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ABSTRACT

The growth factor erythropoietin (Epo) has shown neuronal protective action in addition to its well
known proerythroid activity. Furthermore, Epo has dealt with cellular inflammation by inhibiting
the expression of several proinflammatory cytokines, such as IL-1 and TNF-c. The action of TNF can
have both apoptotic and antiapoptotic consequences due to altered balance between different cell
signalling pathways. This work has focused on the apoptotic effects of this cytokine and the
potential protective action of Epo. The model we used was neuroblastoma SH-SY5Y cells cultured
in the presence of 25 ng/ml TNF-a or pretreated with 25 U/ml Epo for 12 h before the addition of
TNF-a.. Apoptosis was evaluated by differential cell count after Hoechst staining, analysis of DNA
ladder pattern, and measurement of caspase activity. Despite its ability to induce NF-xB nuclear
translocation, TNF-a induced cell death, which was found to be associated to upregulation of TNF
Receptor 1 expression. On the other hand, cells activated by Epo became resistant to cell death.
Prevention of death receptor upregulation and caspase activation may explain this antiapoptotic
effect of Epo, which may be also favoured by the induction of a higher expression of protective
factors, such as Bcl-2 and NF-kB, through mechanisms involving Jak/STAT and PI3K signalling
pathways.

© 2008 Elsevier Inc. All rights reserved.

Introduction

tion factor STAT5, which in turn induces activation of a signalling
pathway cascade important for the regulation of cellular

Erythropoietin (Epo) increases the number of circulating erythro-
cytes primarily by preventing apoptosis of erythroid progenitors.
In addition to this proerythroid activity, evidence has shown
neuronal protective action of Epo in vivo [1,2], as well as in vitro
[3,4]. In view of these findings, a prominent role for Epo in the
nervous system has been defined and there is growing interest in
its potential therapeutic use for neuroprotection.

Epo initiates its cellular response by binding to the Epo
receptor (EpoR), which induces phosphorylation of the transcrip-
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responses. Cell culture studies of erythroid progenitors have
demonstrated that Epo functions as a survival factor by repressing
apoptosis at least in part through the antiapoptotic proteins of
the Bcl-2 family [5]. In this context, we had observed that Bcl-x;
upregulation was involved in the action of Epo to prevent
staurosporine-induced programmed cell death of SH-SY5Y
neuronal cells [6]. In accordance, Epo-facilitated neuritogenesis
was coincident with upregulation of Bcl-x [7]. Furthermore, Epo
was found to attenuate the inflammatory response in injured rat

Abbreviations: TNF-«, tumour necrosis factor-alpha; Epo, erythropoietin; EpoR, erythropoietin receptor; D-MEM, Dulbecco's Modified Eagle
Medium; FBS, foetal bovine serum; PBS, phosphate buffered saline; EtBr, ethidium bromide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
PI3K, phosphatidylinositol 3-kinase; Jak2, Janus kinase 2; NF-«B, nuclear factor-kappaB; STAT5, signal transducer and activator of transcription
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brain by mechanisms leading to decreased levels of several
cytokines, such as IL-1 and TNF-« [8].

TNF can initiate two distinct pathways, one leading to cell death
while the other promoting antiapoptotic proteins. Therefore, the
stimulation of cells with TNF can have both apoptotic and
antiapoptotic consequences due to altered balance between
different signalling pathways related to proliferative responses
and destructive cellular outcomes [9,10]. Various members of the
TNF super family mediate either proliferation and survival, or cell
death. Despite of the existence of distinct receptors, all members
share a common cell signalling pathway that mediates the
activation of the nuclear factor-kappaB (NF-«B) and mitogen-
activated protein kinases (e.g. c-jun N-terminal kinase). Both
apoptotic and antiapoptotic signals can be activated simulta-
neously by the same cytokine in the same cell [11].

This disparity in the TNF-induced responses, involving different
signals mediated by the two TNF receptors, TNFR1 and TNFR2, is
not fully understood. Receptor activation by the TNF ligands causes
recruitment of several intracellular adaptor proteins. These
proteins activate multiple signal transduction pathways that
modulate cellular actions, including immune responses, inflam-
matory reactions, cell death mechanisms, or cell survival, the latter
via activation of the nuclear factor NF-kB [12]. Therefore,
deregulation of intracellular signals might lead to the development
of various diseases [13].

