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Ceramide levels are strongly increased by stimulation of
renal mesangial cells with nitric oxide (NO). This effect was
shown previously to be due to a dual action of NO, compris-
ing an activation of sphingomyelinases and an inhibition of
ceramidase activity. In this study we show that the NO-
triggered inhibition of neutral ceramidase activity is paral-
leled by a down-regulation at the protein level. A complete
loss of neutral ceramidase protein is obtained after 24 h of
stimulation. Whereas the selective proteasome inhibitor
lactacystin blocked NO-evoked ceramidase degradation,
several caspase inhibitors were ineffective. Moreover, the
NO-induced degradation is reversed by the protein kinase
C (PKC) activator, 12-O-tetradecanoylphorbol-13-acetate
(TPA), and also by the physiological PKC activators plate-
let-derived growth factor-BB (PDGF), angiotensin II and
ATP, resulting in a normalization of neutral ceramidase
protein as well as activity. In vivo phosphorylation studies
using 32Pi-labeled mesangial cells revealed that TPA,
PDGF, angiotensin II, and ATP trigger an increased phos-
phorylation of the neutral ceramidase, which is blocked by
the broad spectrum PKC inhibitor Ro-31 8220 but not by
CGP 41251, which has a preferential action on Ca2�-de-
pendent isoforms, thus suggesting the involvement of a
Ca2�-independent PKC isoform. In vitro phosphorylation
assays using recombinant PKC isoenzymes and neutral cer-
amidase immunoprecipitated from unstimulated mesang-
ial cells show that particularly the PKC-� isoform and to a
lesser extent the PKC-� isoform are efficient in directly
phosphorylating neutral ceramidase. In summary, our data
show that NO is able to induce degradation of neutral cer-
amidase, thereby promoting accumulation of ceramide in
the cell. This effect is reversed by PKC activation, most
probably by the PKC-� isoenzyme, which can directly phos-
phorylate and thereby prevent neutral ceramidase degra-
dation. These novel regulatory interactions will provide
therapeutically valuable information to target neutral cer-
amidase stability and subsequent ceramide accumulation.

Sphingolipids exert important roles as signaling molecules
under various physiological and pathophysiological conditions

(1–4). Particularly ceramide has gained special recognition due
to its potential involvement in regulation of programmed cell
death, cell growth arrest, and differentiation (1–4). The regu-
latory mechanisms that determine the intracellular ceramide
level are still largely unknown. Most studies have focused on
the ceramide-generating enzymes, i.e. the acid and neutral
sphingomyelinases. However, sphingomyelinases only depict
one side of the regulation of ceramide level. Ceramide degra-
dation, which is carried out by ceramidases, depicts the other
equally important regulatory part. This key role of ceramidases
in determining cellular levels of ceramide, which is a prototypic
proapoptotic stimulus, demands a proper understanding of the
regulation of these enzymes.

Besides an acidic form, which is localized in the lysosomes
(5), a neutral ceramidase has been identified recently and
cloned (6, 7). It is tempting to speculate that this latter enzyme
plays a central role in signal transduction and is counterbal-
ancing ceramide generation by the sphingomyelinases.

In recent years, nitric oxide (NO),1 has become established as
a diffusible universal messenger mediating cell-cell communi-
cation throughout the body. Excessive and uncontrolled pro-
duction of NO is associated with severe diseases like septic
shock, stroke, neurodegeneration, diabetes mellitus, arthritis,
and other forms of acute and chronic inflammation (8–11).
NO-induced apoptosis has been described for a variety of cell
types, but it seems to be a matter of concentration whether NO
acts pro- or anti-apoptotic (for review see Refs. 12 and 13). The
early and rapid mechanisms of NO signaling depend primarily
on post-translational modifications of pre-existing cellular pro-
teins such as guanylate cyclase. However, the late phases that
are required to accommodate the microenvironmental changes
are mediated by alterations in gene expression (14, 15).

Previously, we showed (16, 17) that glomerular cells exposed
to NO donors respond with a drastic increase in ceramide
formation. This was due to a dual action of NO, on one side by
activation of sphingomyelinases and on the other side by inhi-
bition of ceramidase activities. In this study we investigated
the mechanism by which NO reduces neutral ceramidase ac-
tivity in mesangial cells. We show that NO-reduced activity of
neutral ceramidase is due to proteasome-mediated degradation
of the enzyme. Furthermore, we show that protein kinase C
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(PKC) is able to prevent degradation of the enzyme via direct
phosphorylation.

