Research Paper

Sphingolipids inhibit the activation of the neutro-
phil (PMN) NADPH oxidase by protein kinase C
pathway. By electron spin resonance spectro-
scopy (ESR) and chemiluminescence (CL), we
studied the effects of sphingosine (SPN) and
ceramide analogues on plgorbol 12-myristate 13-
acetate (PMA, 5X107M) stimulated PMN
(6 X10° cells). By ESR with spin trapping
(100mM DMPO: 5,5-dimethyl-1-pyrroline-N-
oxide), we showed that SPN (5 to 8 X 10°° M), G-
ceramide (N-acetyl SPN) and Cs-ceramide (N-hex-
anoyl SPN) at the final concentration of 2 X 107>
and’ 2 X 10* M inhibit the production of free
radicals by stimulated PMN. The ESR spectrum of
stimulatecf PMN was that of DMPOsuperoxide
anion spin adduct. Inhibition by 5 X 10 ® M SPN
was equivalent to that of 30 U/ml SOD. SPN (5 to
8 X 10 °M has no effect on in vitro systems
generating superoxide anion (xanthine 50 mM/
xanthine oxidase 110 mU/ml) or hydroxyl radical
(Fenton reaction: 88 mM H,O,, 0.01 mM Fe?" and
0.01 mM EDTA). SPN and N-acetyl SPN also inhib-
ited the CL of PMA stimulated PMN in a dose
dependent manner (from 2 X 107¢ to 10> M), but
N—Eexanoyl SPN was less active (from 2 X 107> to
2X 1074 M). These effects were compared with
those of known PMN inhibitors, superoxide dis-
mutase, catalase and azide. SPN was a better
inhibitor compared with these agents. The com-
plete inhibition by SPN of ESR signal and CL of
stimulated PMN confirms that this compound or
one of its metabolites act at the level of NADPH-
oxidase, the key enzyme responsible for produc-
tion of oxygen-derived free radicals.
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Introduction

The production of active forms of oxygen by
PMN stimulated by PMA or other activators has
been demonstrated by spectrophotometric tech-
niques, by measurement of oxygen consump-
tion, and by chemiluminescence (CD.I78 The
enzymatic activities of the NADPH oxidase
complex and the granular myeloperoxidase are
the main factors responsible for this active
oxygen species and chemiluminescence pro-
duction,” but it has been suggested that
xanthine oxidase would also participate in this
production.!®!!

Sphingosine (SPN) and some of its derivatives
inhibit this production of active oxygen species
by PMA stimulated PMN,!>13 probably by acting
at protein kinase C a key effector in PMA
stimulatory action.’? It was also suggested that
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SPN and its phosphorylated derivatives, when
added to PMAstimulated PMNs, can modulate
intracellular levels of calcium,'* thus acting as
second messenger. Other derivatives of SPN,
such as ceramides (G, ceramide, or Nacetyl-
sphingosine, and C; ceramide, or Nhexanoyl-
sphingosine), can also modify cellular activation
and calcium homeostasis in PMNY If the
inhibitory effect of sphingolipids was con-
sidered as due to a physical interaction between
the NADPHoxidase components and the sphin-
golipid-ceramides as hypothesized by Bazzi and
Nelsestuen,'® several works however have re-
ported that SPN and ceramides could induce
apoptosis'’ and are involved in the regulation of
cell growth and differentiation.'”® More recently,
Augé et al’” observed that sphingomyelin
ceramide signalling pathway was involved in
oxidation of IDlAnduced cell proliferation.
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Thus, although numerous studies on the role of
sphingomyelin ceramides have been performed,
it seems that some questions remain to be
elucidated as to the exact way of action of these
sphingolipids.

SPN and related compounds thus appear as
specific inhibitors of NADPHoxidase activity,
but their inhibiting effects were never demon-
strated by electron spin resonance (ESR) tech-
niques.* "2 ESR technique, associated with spin
trapping, allows the direct study of the free
radicals froduced during the respiratory burst
of PMN*** The superoxide anion (O,~) and
hydroxyl radical (HO), which have a very short
lifetime, can be detected using a nitrone com-
pound, 5, Sdlmethyl -1pyrrolineNoxide (DMPO)
as spin trap.*> The corresponding DMPO-OOH
and DMPO-OH spin adducts are more stable
and Lpgssess a wellknown hyperfine struc-
ture.