It is known that the survival of neurons depends on a complex
interplay of several factors and any imbalance of this relationship
may lead to cell death. The programmed cell death phenomenon,
apart from being an important feature in the development of the
nervous system, appears also to be responsible for many
neurodegenerative diseases and is frequently associated to
inflammatory processes. An experimental therapeutic strategy,
using anti-TNF antibody, was employed in animal models of central
nervous system inflammatory diseases to inhibit the cytokine
effects [14]. In recent years, evidence has been reported regarding
systemically administered Epo which proved to protect rats from
cerebral ischemia, traumatic brain injury, and experimental
autoimmune encephalomyelitis [15,16]. It has been suggested
that an Epo-induced attenuation of the reactive inflammatory
response might be a secondary effect of decreased apoptosis [17].
Therefore, we were interested in the investigation of possible
apoptotic effects of TNF-, resembling a proinflammatory condi-
tion and in the further elucidation of an Epo protective action as
well as the related mechanisms. The human neuroblastoma SH-
SY5Y cell line was used as the experimental model based on our
previous experience of staurosporine-induced apoptosis, which
was found to be prevented by the action of Epo in these cells [6].

Materials and methods
Materials

All chemicals used were of analytical grade. Dulbecco's Modified
Eagle Medium (D-MEM) and Ham F12 Medium were obtained
from GibcoBRL. Proteinase K, Trizol reagent, goat anti-mouse (IgG)-
Alexa Fluor 488 (Molecular Probes), and specific primers for Bcl-2,
Bcl-xt, TNFR1, TNFR2, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were from Invitrogen Life Technologies. Mono-
clonal anti-Bcl-xL antibody was obtained from Chemicon

International, monoclonal anti-PARP and monoclonal anti-Bcl-2
were obtained from BD Pharmingen, anti-IKBa, anti-NF-«B (P65)
and anti-STAT5 antibodies were from Santa Cruz Biotechnology
and monoclonal anti-human erythropoietin receptor antibody
(Clone 38409.11) was from RD Systems. EDTA, Nonidet P40, AG490,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), sodium o-vanadate, L-glutamine, paraformaldehyde, phe-
nylmethylsulfonyl fluoride (PMSF), aprotinin, leupeptin, pepstatin
A, Hoechst 33258 dye, DNAse-free RNAse A, monoclonal anti-actin
antibody, propydium iodide (PI), and the caspase substrates IETD-
pNA (isoleucine, glutamic acid, threonine, aspartic acid-p-Nitroa-
nilide) and Ac-DEVD-pNA (aspartic acid, glutamic acid, valine,
aspartic acid-p-Nitroaniline) were obtained from Sigma-Aldrich.
Ly294002 was obtained from Calbiochem. Ready To Go T-Primed
First-Strand Kit, chemiluminiscent system kit (ECL), and nitrocel-
lulose (NC) membranes (Hybond-ECL) were obtained from
Amersham Biosciences and Sybr Green I nucleic acid stain from
Roche. Human recombinant TNF-alpha and agarose was obtained
from Promega, ethidium bromide (EtBr) from Mallinckrodt,
sodium dodecylsulfate (SDS), acrylamide, bis-acrylamide, Triton
X-100, Folin-Ciocalteu's reagent, Tween 20 and dimethylsulfoxide
(DMSO) from Merck, and foetal bovine serum (FBS) and penicillin-
streptomycin from PAA Laboratories GmbH. Protein A-agarose was
from BD Transduction Laboratories. Recombinant human erythro-
poietin (rHuEpo, Hemax) was supplied by Biosidus (Argentina).

Cell line and cultures

Human SH-SY5Y neuroblastoma cells (CRL-2266, American Type
Culture Collection ATCC) were used. Cells were grown in 25 cm?
culture bottles (Falcon BD) containing 5 ml of 1:1 D-MEM:Ham
F12 supplemented with 2 mM L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin and 10% (v/v) heat-inactivated foetal calf
serum. The medium was routinely replaced every 2 days and
cultures maintained at 37 °C in humidified atmosphere containing
95% air-5% CO,.

Cellular extracts and subcellular fractions

Cellular extract

Cells (107) were washed with ice-cold phosphate buffer saline
(PBS) and suspended in 200 pl of ice-cold hypotonic lysis buffer
(50 mM Tris, pH 8.0, 150 mM Nacl, 1% Triton X-100), with protease
inhibitors (1 mM PMSF, 1 pg/ml aprotinin, 2 pg/ml leupeptin,
137 pg/ml pepstatin A). After 60 min-incubation on ice, the
insoluble material was removed by centrifugation for 15 min at
15,000 g and 4 °C. Total proteins were quantified by the Lowry's
method [18].