EXPERIMENTAL PROCEDURES

Chemicals—[32P]Orthophosphate, [�-32P]ATP (specific activity,
�5000 Ci/mmol), protein A-Sepharose CL-4B, and CNBr-activated
Sepharose were from Amersham Biosciences. [14C]Ceramide (specific
activity, 55 Ci/mol) was from ICN Biomedicals GmbH, Eschwege, Ger-
many. (Z)-1-[N-[3-Aminopropyl]-N-[4-(3-aminopropylammonio)butyl]-
amino]-diazen-1-ium-1,2-diolate (spermine-NO) and Deta-NO were
from Alexis Corp., Läufelfingen, Switzerland. ATP�S and myelin basic
protein (MBP) were from Sigma. 10–20% Tris-Tricine ready gels were
from Bio-Rad. 12-O-Tetradecanoylphorbol-13-acetate, Ro 318220, lac-
tacystin, spermine, Z-VAD-FMK, and Z-DEVD-FMK were from Calbio-
chem-Novabiochem. Angiotensin II was from Bachem Biochemica
GmbH, Heidelberg, Germany. CGP 41251 was kindly provided by No-
vartis Pharma Inc., Basel, Switzerland. PDGF-BB was kindly provided
by Hoffmann-La Roche. All cell culture nutrients were from Invitrogen.
A synthetic peptide (ENHKDSGNHWFSTC) based on the N-terminal
sequence of the murine neutral ceramidase was synthesized, coupled to
keyhole limpet hemocyanin, and used to immunize rabbits. The de-
tailed characterization is described elsewhere (18). �-Actin antibody
was from Santa Cruz Biotechnology Inc., Heidelberg, Germany. PKC
isoenzymes were expressed and purified as described previously (19).

Cell Culture—Rat mesangial cells were cultivated and characterized
as described previously (20). In a second step, single cells were cloned by
limited dilution on 96-well plates. Clones with apparent mesangial cell
morphology were characterized by positive staining for the intermedi-
ate filaments desmin and vimentin, which is considered to be specific
for myogenic cells, positive staining for Thy 1.1 antigen, and negative
staining for Factor VIII-related antigen and cytokeratin, excluding
endothelial and epithelial contaminations, respectively. For the exper-
iments passages 8–20 were used.

Western Blot Analysis—Confluent mesangial cells in 60-mm diame-
ter dishes were stimulated for the indicated times in Dulbecco’s modi-
fied Eagle medium (DMEM) containing 0.1 mg/ml of fatty acid-free
bovine serum albumin. To stop the reaction, the medium was removed,
and the cells were washed with ice-cold phosphate-buffered saline
(PBS). Cells were then scraped directly into lysis buffer (50 mM Hepes,
pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 10%
glycerol, 1% Triton X-100, 20 mM �-glycerophosphate, 50 mM sodium
fluoride, 1 mM Na3VO4, 10 �g/ml leupeptin, 10 �g/ml aprotinin, 1 �M

pepstatin A, 1 mM phenylmethylsulfonyl fluoride) and homogenized by
10 passes through a 26-gauge needle fitted to a 1-ml syringe. The
homogenate was centrifuged for 10 min at 14,000 � g and the super-
natant taken for protein determination. 100 �g of protein were sepa-
rated on SDS-PAGE and transferred to nitrocellulose membrane. West-
ern blot analysis was performed as described previously (21) using a
polyclonal antibody against the neutral ceramidase at a dilution of
1:500 and a monoclonal antibody against �-actin at a dilution of 1:1000.

Lipid Extraction and Ceramide Quantification—Confluent mesang-
ial cells in 30-mm diameter dishes were stimulated as indicated. Lipids
were extracted (22), and ceramide was quantitated by liquid chroma-
tography (LC)/MS/MS spectrometry exactly as described previously
(18).

Neutral Ceramidase Activity Assay—Confluent mesangial cells were
stimulated as described above and homogenized in lysis buffer contain-
ing 50 mM Tris, pH 7.5, 0,5% Triton X-100, 5 mM MgCl2,1 mM EDTA, 5
mM D-galactonic acid �-lactone for the neutral ceramidase. Activity
assays were performed according to Mitsutake et al. (23) with some
modifications as described previously (16, 18).