The aim of this work was to demonstrate by
ESR the effects of SPN, Nacetyl SPN and N-
hexanoyl SPN on the production of free radicals
by PMA stimulated PMN These original ESR
studies were confirmed by CL studies and com-
pared with known inhibitors (superoxide dis-
mutase, catalyse and azide) of the stimulated

PMN.

Materials and Methods
Reagents

Dsphingosine, Nacetyl sphingosine and Nhex-
anoyl sphingosine were obtained from bovine
brain cerebrosides (Sigma). Ficoll solution was
prepared with 57 g/1 Ficoll 400 (Sigma), 90 g/1
sodium diatrizoate (Sigma) and 0.1% ethylene-
diaminetetraacetic acid (EDTA, analytical grade,
Merck). Xanthine-oxidase was from cow milk
(Boehringer Mannheim). Catalase (from bovine
liver) and superoxide dismutase (SOD from
bovine erythrocytes) were from Sigma.
Xanthine, alun [(NH;),Fe(SOy),-6H,O], EDTA
and hydrogen peroxide (F,O,) were from
Merck (analytical grade). DMPO was from Al-
drich and purified with activated charcoal as
described by Green and Hill?® PMA was ob-
tained from Sigma, dissolved in dlmethylsul—
phoxide (DMSO) and stored at —20°C until use.
Ethanol was from UCB (analytical grade). Lumi-
nol (3-aminophtalhydrazide) was f%om Aldrich.
Phosphate buffer contained: Nall (8 g/1), KA
0.2¢g/l), Na,HPO; (1.15g/1l) and KH,POq4
(0.2 g/1l). Hank’s balanced salt solution (HBSS)
contained Ca(l,-2H,O (0.185 ¢g/1), KO (0.40
(0.10g/1), KH,PO; (0.06g/1), Nad (8 g/l),
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NaHCO; (0.35g/1), Na,HPO; (0.48g/1) and
glucose (1 g/1).

Neutrophil isolation and activation

Blood was obtained from normal healthy volun-
teers. After centrifugation, plasma was dis-
carded. The buffy coat was diluted (2:1) with
Ficoll solution ‘After 20 min centrifugation at
450 g (20°C), the supernatant was diluted (2:1)
Wlth 0.9% Na(l and further centrifuged for
20 min at 1250 g (20°C). The precipitate was
treated with a hypotonic solution (NH;d
0.15mM EDIA 0.1 mM NaHCO; 10 mM) to
destroy the remaining erythrocytes. Neutrophils
were then suspended in HBSS, counted and
kept at room temperature. SPN, Nacetyl SPN
and Nhexanoyl SPN were dissolved in ethanol;
these compounds were preincubated with
neutrophils for 8 min at room temperature prior
to addition of the activator (PMA).

In vitro production of free radicals

Superoxide anion was generated by the
xanthine (50 mM), xanthine oxidase (110 mU/
ml) system, and HO by the Fenton reaction:

HO, (88mM), Fe2* 0.01 mM) and EDTA
(0.01 mM), in aqueous solution or HBSS.

ESR experiments

The inhibition by SPN and analogues of the
production of free radicals by 5x 107 M PMA
activated PMN (6 X 10°¢ cells/ ml) was examined
using spin trapping technique, and was com-
pared with the effect of other classical inhibi-
tors such as SOD (which inactivates the
superoxide anion) and catalase (which inacti-
vates hydrogen peroxide). The potential scaven-
ger effect of SPN on O, and "OH was also
investigated by direct addition of SPN to the
O, or "OH generating systems. After prepara-
tion, the mixture was immediately transferred
to a flat cell and placed in the TM;yy cavity of
the ESR spectrometer. The spectra were re-
corded at room temperature on a Bruker ESP
300 E spectrometer operating at Xband
(9.76 GHz) with 100 kHz modulation frequency
and 3475 G magnetic field. These measure-
ments were performed with nonsaturating
20 mW microwave power, modulation ampli-
tude 101G scan range 100G, and receiver
gain 2 X 10%. The spin trapping studies were
performed by using DMPO as a spin trap at a
final concentration of 100 mM, and a final

volume of 0.8 ml HBSS.
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CL assays