Nuclear and cytoplasm separation

After experimental treatments, cultured cells (2x10°), placed on
ice, were scraped, added to 1.5 ml cold PBS, pelleted for 5 min at
1000 g, at 4 °C, and suspended in 100 ul of cold buffer A (10 mM
HEPES pH 7.9, 10 mM KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT,
0.5 mM PMSF) supplemented with 0.5% Nonidet P-40. The
cytoplasm containing supernatant, added to 50 pl of buffer B
(10 mM Tris pH 7.5, 7.0 M urea, 1% SDS, 0.3 M sodium acetate,
20 mM EDTA), was immediately mixed and stored at -20 °C. The
nuclear pellet was resuspended in 50 pl of ice-cold buffer C (20 mM
HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT,
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1 mM PMSF), and the tube was vigorously shacked at 4 °C for
15 min. The nuclear extract was centrifuged for 15 min at 15,000 g,
at 4 °C and the supernatant was frozen in aliquots at —=70 °C.

Determination of cell viability

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) reduction assay modified from that of Mossman [19]
was used to assess cell viability. Cells were cultured in 35 mm Petri
dishes at a density of 1x10° cell/ml. After the cells had been
subjected to appropriate treatments and the medium removed,
they were incubated for 4 h at 37 °C with MTT at a final
concentration of 0.5 mg/ml. The supernatant was removed and the
pellet washed with PBS. Finally, 100 pl of 0.04 M HCI in
isopropanol was added to dissolve the blue formazan product
(reduced MTT), which was quantified by measuring the absorbance
at 570 nm test wavelength and at 655 nm reference wavelength.

Assessment of nuclear morphology

Cells were cultured on slide covers plated in 35 mm Petri dishes.
Different treatments were assayed after obtaining 50% confluence
(48 h). Cells were then fixed with 4% paraformaldehyde in PBS (v/
v) for 20 min at 4 °C, exposed to 0.05 g/l Hoechst 33258 dye in PBS
for 30 min at room temperature, washed thrice with PBS and,
finally, mounted by using mounting buffer (50% glycerol in PBS, v/
v). Four plates per experimental condition were simultaneously
run. Fluorescent nuclei with apoptotic characteristics were
detected by microscopy under UV illumination at 365 nm (Eclypse
E600 Fluorescent Microscope, Nikon, Japan). Differential cell
counting was performed by analysing at least 500 cells [20]. The
images were photographed by Nikon Coolpix 5000 equipment and
then digitalised.

Detection of DNA fragmentation by electrophoresis

Approximately 5x10° cells were collected in culture medium,
pelleted at 1000 g for 5 min at 4 °C and washed twice with PBS. The
pellet was suspended in 500 nl of lysis buffer (0.1 mM Nacl, 25 mM
EDTA, 10 mM Tris-HCl pH 8.0, 1% Nonidet P40, v/v). Digestion in
the presence of 100 uM DNAse-free RNAse A was allowed to
proceed during 2 h at 56 °C and then, proteinase K was added at
10 pM final concentration. Samples were incubated for 16 h at
37 °C and afterwards, subjected to precipitation with 10 M
ammonium acetate-absolute ethyl alcohol (1:6 v/v). Electrophor-
esis of DNA samples were carried out during 90 min at 100 V on 2%
agarose gels (w/v), containing 0.5 mg/1 EtBr. Bands were visualised
under an UV transilluminator and digitalised with Kodak DC240
equipment.

Assay for caspase 3 activity

After appropriate treatments, 1x107 cells were harvested by
centrifugation at 1000 g for 5 min at 4 °C. Cell pellets were
washed with 1 ml of PBS, then suspended in 100 pl of lysis buffer
(50 mM HEPES, pH 7.4, 5 mM CHAPS, 5 mM DTT) containing 1 mM
PMSF protease inhibitor, and maintained for 30 min on ice with
occasional agitation. Cell debris was removed by centrifugation at
15,000 g for 20 min at 4 °C. Cell lysates were transferred to a
microplate, placing 50 ul per well. Then, 10 ul of 7.8 mM Ac-DEVD-

pNA were added and the volume completed to 100 pl with the
reaction buffer (100 mM HEPES pH 7.5, 0.5 mM EDTA, 5 mM DTT,
20% glycerol). Plates were covered and incubated at 37 °C for 2-4 h
until a yellowish colour was observed. The amount of released p-
nitroaniline was measured spectrophotometrically at 405 nm in a
microplate reader (BioRad).