In Vivo Phosphorylation Studies and Immunoprecipitation—Conflu-
ent mesangial cells in 100-mm diameter dishes were washed twice with
PBS and incubated for 48 h in DMEM containing 0.1 mg of bovine
serum albumin/ml. The cells were washed three times with phosphate-
free DMEM in order to remove all phosphate. Afterwards, the cells were
metabolically labeled for 4 h with [32P]orthophosphate (0.5 mCi/plate).
After labeling, cells were stimulated at 37 °C for the indicated times
with various agents. To stop the reaction, the medium was removed,
and the cells were washed twice with ice-cold buffer containing 20 mM

Tris, pH 7.5, 150 mM NaCl. Cells were then scraped directly into 1.0 ml
of ice-cold lysis buffer and homogenized by 10 passes through a 26-
gauge needle fitted to a 1-ml syringe. The homogenate was centrifuged
for 15 min at 14,000 � g, and the supernatant was taken for
immunoprecipitation.

The supernatants (containing 2.5 � 106 cpm of labeled proteins) were
incubated overnight at 4 °C with a polyclonal antiserum against the

neutral ceramidase at a dilution of 1:100 and 5% fetal calf serum in lysis
buffer. Then 100 �l of a 50% slurry of protein A-Sepharose CL-4B in
PBS was added, and the mixture was rotated for 1 h at room temper-
ature. After centrifugation for 5 min at 3000 � g, immunocomplexes
were washed 3 times with a low salt buffer (50 mM Tris-HCl, pH 7.5, 150
mM NaCl, 0.2% Triton X-100, 2 mM EDTA, 2 mM EGTA, 0.1% SDS), 3
times with a high salt buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl,
0.2% Triton X-100, 2 mM EDTA, 2 mM EGTA, 0.1% SDS), and once with
10 mM Tris. Pellets were boiled for 5 min in Laemmli dissociation buffer
and subjected to SDS-PAGE. After fixing in 25% isopropyl alcohol, 10%
acetic acid, the gels were dried and exposed to an Imaging System
(Fuji).

In Vitro Phosphorylation Studies—Cell lysate of unstimulated me-
sangial cells was used for immunoprecipitation of the neutral cerami-
dase with a polyclonal antiserum at a dilution of 1:100 as described
above. The immunocomplexes were tested for direct phosphorylation by
using 1 �g of recombinant PKC isoenzymes (19) in the presence or
absence of calcium. The beads were incubated with 1 �g of the partially
purified enzymes in a total volume of 40 �l containing 20 mM Tris-HCl,
pH 7.4, 10 mM MgCl2, 100 �M Na2ATP, 8 �Ci of [�-32P]ATP, 250 �g/ml
phosphatidylserine, 25 �g/ml diolein, 1 �M TPA, and either 100 �M

CaCl2 or 100 �M EDTA for 15 min at 32 °C. To show the activities of the
PKC isoenzymes, 5 �g of MBP, a well known substrate for PKC (19),
was included. Thereafter, SDS buffer was added to stop the reaction,
and the samples were separated on an 8% SDS-PAGE for neutral
ceramidase and 13% for MBP. Phosphorylated bands corresponding to
neutral ceramidase were analyzed on an Imaging system (Fuji).

Tryptic Digest—32P-Phosphorylated neutral ceramidase that was af-
finity-purified on an anti-ceramidase-Sepharose column was incubated
with or without trypsin (100 �g/ml) in a final volume of 50 �l for 3 h at
37 °C. Thereafter, undigested samples were separated on a Tris-glycine
SDS-PAGE (7% acrylamide gel), and trypsin-digested samples were
separated on a Tris-Tricine SDS-PAGE (10–20% acrylamide gel). Phos-
phorylated bands were analyzed on an Imaging system.

Statistical Analysis—Statistical analysis was performed by one-way
analysis of variance. For multiple comparisons with the same control
group, the limit of significance was divided by the number of compari-
sons according to Bonferroni.

