C. Afterwards, pelleted cells were resus-

pended in 500 ml PBS containing 100 mg ml71 RNase A and
20 mg ml71 propidium iodide and incubated for 30 min at
room temperature. Cells exhibiting a normal forward/side

scatter ratio were selected followed by the determination of the
propidium iodide staining properties.

Caspase-3 enzyme activity

For detection of caspase-3 activity, glomerular endothelial cells
were incubated as indicated and lysed in lysis bu�er (Tris/HCl

10 mM, sucrose 0.32 M, EDTA 5 mM, 1% Triton X-100,
phenylmethanesulfonyl ¯uoride 1 mM, 1 mg ml71 aprotinin,
10 mg ml71 leupeptin, DTT 2 mM, pH 8.0) for 30 min.

Following sonication (10 s, output control 1) lysates were
centrifuged (10,0006g, 5 min, 48C) and stored at 7808C.
Protein determinations were performed with the Bradford

method (Bradford, 1976). Caspase-3 activity was detected by
measuring the proteolytic cleavage of the ¯uorogenic substrate
Ac-DEVD-AMC. Cell lysates (50 mg protein) were incubated
in HEPES 100 mM, 10% sucrose, 0.1% CHAPS, pH 7.5,
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phenymethanesulfonyl ¯uoride 1 mM, 1 mg ml71 aprotinin,
10 mg ml71 leupeptin, DTT 2 mM at 378C with 12 mM DEVD-
AMC in a total volume of 700 ml. Substrate cleavage and

AMC accumulation was followed ¯uorometrically with
excitation at 380 nm and emission at 460 nm.

Statistical analysis

Each experiment was performed at least three times and
statistical analysis were performed using the two-tailed

Student's t-test or ANOVA and for multiple comparison the
data were corrected by Dunn's Method.

Results

E�ect of dexamethasone on glomerular endothelial cell
apoptosis

Treatment of glomerular endothelial cells with 25 ng ml71

TNF-a or 30 ng ml71 LPS led to e�cient induction of
apoptosis as detected by the appearance of a speci®c sub-G1-
peak in cell cycle analysis experiments (Figure 1), the

formation of condensed and fragmented nuclei in Hoechst
33258 stainings (Meûmer et al., 1999a), and extensive inter-
nucleosomal DNA fragmentation as determined by the

diphenylamine assay (Figure 2). As clearly demonstrated
previously (Meûmer et al., 1999a) and also documented in
Figures 1 and 2, the LPS-mediated response was much more

pronounced but qualitatively comparable to that of TNF-a.
To characterize the e�ect of dexamethasone on either TNF-a
and LPS-mediated endothelial cell apoptosis, cells were
cotreated with 10 nM dexamethasone and 25 ng ml71 TNF-

a or 30 ng ml71 LPS followed by cell cycle distribution
analysis using a FACS calibur. As shown in Figure 1,
exposing glomerular endothelial cells for 24 h to TNF-a or

LPS revealed roughly 20 or 48% apoptotic cells, respectively,
appearing as a relatively distinct sub-G1-peak. Cotreatment
of these cells with 10 nM dexamethasone completely
suppressed the appearance of apoptotic cells in the case of

TNF-a and signi®cantly antagonized apoptosis induction in
the case of LPS. In parallel, dexamethasone cotreatment also
counteracted the formation of apoptotic nuclei (nuclear

condensation and fragmentation) (Table 1). Time kinetic
investigations revealed that, starting around 8 ± 10 or 4 ± 6 h
after TNF-a or LPS application, respectively, apoptotic DNA

fragmentation progressively increased, and 24 h after treat-
ment about 25 or 50% (TNF-a and LPS, respectively) of the
cellular DNA was degraded and located in the cytosol

(Figure 2). Interestingly, dexamethasone did not a�ect the
initial DNA degradation which appears after 4 h but
suppressed the late phase of DNA degradation observed
after 4 ± 10 h (Figure 2).