Assay for caspase 8 activity

Cells were collected by centrifugation at 1000 g for 5 min at 4 °C.
Supernatants were gently removed and discarded while cell pellets
were lysed by addition of 50 pl of the same lysis buffer as that used
to measure caspase 3 activity. Cell lysate was incubated on ice for
10 min and then centrifuged at 15,000 g for 10 min. For the
reaction, 50 pl of cell lysate, 50 pl of the reaction buffer (20 mM
HEPES pH 7.4, 2.0 mM EDTA, 5 mM DTT, 1% CHAPS, 50% sucrose),
and 5 pl of 20 mM IETD-pNA, the chromogenic substrate for
caspase 8, were added to each well. The absorbance at 405 nm was
read in a microplate reader every 10 min during 3 h.

Western blotting

Aliquots of whole cell extracts or subcellular fractions correspond-
ing to 100 ng of total proteins were boiled for 1 min in the Laemmli
sample buffer [21] and analysed by polyacrylamide gel electro-
phoresis (T=10%) with sodium dodecylsulfate (SDS-PAGE) using
Tris-Glycine pH 8.3 (25 mM Tris; 192 mM Glycine; 0.1% SDS) as
running buffer. The gels were then electroblotted onto nitrocellu-
lose membranes during 1.5 h using transfer buffer pH 8.3 (25 mM
Tris, 195 mM glycine, 0.05% SDS, and 20% (v/v) methanol). The blots
were blocked by 1 h-incubation in TBS (25 mM Tris, 137 mM Nadl,
3 mM KCl, pH 7.4) containing 0.1% Tween 20 and 0.5% skim-milk
powder, and then incubated in the presence of appropriate
concentrations of the corresponding specific antibody. After
washing three times with TBS-0.1% Tween 20, the immunoblots
were probed with horseradish peroxidase-conjugated second anti-
body (1:1000) for 1 h at 25 °C and washed. Immunoreactive blotted
proteins were visualised by chemiluminiscence (enhanced chemi-
luminiscence system, ECL kit, Amersham Biosciences) and the
bands detected by using Fujifilm Intelligent Dark Box Il equipment
(Fuji, Japan) coupled to a LAS-1000 digital camera. Appropriate
controls of protein amount loaded in electrophoretic runs and
used for band density comparison are indicated in the figures.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA was isolated by means of Trizol Reagent, according to
Chomczynski and Sacchi [22]. RNA was reverse transcribed by
using Ready-To-Go T-Primed First-Strand Kit and the cDNA was
amplified by PCR. Specific primers were used for Bcl-2 and Bcl-xL
[23] and GAPDH [24]. PCR reactions were performed in a
Mastercycler Gradient (Eppendorf) at the following PCR cycling
conditions: an initial denaturing step at 94 °C for 5 min, 30 cycles
repeating 94 °C for 45 s, 60 °C for 45 s and 72 °C for 45 s, and a final
elongation step at 72 °C for 10 min. The PCR products were
analysed by electrophoresis on 1.5% agarose gel containing EtBr.
Gels were photographed and analysed with the Gel-Pro Analyzer
software using GAPDH as gene control. Primers sequence: EpoR
sense: 5' - tctgaagcagaagatctggece - 3/, antisense: 5’ - gatcatctg-
cagcctggtgt - 3’; GAPDH sense: 5’ - tgatgacatcaagaaggtggtgaag - 3/
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and antisense: 5’ - tccttggaggccatgtaggecat - 3’; Bcl-2 sense: 5 -
agatgtccagccagetgeacctgac - 3’ and antisense: 5’ - agcttgcat-
caccctgggtgcctatct - 3'; Bcl-xL sense: 5’ - cgggcattcagtgacctgac - 3/
and antisense: 5’ - tcaggaaccagcggttgaag - 3'.