RESULTS

Nitric Oxide Stimulation Leads to a Decrease in Neutral
Ceramidase Activity and Protein Level—Previously, we have
shown (16) that high levels of nitric oxide caused an increased
ceramide formation with subsequent apoptosis of mesangial
cells which was due to enhanced sphingomyelinase activity and
reduced ceramidase activity. We have now extended these
studies and investigated the mechanism by which NO inhibits
ceramidase activity. Stimulation of renal mesangial cells with
the nitric oxide donor spermine-NO leads to a delayed and
time-dependent reduction of neutral ceramidase activity (Fig.
1A) with a first significant effect after 8 h of treatment. This
reduction of activity is paralleled by a decrease of neutral
ceramidase protein amount as shown by a Western blot anal-
ysis (Fig. 1B). The effect on neutral ceramidase activity (Fig.
2A) and protein level (Fig. 2B) occurs in a concentration-de-
pendent manner. A maximal reduction to �60% of control level
is obtained with 0.3 mM spermine-NO, which is not further
reduced by increasing the concentration of the NO donor. In-
terestingly, the protein level of neutral ceramidase is almost
completely reduced at 0.3 mM of NO. The total amount of
protein was not changed upon NO treatment as shown by
staining for the housekeeping enzyme �-actin (Fig. 1B and 2B,
lower panels). To verify that the observed effect of sperm-
ine-NO is indeed mediated by released NO and not by an
unspecific effect, spermine was used as a control substance. As
seen in Fig. 2C, spermine has no effect on neutral ceramidase
protein levels nor on activity (data not shown). Furthermore,
Deta-NO, another NO donor which possesses a much longer
half-life than spermine-NO, shows the same effect on cerami-
dase protein degradation (Fig. 2C).

Activation of PKC Prevents NO-induced Down-regulation of
Neutral Ceramidase Activity and Protein—When mesangial
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cells were exposed to NO donors in the presence of phorbol
esters which directly activate PKC, both ceramide accumula-
tion and DNA fragmentation were completely blocked (16). We
therefore investigated the effect of PKC on the NO-induced
down-regulation of neutral ceramidase. Treatment of mesang-
ial cells with spermine-NO in the presence of TPA dose-depend-
ently reversed the inhibitory action of NO on neutral cerami-
dase activity (Fig. 3A). In parallel, the protein level of neutral
ceramidase also recovered in the presence of TPA (Fig. 3B).
Neither short term nor long term stimulation with TPA alone
has any effect on neural ceramidase activity or protein level
(data not shown).

Furthermore, we tested the physiological activators of PKC,
like platelet-derived growth factor (PDGF-BB), angiotensin II,
and the stable ATP analog ATP�S, which all evoke phospho-
inositide hydrolysis and generation of 1,2-diacylglycerol, the
endogenous activator of PKC (24–26). All these substances
mimicked the effect of TPA and reversed the NO-mediated
inhibition of neutral ceramidase activity (Fig. 4A), as well as
neutral ceramidase protein level (Fig. 4B). Consistent with the
observed increase of neutral ceramidase protein by all PKC
activators, we found a decrease of NO-induced ceramide forma-
tion by these substances in intact mesangial cells when per-
forming mass spectrometry of extracted lipids (Fig. 4C).

NO Promotes Degradation of Neutral Ceramidase—To inves-
tigate how NO down-regulates the protein amount of neutral
ceramidase, we used the protein synthesis inhibitor cyclohexi-
mide (27). As seen in Fig. 5A, the presence of cycloheximide

does not abrogate the NO-mediated reduction of neutral cer-
amide protein nor does it affect the reversal by the PKC acti-
vators TPA, angiotensin II, or ATP�S, thus suggesting that NO
modulates the degradation of neutral ceramidase rather than
its de novo synthesis. To investigate whether one of the
caspases is responsible for the NO-induced degradation of neu-
tral ceramidase, the caspase family inhibitor Z-VAD-FMK as
well as the specific caspase-3 inhibitor Z-DEVD-FMK were
tested. However, none of these two inhibitors is able to block
NO-induced enzyme degradation at the recommended concen-
tration of 2 �M (data not shown). In contrast, the highly selec-
tive proteasome inhibitor lactacystin inhibited the NO-induced
degradation of neutral ceramidase (Fig. 5B).