Time-dependence of the anti-apoptotic e�ect of
dexamethasone

In the experiments described so far, dexamethasone and the
apoptotic inducers were administered at the same time and

cells were continuously exposed to the agents during the
entire incubation period. Next, dexamethasone was adminis-
tered at various time intervals after the addition of TNF-a or

LPS to de®ne the time window required for an e�ective anti-
apoptotic e�ect. As demonstrated in Figure 3, dexametha-
sone displayed a maximal anti-apoptotic activity even if it
was added 6 ± 8 h after the individual apoptosis inducers

Figure 1 Dexamethasone suppressed apoptosis induced by TNF-a and bacterial LPS. Bovine glomerular endothelial cells were
incubated for 24 h with 25 ng ml71 TNF-a and 30 ng ml71 LPS in the absence or presence of 10 nM dexamethasone. Cells were
harvested and stained with propidium iodide as described in the Methods section. Hypodiploid DNA peaks corresponding to
apoptotic nuclei were revealed by FACS analysis and expressed as per cent of those cells exhibiting an intact forward/side scatter
ratio. Data are representative of three separate experiments.
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TNF-a or LPS compared to simultaneous application. In the

time window starting from 6 ± 8 h up to 16 ± 18 h following
TNF-a/LPS addition the inhibitory e�ect of the synthetic
glucocorticoid gradually decreased and if dexamethasone was

applicated after 16 ± 18 h following the starting point with
TNF-a/LPS there was no longer a signi®cant inhibitory e�ect
observable.

E�ects of dexamethasone on mitochondrial permeability
transition and cytochrome c e�ux

To characterize the inhibitory mechanism of dexamethasone
on cytochrome c e�ux, we ®rst measured its e�ects on
mitochondrial permeability transition induced by TNF-a and

LPS. The mitochondrial membrane potential was measured by
the uptake of the mitochondrial speci®c dye DiOC6(3).
Adherent cells were stimulated with TNF-a or LPS in the

presence or absence of dexamethasone for di�erent time
periods followed by DiOC6(3) addition to the culture medium
15 min prior to harvesting the cells. As shown in Figure 4A,
around 10% of those cells incubated under control conditions

exhibited only a low DiOC6(3) uptake capacity re¯ecting a
decreased mitochondrial membrane potential. TNF-a in-
creased the cell fraction with a reduced mitochondrial

membrane potential within 10 ± 24 h from 16% to roughly

40%. Coincubation of cells with TNF-a and dexamethasone

prevented this e�ect and only 11 ± 13% of the cells displayed a
reduced mitochondrial permeability transition. Comparably,
but more pronounced and with a faster time kinetic, LPS
strongly induced mitochondrial permeability transition which

was partially suppressed by dexamethasone (Figure 5A).

Figure 2 Time-dependent e�ect of dexamethasone on TNF-a- and
LPS-induced apoptosis in bovine glomerular endothelial cells. Cells
were simultaneously exposed to 25 ng ml71 TNF-a or 30 ng ml71

LPS in the presence of 10 nM dexamethasone for the times indicated.
The amount of fragmented DNA was determined with the
diphenylamine reaction. Values are means+s.e.mean of four
independent experiments.

Table 1 Dexamethasone suppressed apoptosis induced by
TNF-a and bacterial LPS

Control
+10 nM

dexamethasone

Control
25 ng ml71 TNF-a
30 ng ml71 LPS

2.15+1.04
33.62+5.50
47.77+9.77

1.11+0.62
8.48+5.51
7.58+1.55

Bovine glomerular endothelial cells were incubated for 24 h
with 25 ng ml71 TNF-a and 30 ng ml71 LPS in the absence
or presence of 10 nM dexamethasone. Cells were harvested
and stained with H33258. Apoptotic cells exhibiting
characteristic chromatin condensation were counted and
expressed as per cent of total cells (mean+s.d.). Data are
representative of three separate experiments.

Figure 3 Time-dependency of dexamethasone protection. Bovine
glomerular endothelial cells were stimulated for 24 h with 25 ng ml71

TNF-a (A) or 30 ng ml71 LPS (B). Ten nM dexamethasone were
added at various times in relation to TNF/LPS application starting
simultaneously with the apoptotic inducers till 18 h after TNF/LPS
application (the arrow indicates the time point of TNF/LPS
addition). All experiments were performed for entirely 24 h. The
amount of DNA fragmentation was determined with the diphenyla-
mine reaction as outlined in the Methods section. Values are
means+s.e.mean of at least four individual experiments.
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According to Figures 4B and 5B both TNF-a and LPS
induced a dramatic mitochondrial cytochrome c e�ux which
was ®rst detectable 3 ± 4 h after agonist addition. In both

cases, dexamethasone signi®cantly but only partially
suppressed mitochondrial cytochrome c release into the
cytosol.