CL was measured with a Bio-Orbit 1251 lumino-
meter following the technique of Easmon er
al?® Tuminol (1074 M), the PMN suspension
(2:5x 105 cells/ ml), the respiratory burst acti-
vator (PMA 8 X 1077 M), and the tested com-
pound (SPN, Nacetyl SPN and Nhexanoyl SPN)
at final concentrations ranging from 2 X 107° to
1074 M in phosphate buffer saline at pH 7.4
were sequentially added to a circular polysty-
rene reaction vessel (final reaction volume:
0.5ml). CL was followed at 37°C for 10 min.
The data were recorded and digitized, and the
CL values were expressed in arbitrary units.
Wellcharacterized inhibitors of the production
of activated oxygen species were tested: SOD
(100-300 U/ ml) for O,—, catalase (200 mg/ ml)
for HO,, and azide (107° to 10* M) for

inhibition of myeloperoxidase.

Results
ESR studies

ESR spectra of activated PMNs. When PMN
were stimulated with PMA in the presence of
DMPQ, the resulting ESR spectrum was charac-
terized by a signal mixture that can be attrib-
uted to signals of DMPO-OOH (an= 143 G,
agy=1-3G) adduct and DMPO-OH (ayg=
an= 1487 G) adduc?®® (Fig. 1A). However,
the presence of the signal og DMPO-OH spin
adduct can be the result of DMPO-OOH decom-
position instead of *OH trapping?**°

Indeed, we noted that over time, the ESR
si%)nal amplitude of DMPO-OOH decreased
while that of DMPO-OHwas increased. Addition
of ethanol to activated PMN, at the final concen-
tration of 1% (Fig. 1E), does not change the
spectrum observed. Amplitude of the ESR signal
of superoxide anion adduct depended on time
and of the state of neutrophils. However, when
neutrophils were unstimulated with PMA, no
ESR signal of DMPO spin adducts was seen (Fig.
1B). The ESR spectrum Cof Fig. 1 was obtained
when neutrophils were killed by incubation at
45°C for 30 min before addition of PMA and
DMPO. Here again, no ESR signals were formed.

Effects of SPN and an alogues. Concentrations
of 8 X 107° M of SPN led to inhibition of PMA-
activated PMN, resulting in the disappearance
of ESR signals (Fig. 1D). The inhibition of ESR
signals by SPN was dose-dependent and com-
plete for 5x 107°M SPN (Fig. 2). The two
other ceramides also inhibited the ESR signal in
a dose-dependent manner, but they were less