PKC Activation Induces Phosphorylation of Neutral Cerami-
dase—To study whether PKC exerts its effect on neutral cer-
amidase via phosphorylation of the enzyme either directly or
indirectly we performed in vivo phosphorylation assays. Me-
sangial cells were labeled with [32P]orthophosphate before
stimulation. Thereafter, neutral ceramidase was immunopre-
cipitated, and incorporated 32P was analyzed. As seen in Fig.
6A, stimulation of cells for 10 min with TPA causes a dose-de-

FIG. 1. Time-dependent effect of spermine-NO on neutral cer-
amidase activity (A) and protein (B) in rat mesangial cells. Con-
fluent rat mesangial cells were stimulated for the indicated times with
spermine-NO (SP-NO; 0.5 mM). Thereafter, cell lysates containing 100
�g of protein were taken for a neutral ceramidase activity assay (A) or
SDS-PAGE (7% acrylamide gel) and subsequent Western blot analysis
(B) as described under “Experimental Procedures.” The generated
[14C]sphingosine was separated on thin layer chromatography and eval-
uated on a Imaging System (Fuji). Results in A are expressed as % of
control values and are means � S.D. (n � 3–4). Neutral ceramidase
activity in control cells was 21.5 � 2.5 pmol/mg/h. **, p � 0.01, statis-
tically significant difference compared with the unstimulated control.
Data in B are representative of at least three independent experiments
giving similar results.

FIG. 2. Concentration-dependent effect of spermine-NO on neutral
ceramidase activity (A) and protein level (B) in rat mesangial cells.
Quiescent rat mesangial cells were stimulated for 24 h with the indi-
cated concentrations of spermine-NO (SP-NO; in mM) (A and B); sperm-
ine (SP; 0.5 mM) (C) or DETA-NO (0.5 mM) (C). Thereafter, cell lysates
containing 100 �g of protein were taken for a neutral ceramidase
activity assay (A) or SDS-PAGE (7% acrylamide gel) and subsequent
Western blot analysis (B and C) as described under “Experimental
Procedures.” The generated [14C]sphingosine was separated on thin
layer chromatography and evaluated on a Imaging System (Fuji). Data
in A are expressed as % of control values and are means � S.D. (n �
3–4). Neutral ceramidase activity in control cells was 20.8 � 3.0 pmol/
mg/h. *, p � 0.05; **, p � 0.01, statistically significant difference
compared with the unstimulated control. Data in B are representative
of three independent experiments giving similar results.
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pendent increase of phosphorylated neutral ceramidase. Simi-
larly, PDGF-BB (Fig. 6A) and angiotensin II (Fig. 6B) also
induce phosphorylation of the enzyme. The TPA-induced phos-
phorylation is inhibited by the potent PKC inhibitor Ro 318220
(28) but not by CGP 41251 (29), an inhibitor that preferentially
blocks Ca2�-dependent PKC isoenzymes (30, 31) (Fig. 7).

Moreover, we investigated whether PKC directly phospho-
rylates the neutral ceramidase in an in vitro system. Neutral
ceramidase was enriched by immunoprecipitating the en-
zyme from unstimulated mesangial cell lysates and was then
incubated with recombinant PKC of the four subtypes that
have been identified in mesangial cells, i.e. PKC-�, -�, -�, and
-� (32–34). As seen in Fig. 8, upper panel, the PKC-� is the
most efficient isoform to phosphorylate neutral ceramidase,
which appears as a double band at �120 kDa. PKC-� and
PKC-� induce only minor phosphorylation of the neutral ce-
ramidase. In contrast, PKC-� has no effect. To verify that all
PKC isoenzymes used are active enzymes, phosphorylation of
MBP, which is a well accepted substrate for PKC isoenzymes
(19), is shown (Fig. 8, lower panel). We further investigated
whether the phosphorylation of neutral ceramidase by PKC
in vitro occurs at the same phosphorylation sites as in intact
cells. For this the phosphorylation pattern of in vivo phos-
phorylated neutral ceramidase was compared with in vitro
phosphorylated ceramidase after trypsin digestion. As seen
in Fig. 9A, 32P-phosphorylated ceramidase from in vivo and
in vitro assays runs at 120 kDa on a 7% Tris-glycine gel
system. Upon trypsin digestion, enzyme preparations are
both fragmented into an identical pattern of polypeptides. By
using a 10–20% gradient Tris-Tricine gel system to allow a
better separation of small polypeptides, two radioactive frag-
ments between 15 and 20 kDa can be detected (Fig. 9B).