Quantitative real-time PCR

Real-time PCR assays for EpoR, TNFR1, TNFR2 and GAPDH were
performed in a 25 pl-final volume containing 1 pl of ¢cDNA (1:10
dilution), 0.20 mM dNTPs, 0.25 uM specific primers, 3 mM MgCl,, 2 U
Taq DNA polymerase, and 1:30,000 dilution of Sybr Green. Specific
primers were used for TNFR1 and TNFR2 [25]. Real-time PCR
reactions were performed in a DNA Engine Opticon (M] Research
Inc.) and consisted of an initial denaturing step (94 °C for 5 min),
followed by 40 cycles (each of 94 °C for 45 s, 60 °C for 45 s and 72 °C
for 45 s). Sample quantification was normalised to endogenous
GAPDH. Each assay included a DNA minus control and a standard
curve performed with serial dilutions of control cDNA coming from
SH-SY5Y cells maintained in D-MEM:HamF12, 10% FBS. All samples
were run in duplicate and the experiment was repeated three times
with independently isolated RNA. Primers sequence: EpoR sense: 5’ -
tggtatctgactctggcatcte - 3’ and antisense: 5’ - tccctgatcatctgcagec - 37;
TNFR1 sense: 5’ - tcgatttgctgtaccaagtg - 3’ and antisense: 5' -
gaaaatgaccaggggcaacag - 3'; TNFR2 sense: 5’ - ccagtgcgttggacagaa -
3’ and antisense: 5’ - ggcttcatcccageatca - 3.

Confocal laser scanning microscopy

Cells were cultured on slide covers plated in 35 mm Petri dishes.
After obtaining 50% confluence (48 h), cell cultures were subjected
to different treatments. During the entire following procedure,
dishes were maintained on ice and washings with cold PBS for
10 min were performed between the different procedure steps.
After culture medium removal, cells were fixed with methyl
alcohol during 30 min. After blocking with 3% albumin in PBS for
1 h, an overnight incubation with the specific primary antibody
anti-NF<B (1:100 dilution) was performed. An Alexa Fluor 488 dye-
labelled secondary antibody was used and nuclei were stained
with propydium iodide. After mounting, confocal laser microscopy
was carried out on Laser Confocal Olympus Fluoview equipment,
under appropriate lasers. Co-localisation sequential scanning was
performed and digital images were obtained.

Statistics

Results are expressed as Mean+SEM. When corresponded, the non-
parametric Mann-Whitney U-test or the Kruskal-Wallis One Way
Analysis of Variance Test was employed. At least differences with
P<0.05 were considered the criterion of statistical significance.

Results
Apoptosis induced by TNF-a in SH-SY5Y cells

Time-course and dose-response analysis was developed to
investigate a possible proapoptotic effect of TNF-a upon cells of
neuronal origin. SH-SY5Y cell cultures were exposed to different
TNF-o concentrations (10, 25, 50 or 100 ng/ml), varying the length
of the incubation periods (6, 12 or 24 h).

Decreased cell viability and characteristic features of apoptosis
were already observed after a 12 h-incubation in the presence of
25 ng/ml TNF-a. As can be seen in Fig. 1, at this concentration, TNF-
a induced a significant decrease (P<0.001) in cell viability
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Fig. 1 - Proapoptotic effect of TNF-a and neuroprotective
action of erythropoietin. Cells, preincubated with 25 U/ml
rhuEpo during 12 h, were then cultured with or without 25 ng/
ml TNF-a for 12 h (ET and E, respectively). Non Epo-pretreated
cells were also incubated in the presence of 25 ng/ml TNF-o for
a 12 h (T) and control cells received no treatment (C). Some
cultures were developed in the presence of 25 pM Ly294002
(PI3K inhibitor) or 25 pM AG490 (Jak2 inhibitor) before the
addition of Epo (LyET and AGET). At the end of the whole
treatment period, cell viability and apoptosis signals were
determined by different assays with congruent results. (A) Cell
viability, determined by the MTT assay, showed a significant
decrease induced by TNF-a (*T vs. C, P<0.001, n=5) which was
almost prevented by the Epo pre-treatment (#ET vs. T, P<0.01,
n=5). (B) The typical ladder pattern induced by TNF-a was not
observed under the protective effect of Epo. (C) Significant
changes in nuclear morphology was observed under
fluorescence microscopy by staining with Hoechst dye after
treatment with TNF-a (*T vs. C, P<0.01, n=>5). Cell protection was
observed by the Epo pre-treatment (#ET vs. T, P<0.01, n=5). This
effect was abrogated when cultures were performed in the
presence of either Ly294002 or AG490 (n=3, A-C). Each bar
represents Mean *SEM.
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measured by the MTT assay (Fig. 1A), the appearance of a DNA
degradation ladder pattern analysed by electrophoresis in agarose
gels (Fig. 1B), and a significant increase (P<0.001) in the number of
apoptotic cells showing nuclear chromatin condensation evaluated
by fluorescence microscopy after Hoechst 33258 staining (Fig. 1C).