E�ect of dexamethasone on Bak upregulation and Bcl-xL

downregulation

To further characterize the mechanisms by which glucocorti-
coids interfere with TNF-a/LPS-mediated apoptosis of
glomerular endothelial cells, we studied the regulation of the

Figure 4 E�ect of dexamethasone on TNF-a-induced mitochondrial permeability transition and cytochrome c-release into the
cytosol. (A) Glomerular endothelial cells were cultured as described in the Methods section and exposed for the times indicated
either to 25 ng ml71 TNF-a or 25 ng ml71 TNF-a plus 10 nM dexamethasone. During the last 15 min of the incubation 10 nM
DiOC6(3) was added to the culture medium, followed by cell trypsinization and counter staining with 10 mg ml71 propidium iodide.
Cells were analysed with a FACS calibur (Becton Dickinson) and all cells exhibiting an intact forward/side scatter ratio and
propidium iodide exclusion were selected. Data are representative of three independent experiments giving similar results. (B)
Glomerular endothelial cells were incubated with 25 ng ml71 TNF-a, 10 nM dexamethasone plus 25 ng ml71 TNF-a, 10 nM
dexamethasone (Dex), or vehicle (control) for the times indicated, harvested by trypsinization, and a cytosolic extract was prepared
as described in the Methods section. The samples were then subjected to Western blot analysis for cytochrome c. Values are
representative of three individual experiments.
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biologically most relevant class of apoptosis-in¯uencing gene
products, the family of Bcl-2-related proteins. First, concen-
trating on gene products that promote apoptosis, Bad and

Bax-protein levels were not altered by LPS or TNF-a whereas
Bak-protein levels were induced within 10 ± 24 h following
either LPS or TNF-a addition. To investigate the e�ect of
dexamethasone on protein levels of these proapoptotic

proteins, cells were co-treated with 10 nM dexamethasone and
30 ng ml71 LPS or 25 ng ml71 TNF-a and time kinetic studies
were performed. As shown in Figure 6, dexamethasone

potently blocked Bak-upregulation mediated by either LPS or
TNF-a whereas Bax and Bad protein levels did not change.
Focusing on the anti-apoptotic sub-family of Bcl-2-related
proteins, Bcl-2 protein levels were not altered either by TNF-a

Figure 5 E�ect of dexamethasone on LPS-induced mitochondrial permeability transition and cytochrome c-release into the cytosol.
(A) Glomerular endothelial cells were exposed for the times indicated either to 30 ng ml71 LPS or 30 ng ml71 LPS/10 nM
dexamethasone. During the last 15 min of the incubation 10 nM DiOC6(3) was added to the culture medium, followed by cell
trypsinization, counter staining with 10 mg/ml propidium iodide, and FACS analysis. Data are representative of three independent
experiments giving similar results. (B) Glomerular endothelial cells were incubated with 30 ng ml71 LPS, 10 nM dexamethasone plus
30 ng ml71 LPS, 10 nM dexamethasone (Dex), or vehicle (control) for the times indicated, harvested by trypsinization, and a
cytosolic extract was prepared as described in the Methods section. The samples were then subjected to Western blot analysis for
cytochrome c. Values are representative of three individual experiments.
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or LPS whereas Bcl-xL dramatically declined within 10 ± 24 h
following LPS stimulation and signi®cantly declined within
14 ± 24 h after TNF-a addition. Again, exposing glomerular

endothelial cells simultaneously to 10 nM dexamethasone and
30 ng ml71 LPS or 25 ng ml71 TNF-a revealed that gluco-
corticoids suppressed Bcl-xL protein downregulation (Figure
6). These data suggest that Bak upregulation and concomi-

tantly Bcl-xL downregulation are involved in both TNF-a and
LPS-induced endothelial cell apoptosis and that dexametha-
sone exerts its antiapoptotic action upstream of Bak/Bcl-xL
protein regulation.

E�ects of dexamethasone on caspase-3-like protease
activation

To strengthen our suggestion that dexamethasone blocks

apoptotic signalling upstream of Bak/Bcl-xL activity and to
test how glucocorticoids interfere with the time kinetics of
caspase activation we next measured the e�ects of dexametha-
sone on caspase-3-like protease activation at several time

points. Caspase-3 and caspase-3-like proteases are recognized
as the ®nal signalling pathways in apoptosis signal transduc-
tion and as the terminal active members of the caspase cascade.