DISCUSSION

Mesangial cells have been shown to respond to high amounts
of NO with an increased generation of the sphingolipid mole-
cule ceramide, which involves a dual mechanism, the activation

FIG. 3. Effect of protein kinase C on NO-reduced neutral cer-
amidase activity (A) and neutral ceramidase protein (B) in rat
mesangial cells. Confluent rat mesangial cells were stimulated for
24 h with vehicle (control) or spermine-NO (SP-NO; 1 mM) in the
absence or presence of the indicated concentrations of the phorbol ester
TPA (in nM). Thereafter, cell lysates containing 100 �g of protein were
taken for a neutral ceramidase activity assay (A) or SDS-PAGE (7%
acrylamide gel) and subsequent Western blot analysis (B) as described
under “Experimental Procedures.” The generated [14C]sphingosine was
separated on thin layer chromatography and evaluated on a Imaging
System (Fuji). Results in A are expressed as % of control values and are
means � S.D. (n � 3–4). Neutral ceramidase activity in control cells
was 24.5 � 2.1 pmol/mg/h. Data in B are representative of two inde-
pendent experiments giving similar results.

FIG. 4. Effect of PDGF, angiotensin II, and ATP�S on NO-
reduced neutral ceramidase activity (A), protein level (B), and
ceramide formation (C). Quiescent rat mesangial cells were stimu-
lated for 24 h with either vehicle (control) or spermine-NO (SP-NO; 1
mM) in the absence or presence of TPA (1 �M), PDGF-BB (3 ng/ml),
angiotensin II (100 nM), or ATP�S (�-S-ATP) (100 �M) as indicated. A,
cell lysates containing 100 �g of protein were taken for a neutral
ceramidase activity assay as described under “Experimental Proce-
dures.” The generated [14C]sphingosine was separated on thin layer
chromatography and evaluated on a Imaging System (Fuji). Results are
expressed as % of control values and are means � S.D. (n � 4). Neutral
ceramidase activity in control cells was 27.3 � 1.0 pmol/mg/h. B, cell
lysates containing 100 �g of protein were subjected to SDS-PAGE (7%
acrylamide gel) and transferred to nitrocellulose membrane. Western
blot analysis was performed using an anti-neutral ceramidase anti-
serum at a dilution of 1:500. Data are representative of two independ-
ent experiments giving similar results. C, lipids were extracted, and
ceramide was analyzed by LC/MS/MS spectrometry as described under
“Experimental Procedures.” Results are means � S.D. (n � 4). *, p �
0.05; **, p � 0.01, statistically significant difference compared with the
NO-stimulated control.
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of sphingomyelinases, and the concomitant inhibition of cer-
amidase activities (16).

In this study, we have investigated the mechanism by which
NO reduces neutral ceramidase activity. Our data clearly show

that the NO-mediated reduction of neutral ceramidase activity
is paralleled by a decrease of the ceramidase protein level. This
suggests that either the de novo synthesis of neutral cerami-
dase is blocked by NO or that NO induces degradation of the
enzyme. The experiments performed in the presence of the
protein synthesis inhibitor cycloheximide, which does not affect
the NO-triggered down-regulation nor the basal level of neutral
ceramidase (Fig. 5), rather argues for an increased degradation
of the enzyme. This notion is further substantiated by the
observation that a specific proteasome inhibitor blocked NO-
induced ceramidase degradation, whereas several caspase in-
hibitors were without effect. Thus ceramidase is targeted by
the ubiquitin proteasome machinery in mesangial cells. Inter-
estingly, the NO-mediated degradation of ceramidase can be
reversed by PKC-activating agents, like the phorbol ester TPA,
and also the physiologically important ligands PDGF, angio-
tensin II, and ATP. The mechanisms by which PKC prevents
degradation are still unclear, but it is tempting to speculate
that phosphorylation events play an important role.

Phosphorylation is a well known mechanism for regulating
protein stability. Thus many proteins are subjected to phospho-
rylation and as a consequence are degraded more rapidly, like
the inhibitor of �B (35), the transcription factor RelB, which is
a member of the Rel/NF-�B family of transcription factors (36),
or the tumor suppressor protein p53 (37). On the contrary,
phosphorylation may also stabilize certain proteins like the

FIG. 5. Effect of cycloheximide and lactacystin on NO-reduced
neutral ceramidase protein level in mesangial cells. A, quiescent
mesangial cells were stimulated for 24 h in the absence or presence of
cycloheximide (CHX; 10 �M) with either vehicle (	) or spermine-NO
(SP-NO; 1 mM) in the absence or presence of TPA (1 �M), PDGF-BB (3
ng/ml), angiotensin II (100 nM), or ATP�S (�-S-ATP) (100 �M). B, cells
were stimulated for 24 h in the absence or presence of lactacystine (20
�M; pretreated for 2 h) with either vehicle (control) or spermine-NO
(SP-NO; 1 mM). Thereafter, cell lysates containing 100 �g of protein
were subjected to SDS-PAGE (7% acrylamide gel) and transferred to
nitrocellulose membrane. Western blot analysis was performed using
an anti-neutral ceramidase antiserum at a dilution of 1:500. Data are
representative of 2–3 independent experiments giving similar results.