active than SPN (Fig. 3).
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FIG. 1. ESR spectra from neutrophils (6 x 10 cells/ml)
stimulated with PMA (5 X 107 M). For ESR conditions, see
text. Scan A: complete system which generates oxygen free
radicals (1: DMPO-"OH adduct; 2: DMPO-"O0OH adduct). Scan
B: same as A without PMA. Scan C: same as A after
destruction of the cells by incubation at 45°C for 30 min
before addition of PMA. Scan D: same as A+ sphingosine
8 X 1078 M. Scan E: same as A+ 1% ethanol. The hyperfine
splittings for scan A were: ay = 14-3 G and ay = 14-87 G.
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FIG. 2. Effect of increasing concentrations of sphingosine
on ESR signal heights of activated human neutrophils
(6 X 10% cells/ml). Spin trap (DMPO, 100mM), activator
PMA (5 X 1077 M).
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In vitro production of O~ and HO'. While
Fg. 4 suggests that SPN (dissolved in ethanol)
inhibits the signal of DMPO-OH adduct produc-
tion by the Fenton reaction, however, when
ethanol was used alone (at 0.25%and 0.5% the
concentrations respectively present in the
2%x107° and 4X10°M SPN solutions), a
similar or even more pronounced inhibiting
effect was observed (Fig. 4). As shown in Fig. 5,
the ESR spectrum of DMPO-OH adduct was
modified by ethanol (199 (Fig. 5b) compared
with the control signal (Fig. 5a). This modified
spectrum corresponds to a DMPOethoxy spin
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FIG. 3. Effects of two sphingosine analogues (N-acetyl SPN
and N-hexanoyl SPN) on free radicals produced by stimu-
lated-PMN (6 X 108 cells/ml). Spin trap (DMPO (100 mM),
activator PMA (5 X 107 M).
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FIG. 4. The effects of sphingosine dissolved in ethanol
(EtOH) and ethanol alone on ESR signal heights (DMPO
100 mM) by hydroxyl radicals generated by the Fenton
reaction. [H,O, (88 mM), FeZ" (0.01 mM), EDTA (0.01 mM).]

Sphingosine was added at two concentrations (2 and
4 x 107 M). Ethanol was used at 0.25 and 0.5%.
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FIG. 5. ESR spectra (DMPO 100 mM) of the spin adduct of
hydroxyl radical generated by the Fenton reaction [H,O,
(88 mM), FeZ" (0.01mM), EDTA (0.01mM) (a and b) and
superoxide spin adduct generated by xanthine (50 mM)/
xanthine-oxidase (110 mU/ml) system in HBSS buffer pH
7.4 (c, d and e). (a) Normal spectrum (hyperfine splittings
for DMPO-'"OH: ay=an = 1487 G). (b) Same as 5a+ 1%
ethanol: the spectrum of the DMPO-ethoxy adduct is ob-
served (hyperfine splittings for DMPO-C(CH3)OH:
ap=1567G, an=230G). (c) Complete system xan-
thine/ xanthine-oxidase generating superoxide radical, in
the presence of DMPO, without SPN. (d) Complete system
in the presence of 4 X 107 M SPN. (e) Complete system in
the presence of 8 X 107 M SPN.

adduct. Indeed, hydroxyl radical reacts with
ethanol to produce ohydroxylethyl radicals.
These secondary radicals can then react with
the spin trap to produce an adduct with an ESR
spectrum distinguishable from that of the hy-
droxyl adduct as previously shown?'?* We
conclude that despite of the high concentra-
tions (5 to 8 X 107 M) used, SPN does not act
on the hydroxyl radical; the apparent decrease
of the ESR signal is due to a secondary reaction
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of "OH radicals with ethanol solvent. The ESR
spectrum of the hydroxyl adduct with DMPO is
composed of a quartet with a characteristic
pattern of intensities (1:2:2:1), whose hyperfine
structure shows the following coupling con-
stants aN = ag = 14-87 G, while those of hydro-
xylethyl adduct are ay=15-67G and ag=
23.0 G.

As far as O,— is concerned (produced in the
acellular system xanthine/xanthine-oxidase, Fig.
5c), SPN has no effect (Fig. 5d and 5e); no
significative changes of the ESR spectrum were

observed despite concentrations of 8 X 107 M
SPN (Fig. 5¢).

Comp arison with classical inhibitors. SOD was
inhibitory in a dose-dependent manner on ESR
signals of DMPO-OOH spin adducts (Table 1A),
and low doses were sufficient to yield complete
inhibition in ESR experiments. Catalase did not
exert a complete inhibition even at doses of
200 mg/ ml. Compared with these two ‘classical’
inhibitors, sphingosine was extremely active,
with full inhibition seen at 8 X 107 M for ESR
spectra.

CL studies

Effects of SPN and analogues. The CL of PMA
stimulated PMN is inhibited by the three com-
pounds in a dose-dependent manner (Fig. 6):
SPN and Nacetyl SPN had similar inhibitory
activities, higher than that of Nhexanoyl SPN.
At 2 X 107 M the inhibition of CL activity was
almost complete for SPN and Nacetyl SPN (99%
inhibition). Nhexanoyl SPN was inactive at
2 X 107 Mand presented 82.8%at 2 X 1074 M.