Both TNF-a and LPS induced a dramatic activation of
caspase-3-like proteases which starts within 14 or 8 h following

apogen addition, respectively. In both cases, caspase-3-like
protease activity increased continuously up to 24 h (Figure 7).
Coincubation of glomerular endothelial cells with TNF-a or

LPS and dexamethasone resulted in a highly signi®cant
suppression of caspase-3-like protease activity. As shown in
Figure 7A,C, the initial activation of caspase-3-like activity
was completely blocked by dexamethasone whereas end point

measurements after 24 h revealed a proportional inhibition of
caspase-3-like activation comparable to the extent of inhibition
of apoptosis induction (see also: Meûmer et al., 1999b).

To verify the e�ects of dexamethasone on caspase-3-like
protease activation we also measured the cleavage of the
nuclear enzyme poly(ADP-ribose) polymerase (PARP). In

agreement with the activation of caspase-3-like proteases the
116 kDa holoenzyme is cleaved into the 85 kDa subunit
stimulated by TNF-a as well as by LPS. Again, dexamethasone

potently blocked PARP cleavage in both cases (Figure 7B,D).

Discussion

We have reported that synthetic and natural forms of
glucocorticoids are able to block apoptotic cell death in

cultured bovine glomerular endothelial cells induced by
proin¯ammatory agents such as the cytokine TNF-a and LPS,
the cell wall component of gram negative bacteria. To put our

results in the context of an in vivo situation it is important to
note that mediators from both immune and non-immune cells
play major roles in glomerular disease processes. Of principal

importance to the body's response to stress is the secretion of
corticotropin from the pituitary and the subsequent release of
cortisol from the adrenal cortex. One convincing example for
the anti-in¯ammatory role of endogenous glucocorticoids

comes from adrenalectomized rats where the experimental
glomerulonephritis elicited by the administration of anti-
glomerular basement membrane lgG is drastically ampli®ed

(Huang et al., 1997). As apoptosis of glomerular endothelial
cells may contribute to the development of glomerulosclerosis
during severe forms of glomerulonephritis (Kitamura et al.,

1998) we suggest that regulation of glomerular endothelial cell
apoptosis in response to cytokines such as TNF-a and bacterial
endotoxin may be achieved by endogenous glucocorticoids and
this may also form part of the potent anti-in¯ammatory

activity of glucocorticoids used for the treatment of diverse
forms of glomerulonephritis.

Besides our results with glomerular endothelial cells several

other groups also documented that glucocorticoids suppress
apoptosis in various cell types such as human neutrophils
(Cox, 1995; Cox & Austin, 1997), L929 mouse ®broblasts

activated by TNF-a (Pagliacci et al., 1993), a murine
tumorigenic ®broblast cell line (L-M cells) and MCF-7 cells
(a human mammary carcinoma cell line) activated by TNF-a
(Kull, 1988), a human gastric cancer cell line exposed to
actinomycin D (Chang et al., 1997), malignant glioma cells
exposed to anticancer drugs (Naumann et al., 1998), lung
epithelial cells exposed to IFN-g and Fas (Wen et al., 1997), rat

hepatocytes exposed to a¯atoxin B1 (Iida et al., 1998), and
serum depletion induced apoptosis in T lymphocytes over-
expressing Bcl-2 (Huang & Cidlowski, 1999). Although a

protective e�ect of glucocorticoids was evident in all cell types,
the proapoptotic stimuli used and their signalling pathways are
quite di�erent and therefore, the mechanisms of the survival

e�ect in general and in glomerular endothelial cells in
particular remained to be clari®ed.