FIG. 6. Effect of PKC activators on phosphorylation of neutral
ceramidase in intact mesangial cells. 32P-Labeled mesangial cells
were stimulated for 15 min with either vehicle (control) or the indicated
concentrations of TPA (A; in nM) and PDGF-BB (A; in ng/ml) or for the
indicated times with angiotensin II (A II) (B; 100 nM). Cells were then
lysed, and neutral ceramidase was immunoprecipitated with a poly-
clonal antibody at a dilution of 1:100, as described under “Experimental
Procedures.” The immunoprecipitates were separated by SDS-PAGE
(7% acrylamide gels) and visualized on an Imaging System (Fuji). Data
are representative of three independent experiments giving similar
results.

FIG. 7. Effect of PKC inhibitors on TPA-induced phosphoryla-
tion of neutral ceramidase in mesangial cells. 32P-Labeled me-
sangial cells were preincubated for 20 min with either Ro 318220 (1 �M)
or CGP 41251 (1 �M) as indicated before stimulation with TPA (in nM)
for 10 min. Cells were then lysed, and neutral ceramidase was immu-
noprecipitated with a polyclonal antibody at a dilution of 1:100, as
described under the “Experimental Procedures.” The immunoprecipi-
tates were separated by SDS-PAGE (7% acrylamide gels) and visual-
ized on a Imaging System (Fuji). Data are representative of two inde-
pendent experiments giving similar results.

FIG. 8. Effect of recombinant PKC isoenzymes on neutral cer-
amidase phosphorylation in vitro. 1 �g of recombinant PKC-�, -�,
-�, and -� isoenzymes or buffer (control) were incubated for 15 min with
neutral ceramidase that was immunoprecipitated from unstimulated
mesangial cells (upper panel) or with myelin basic protein (lower panel),
as described under “Experimental Procedures.” Thereafter, samples
were separated on SDS-PAGE (7% acrylamide gel for neutral cerami-
dase and 13% for MBP) and analyzed on a Imaging System (Fuji). Data
are representative of two independent experiments giving similar
results.
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epidermal growth factor receptor (38), the growth arrest and
DNA damage-inducible gene gadd45 (39), or the human proto-
oncogene ETS-2 (40) and thereby lead to their accumulation. In
the case of neutral ceramidase, it seems that phosphorylation
of the enzyme by PKC directly or indirectly by alteration of
another kinase or phosphatase activity leads to reduced protein
degradation. Our data further suggest that in mesangial cells
the PKC-� isoenzyme is the most likely candidate for a direct
stabilizing effect. This finding is corroborated by the fact that
(i) only the broad spectrum PKC inhibitor Ro-31 8220, but not
the inhibitor of the Ca2�-dependent PKC isoenzymes, CGP
41251, is able to block TPA-stimulated phosphorylation of neu-
tral ceramidase and that (ii) recombinant PKC-� is the most
effective isoform to phosphorylate neutral ceramidase in an in
vitro system. In accordance with our data, Leung et al. (39)
reported that PKC-� plays an important role in protein stabi-
lization of Gadd45 in A431 cells. Mechanistically, they showed
that epidermal growth factor, by activating PKC-�, decreased
ubiquitination of Gadd45, an effect that was blocked by the
PKC-�-selective inhibitor rottlerin. It is tempting to speculate
that PKC-� also decreases ubiquitination of neutral ceramidase
and thus stabilizes the enzyme in mesangial cells.

By sequence analysis of neutral ceramidase, nine putative
PKC and several casein kinase II consensus phosphorylation
sites can be found in the primary sequence (7). However, site-
directed mutagenesis studies of these phosphorylation sites
will be required in order to identify which of these putative
PKC phosphorylation sites, if any, are indeed relevant for cer-
amidase stability.