Comp arison with classical inhibitors of PMN
CL The data of Table 1B indicate that SPN at
1074 M was more active than 300 U/ml SOD,
200 mg/ ml catalase and 1074 M azide. In the
same way, the two SPN analogues were also
more active than SOD, catalase and azide.
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FIG. 6. Comparison of the effects of SPN analogues with
those of SPN on luminol enhanced CL (in % control) of
PMA-activated PMN (25 X 10° cells/ ml).

Discussion

Over the past years, the role attributed to the
sphingomyelin ceramides (sphingosine and ana-
logues) in biological systems is increasing.
These compounds have even emerged as im-
portant signalling molecules involved in many
cellular processes.33 Mbreover, some ceramide
analogues have been also demonstrated to
inhibit the respiratory burst of neutrophils
induced by agonistreceptor of PMN, and to
hinder the action of different modulators of
PMN activity, such as tumour necrosis factor
(INFo)* More recently, Fuortes ez al® re-
ported that the brief elevation of ceramide
blood concentration in response to TNFa, could
mediate the lag period observed in the response
of PMN. In fact, a similar lag period was also
seen with other soluble physiological agonists.
Thus, among various metabolites derived from
the hydrolytic activity of sphingomyelinase
(SPM), the short<chain ceramide analogues such
as Gyceramide and Csceramide were often

Table 1. Comparison of the effects of SPN and two classical inhibitors of PMN
activation on ESR signal amplitude (A) and CL activity (B)

Added compound ESR assay A CL assayB
Conc. Signal Conc. CL activity
ampl. (%) (%)

None (control) — 100 - 100
Catalase 200 mg/ ml 48 200 mg/ml 100
SOD 10 U/ml 10 100U/ ml 80

30U/ml 0.6 300U/ ml 50
Azide 103 M 65 10 M 71
Sphingosine 5X 10°M 0.4 10 M 0.7
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used to better understand their involvement in
the cellular signalling mechanisms. Like sphin-
gosine, its sphingosine 1phosphate metabolite
(SPP) mobilizes Ca?* by an intracellular me-
chanism." As suggested by Hannun® ceramide
plays a key role as regulator of antiproliferative
and apoptotic pathways and as an inhibitor of
protein signalling and secretion. Thus, the study
of their functions, metabolism and mechanisms
of action raises a great interest. It is also known
that inhibition of ceramide-mediated apoptosis
by activation of protein kinase C results from
stimulation of sphingosine kinase and the con-
comitant increase in intracellular SPP*®

Chao ¢t al. reported that SPP was the main
sphingolipid involved in the signal transduction
pathway induced by the platelet-derived growth
factor (PDGF) receptor stimulation in cells’’
Several other teams have underlined the role of
SPP in these various mechanisms. Although the
role of sphingolipids is now widely admitted,
the exact mechanism by which they act still
needs to be completely elucidated. Many ques-
tions, however, remain, for example understand-
ing whether the ceramide has an active role by
itself in the intracellular signalling or if it is SPP
which is the effective mediator and sphingosine
as an intermediate agent only.

Previous studies (by spectrophotometric tech-
niques or measurement of oxygen consump-
tion) have reported that sphinganine and SPN
can inhibit the production of activated species
of oxygen by PMN!'*!>3 We demonstrated here
that SPN and its ceramide analogues (Nacetyl
SPN and N-hexanoyl SPN) inhibit the ESR signal
obtained by the reaction of DMPO with free
radicals produced by the PMA stimulated PMN.
The production of O, during the respiratory
burst” is clearly demonstrated by the observa-
tion of the DMPO-OOH spin adduct, while "OH
is not generated during the experiment. Indeed,
in the presence of ethanol, a wellknown "OH
scavenger, the DMPOethoxy spin adduct does
not appear. The DMPO-OH signal present in
the ESR spectrum is the result of DMPO-OOH
decomposition. The spectrum we observed is
consistent with that described in the litera-
ture.”” The failure to observe organized spectra
when PMN are either unstimulated or are
destroyed by heat confirms that cellular activity
is required for production of O, derived free
radicals.