The inhibitory action of glucocorticoids on TNF-a/LPS-
mediated endothelial cell death does not require the induction

Figure 6 E�ect of dexamethasone on TNF-a- and LPS-induced Bak
upregulation and Bcl-xL-downregulation. Glomerular endothelial
cells were exposed to 30 ng ml71 LPS, 30 ng ml71 LPS/10 nM
dexamethasone, 10 nM dexamethasone or solvent control (A) or
25 ng ml71 TNF-a, 25 ng ml71 TNF-a/10 nM dexamethasone, 10 nM
dexamethasone or vehicle (control) (B) for the times indicated.
Subsequently, cell lysates were subjected to Western blot analysis for
Bad, Bak, Bax, Bcl-xL, and Bcl-2 protein using several antibodies
described in the Methods section followed by ECL detection. The
blots are representative of at least three independent experiments.
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of a long lasting protective signal such as the synthesis of a
long-lived anti-apoptotic protein. This suggestion results from
our observation that a pretreatment of 2 ± 18 h was not more

inhibitory than simultaneous or even a 26 h posttreatment
regimen. Moreover, as addition of dexamethasone up to 6 h
following TNF-a or LPS revealed the same inhibitory potential
as co-treatment we suggested that dexamethasone receptor-

dependently (Meûmer et al., 1999b) blocks distinct pro-
apoptotic pathways. In contrast to glomerular endothelial
cells, in the mouse L-M-®broblast cell line a pretreatment with

dexamethasone was more inhibitory than posttreatment (Kull,
1988). In this cell line the author reported on a reduction of
TNF receptor a�nity as one potential mechanism of

dexamethasone action. For bovine glomerular endothelial cells
we can not exclude that the protective e�ect of dexamethasone
against TNF-a and LPS-induced apoptosis partially depends

on TNF or LPS receptor downregulation. However, Western
blot experiments revealed no signi®cant changes in the
expression levels of TNF-RI in bovine glomerular endothelial
cells within a 24 h incubation period towards TNF-a or TNF-a
plus dexamethasone (data not shown). Moreover, as dex-
amethasone pretreatment was not more inhibitory than
simultaneous treatment, and posttreatment up to several hours

showed the same e�ect, the direct interaction with a down-
stream pathway seems to be more relevant than receptor
downregulation.

Therefore, we further characterized the anti-apoptotic
activity of dexamethasone by analysing its e�ects on TNF-a/
LPS-induced activation of caspase-3-like proteases. Caspase-3

and caspase-3-like proteases are recognized as downstream
(e�ector) proteases according to their site of action in the
proteolytic caspase cascade (Cryns & Yuan, 1998). We have

demonstrated that the activation of caspase-3-like proteases
parallels the appearance of distinct DNA fragments in the
cytosol (Meûmer et al., 1999a). As the caspase-3-like protease

inhibitor Ac-DEVD-fmk only poorly a�ected TNF-a/LPS-
induced apoptosis in glomerular endothelial cells, obviously
other caspase family members seem to be required as the ®nal
death pathways are blocked by broad spectrum caspase

inhibitors (Meûmer et al., 1999a). In this context, it is
important to note that dexamethasone blocked caspase-3-like
protease activity as well as PARP cleavage. As PARP is not

only cleaved by caspase-3 but also by other caspases, we
suggest that dexamethasone blocks apoptosis induction up-
stream of the activation of executioner caspases. Upstream of

executioner caspases the Bcl-2 family of proteins exerts
important regulatory functions (Reed, 1998). TNF-a as well
as LPS potently induce Bak protein expression and con-

comitantly downregulate Bcl-xL protein levels. Whereas the
former one acts in a proapoptotic pathway, the latter one
functions to suppress apoptosis (Reed, 1998). Dexamethasone
potently interfered with the expression of both proteins. With

respect to the suppression of Bak-upregulation the e�ect of
dexamethasone on glomerular endothelial cells is comparable
to that of estradiol on MCF-7 cells (Leung et al., 1998) and

similar to the downregulation of Bcl-xs in rat thymocytes
(Sakamoto et al., 1995). In contrast, in rat hepatoma cells
dexamethasone potently induced Bcl-xL expression (Yamamo-

to et al., 1998; Buchmann et al., 1999). The induction of this
anti-apoptotic protein may also be responsible for the high
e�ciency of glucocorticoid-preexposure in some cells (Kull,

1988). The importance of Bcl-xL for cell survival is
demonstrated by the ®nding that Bcl-xL may modulate cell
death by directly interacting with caspases (Clem et al., 1998).