Remarkably, phosphorylation of neutral ceramidase per se,

either by PKC or another kinase, seems not to be sufficient for
activation, since short term stimulation with either TPA,
PDGF-BB, or angiotensin II did not change the activity of
the enzyme (data not shown). This contrasts to a report by
Coroneos et al. (41), who found that PDGF activated an alka-
line ceramidase in mesangial cells. This activation was under
the regulation of a tyrosine phosphatase because activity in-
creased in the presence of vanadate. Whether this alkaline
ceramidase is identical to the neutral ceramidase investigated
in this study is not clear, since no biochemical characterization
of the alkaline enzyme has been reported. Moreover, when we
added vanadate to mesangial cells, it had no effect on neutral
ceramidase activity (data not shown).

One obvious cellular consequence of neutral ceramidase sta-
bilization by PKC is a more efficient elimination of ceramide
which in turn may protect the cell from the proapoptotic action
of this lipid mediator. There is increasing evidence that PKC
can act as a cytoprotective enzyme preventing stress-induced
programmed cell death (apoptosis) in various cell types, includ-
ing mesangial cells (16, 42). Furthermore, Jun et al. (43) de-
scribed that overexpression of PKC-�II, -�, and -	 isoenzymes
protected 264.7 macrophages from nitric oxide-induced apo-
ptosis by blocking nitric oxide-activating effects on c-Jun N-
terminal kinase/stress-activated protein kinase and p38 ki-
nase. Moreover, overexpression of PKC-� in 32D myeloid
progenitor cells leads to an increased activation of the protein
kinase B/Akt which promotes cell survival (44). Obviously,
there is a cell type-specific involvement of PKC isoenzymes in
cell protection. From our data, we conclude that especially the
PKC-� is a prime candidate for exerting an anti-apoptotic effect
in mesangial cells via stabilizing neutral ceramidase. This fits
with our previous findings and hypothesis (45) that PKC-�
mediates mitogen-activated protein kinase activation in me-
sangial cells and promotes proliferation in response to extra-
cellular nucleotides.

In this context it is worth noting that ceramide is able to bind
directly to PKC-� in mesangial cells (46). Such a binding leads
to a decreased autophosphorylation of PKC-� probably reflect-
ing an inhibitory effect on the activity of the enzyme. This may
constitute an intriguing positive feedback loop, with increased
ceramide levels causing inhibition of PKC-�, which in turn
leads to an increased degradation of neutral ceramidase and
amplified ceramide accumulation. Powerful negatively acting
regulatory pathways are required to terminate amplification
loops such as the one suggested here. Noteworthy, ceramide
also binds to and triggers PKC-�-mediated feedback inhibition
of cytokine-induced ceramide formation (46–48). Can these
seemingly disparate results be reconciled? We suggest that
ceramide acts as a negative feedback regulator to control its
own synthesis in response to cytokine stimulation via PKC-�
activation. But as soon as a critical threshold of activation is
reached and high amounts of NO are produced by a delayed
cytokine-induced expression of the inducible NO synthase, cer-
amide then functions as a positive feedback modulator to am-
plify its production via ceramidase destabilization due to inhi-
bition of PKC-�. This may operate in a switch-like mechanism
(49) and initiate programmed cell death which is a common
phenomenon in acute inflammation as well as resolution of
disease (50).

Taken together the results of this study provide evidence
that NO blocks neutral ceramidase activity by inducing degra-
dation of the enzyme and that this effect can be reversed by
activating PKC, especially the �	isoform. The neutral cerami-
dase may thus represent a novel attractive target to interfere
with cellular stress response and to modulate programmed cell

FIG. 9. Phosphopeptide mapping of trypsin-digested phospho-
rylated neutral ceramidase. Neutral ceramidase, either purified
from mesangial cells and subjected to in vitro phosphorylation by PKC-�
(A, right lane) or affinity-purified from in vivo Pi-labeled TPA-stimu-
lated mesangial cells (A, left lane), was digested with trypsin as de-
scribed under “Experimental Procedures.” Undigested control samples
were separated on a Tris-glycine SDS-PAGE (7% acrylamide gel) (A),
whereas trypsin-digested samples were separated on a Tris-Tricine
SDS-PAGE (10–20% gradient) (B). Gels were analyzed on an Imaging
system (Fuji) for radioactive fragments.
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death which is a typical feature of many inflammatory
diseases.
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