The production of superoxide anion by stimu-
lated PMN results from activation of membrane-
bound NADPH oxidase. When SPN is preincu-
bated for 8 min with stimulated PMN, the ESR
signal is totally suppressed. This inhibitory
activity of SPN is dose dependent. SPN may
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either inhibit NADPHoxidase, and/or may di-
rectly scavenge the activated oxygen species
thus produced. Two further experiments were
performed in order to determine which mech-
anism was responsible for the inhibition seen in
our study. The first involved incubating an in
vitro superoxide-generating system with SPN,
while the second looked at the effect of SPN on
in vitro production of the hydroxyl radical (by
the Fenton reaction). The results show that SPN
has no direct action on either species and has
no action on the xanthine oxidase activity.
Initial confrontation of these experiments
seemed to imply inhibition of in vitro hydroxyl
radical production; closer analysis showed that
the inhibition was due solely to the ethanol
used as a solvent for SPN Fthanol reacts with
the hydroxyl radical yielding an ethoxy radical,
which is then trapped by DMPO’'? The
inhibition of the signa%)of the DMPO-OH adduct
is explained by the increase of signal of the
DMPOethoxy adduct.

The ESR results obtained with classical inhibi-
tors such as SOD and catalase are in agreement
with data from other authors?** In compari-
son, SPN exerts a stronger inhibitory effect than
the two classical inhibitors tested. This confirms
an action at the initial step of NADPH oxidase
activation. The weak effect of catalyse at high
concentration may be explained by the fact that
an important part of O,— directly reacts with
DMPO leading to spin DMPO-OH adduct, with-
out being transformed. For superoxide dismu-
tase, we obtained similar results to those
described in the literature.” Two of the cera-
mides tested (SPN and Nacetyl SPN) exhibited
the same inhibitory effects on free radicals
produced by PMA stimulated PMN, while N-
hexanoyl SPNwas less active.

CL assays confirmed the inhibitory effect of
SPN and its analogues observed by ESR tech-
nique. Indeed, at low doses SPN and Nacetyl
SPN inhibited about 50% of the CL activity and
at high concentrations, CL activity was comple-
tely suppressed. Here also, N-hexanoyl SPN was
less active. To explain this difference, we could
have hypothesized that Nhexanoyl SPN does
not correctly enter into the cell and does not
interact exactly with NADPH oxidase compo-
nents, due to the length of its carbon chain.
These findings suggest a physiological role for
sphingosine and related compounds, in particu-
lar in the downregulation of protein kinase C
activity.

Qur results corroborate with those described
previously’*!® and are consistent with a direct
action of SPN on the activation of NADPH
oxidase via protein kinase C. This naturally
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occurring substance differs from other known
inhibitors of protein kinase C and has been
seen to exert powerful and reversible inhibition.
Previous Worll() has shown production of sphin-
gosine from substances such as ceramides, by
the action of enzymes such as Nacetylsphin-

gosine amidohyclrolases.12 Similarly, its intra-
metabolic

cellular production by various
Eathways has been suggested (sphingomyelin

ydrolysis). This provicﬁ:s a physiological role
for its use as a negative regulator or modulator
of protein kinase C*% We found that SPN
totally suppresses the ESR signal of stimulated
PMN, but is inactive on the enzymatic activity
of xanthine-oxidase, and is not a direct scaven-
ger of the free oxygen-derived radicals O, and
"‘OH These results confirm that the major role
in the production of free radicals by stimulated
PMN is played by NADPHoxidase and not by
xanthine oxidase. If xanthine oxidase would
intervene in this production, we would not
observe a complete disappearance of the ESR
signal of DMPO-OOH adduct with 107 M SPN,
a specific inhibitor of NADPHox idase.
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