Figure 7 Dexamethasone prevents TNF-a- and LPS-induced caspase-3 activation and PARP cleavage. (A,B) Glomerular
endothelial cells were incubated with 25 ng ml71 TNF-a and 25 ng ml71 TNF-a plus 10 nM dexamethasone or (C,D) 30 ng ml71

LPS and 30 ng ml71 LPS plus 10 nM dexamethasone for the times indicated. Caspase-3-like activity was determined using the
¯uorogenic substrate DEVD-AMC (A,C) and PARP cleavage (116 kDa holoenzyme and 85 kDa cleavage fragment) was monitored
by Western blot analysis using the monoclonal anti-PARP antibody C-II-10 (B,D). Data are means+s.e.mean or are representative
of three independent experiments, respectively. *P50.05 versus corresponding control (ANOVA and for multiple comparison the
data were corrected by Dunn's Method).
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Finally, to investigate upstream pathways, cytochrome c
release from the inner-mitochondrial membrane space into the
cytosol and mitochondrial permeability transition are a ®rst

line apoptotic response shown in many cell death pathways
(Mignotte & Vayssiere, 1998). Both events were partially
blocked by dexamethasone. This result has important
consequences as cytochrome c was identi®ed to form a

complex with Apoptosis protease releasing factor (Apaf-1),
dATP, and caspase 9 to promote the activation of a caspase
cascade (Li et al., 1997). As cytochrome c-release starts within

2 ± 4 h following LPS or TNF-a addition whereas dexametha-
sone still fully protects cells if it is applied within 6 ± 8 h after
TNF-a/LPS application, we suggest that dexamethasone either

blocks pathways which are independent of cytochrome c and
other amplifying mechanisms which accelerate cytochrome c
release.

In summary, TNF/LPS-mediated apoptosis in glomerular
endothelial cells is blocked by dexamethasone. The execu-
tionary arm of the death machinery, the activation of cysteine
proteases called caspases and the shift from anti-apoptotic to

pro-apoptotic members of the Bcl-2 family of proteins, are
completely blocked by glucocorticoids whereas the release of
cytochrome c is only partially a�ected. Nevertheless, the exact

mechanism of the survival e�ect of glucocorticoids remains to
be clari®ed. Some properties of glucocorticoids are attributed
to their e�ects on transcription factors and gene expression.

One prominent mechanism is the inhibitory in¯uence on NF-
kB activation which may be achieved by protein ± protein
interactions between NF-kB and the glucocorticoid receptor

(Wissink et al., 1998) and/or induction of the I-kB protein
(Auphan et al., 1995; Xie et al., 1997) which, however, is not
demonstrable in every cell type (De Bosschner et al., 1997).
Apart from its well known e�ect on NF-kB transcription

factor activity, dexamethasone inhibits binding to the lkaros
and AP-1 regulatory elements of the granzyme B promoter and
downregulates human granzyme B expression (Wargnier et al.,

1998). However, also the opposite e�ect was found.

Glucocorticoids were not only known to suppress transcrip-
tion factor activity but they were also identi®ed to induce
expression of the human inhibitor of apoptosis (hlAP-1) also

known as clAP-2 (Wen et al., 1997) and the expression of
MnSOD in glomerular cells (Yoshioka et al., 1994). Certain
cellular IAPs have been shown to repress apoptosis and to
selectively inhibit e�ector caspases such as caspase-3 and

caspase-7 (Deveraux & Reed, 1999). Therefore, it is reasonable
to assume that dexamethasone elicits cell speci®c e�ects either
by suppression or activation of certain transcription factors

and by simultaneous in¯uencing certain pro- or anti-apoptotic
pathways. Similarly, TNF-a is able to elicit pro- and anti-
apoptotic signals at the same time (Van Antwerp et al., 1998)

where the latter one depends on the activation of NF-kB
(Stehlik et al., 1998). Considering the fact that glomerular
endothelial cells had to be continuously exposed to TNF-a or

LPS to e�ectively induce an apoptotic response (Meûmer et
al., 1999a) in combination with the ®nding that dexamethasone
only partially a�ects early pro-apoptotic TNF-a and LPS
signalling whereas it still exerts full protection when added

several hours after TNF-a and LPS we suggest that
glucocorticoids receptor-dependently block amplifying pro-
apoptotic signals pre- and/or post cytochrome c release and

mitochondrial signalling. Whether the dexamethasone/gluco-
corticoid receptor complex requires DNA binding for its
e�ects or whether it involves rapid, non-genomic activities

(Reichardt et al., 1998) remains to be evaluated. Investigations
of the participation of transcription factors and in particular
non-genomic e�ects of glucocorticoids are currently in

progress.
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