Activation of caspases associated to TNF-a-induced apoptosis

The extrinsic apoptotic pathway activated by ligand-bound death
receptors such as TNF-a is closely related to the activation of
caspase 8 [26]. We then investigated the activation of caspases and
PARP cleavage as signals of SH-SY5Y cell response to TNF-a
treatment. Caspase activities were measured by spectrophoto-
metric methodology, using two different chromogenic substrates,
IETD-pNA for caspase 8, and Ac-DEVD-pNA for caspase 3, whereas
PARP cleavage was evaluated by Western blotting.

Both, caspase 8 and caspase 3 activities increased due to
activation of death receptors by TNF-a (Figs. 2A and 2B) and
cultures performed in the presence of the proinflammatory cytokine
resulted in endogenous PARP cleavage, yielding an 85-kDa fragment
(Fig. 2C). Therefore, results obtained on caspase 3 activity, in
accordance with those of the PARP cleavage, confirmed the activa-
tion of caspase 3.

The results support that TNF-a-induced SH-SY5Y cell killing
activated apoptotic pathways that involve caspase activation
mostly through extrinsic apoptotic mechanisms.

Prevention of TNF-a-induced apoptosis by erythropoietin

Previously, we have demonstrated the expression of Epo receptors
in the SH-SY5Y cell line and an Epo antiapoptotic effect by treating
these cells with 25 U/ml Epo for 12 h before the induction of
apoptosis by staurosporine [6]. In a previous work, we investigated
the protective effect of Epo at different concentrations and found
that even though at 10 U/ml it showed antiapoptotic action, this
dose proved not to be suitable to completely prevent the effect of
25 nM staurosporine [6]. Therefore, in the present work, similar
pretreatment was used as a model to study whether Epo might be
able to prevent the apoptosis induced by TNF-c.

Fig. 2 - Activation of caspases by TNF-a. Cells, preincubated
with 25 U/ml rhuEpo during 12 h, were then cultured with or
without 25 ng/ml TNF-a for additional 12 h (ET and E,
respectively). Non Epo-pretreated cells were also incubated in
the presence of 25 ng/ml TNF-a for 12 h (T), and control cells
received no treatment (C). Assays in the presence of the
inhibitors Ly294002 or AG490 were carried out for 2 h previously
to the Epo-pretreatment. Caspase activity was determined by
cleavage of two different chromogenic substrates, IETD-pNA

for caspase 8 (A) and Ac-DEVD-pNA for caspase 3 (B), and the
product absorbance after a 4 h-incubation was measured at
405 nm. PARP cleavage was evaluated by the presence of the

85 kDa band observed after Western blotting (C). Both caspase 8
and caspase 3 activities were enhanced due to the action of
TNF-a (*T vs. C, P<0.01). Epo prevented caspase activation

(#ET vs. T, P<0.005) whereas cell pretreatments in the presence
of either Ly294002 or AG490 cancelled the Epo protective effect
(A-C). Each bar represents Mean+SEM corresponding to 3
independent assays.

Epo did not promote cell growth but it prevented apoptosis, as
reflected by the fact that DNA degradation and characteristic
apoptotic nuclear images as well as caspase activation induced by
TNF-o. were found to be almost completely abolished by the Epo
pretreatment (Figs. 1 and 2). Taking together, these findings
confirmed that Epo prevents the apoptosis of SH-SY5Y cells
induced by the proinflammatory cytokine. However, this protec-
tive effect was not detected when Epo and TNF-o were
simultaneously added to cell cultures (data not shown).

Erythropoietin-mediated neuroprotection involves Jak2 and
PI3K pathways

It is known that Jak2 and STAT molecules are involved in Epo-
mediated signal transduction pathways activated by Epo binding
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to the EpoR [3,27]. On the other hand, pathways mediated by
phosphatidylinositol 3-kinase (PI3K) were found to be involved in
Epo-mediated erythroid and neuronal cell protection [6,7,28]. To
test the contribution of Jak2 and PI3K signalling pathways to Epo-
mediated SH-SY5Y neuronal cell survival when treated with TNF-a
we incubated cells with the selective inhibitors AG490 and
LY294002, respectively. Sequential cell treatments were carried
out for 2 h in medium containing 25 pM AG490 or 25 M
Ly294002, additional 12 h-incubation with 25 U/ml Epo, and then,
cultured in the presence of 25 ng/ml TNF-a.

Results in Figs. 1 and 2A-C showing that Jak2 inhibition
completely abolished the antiapoptotic effect of Epo point to the
direct substrate of Jak2 as an early regulator in the antiapoptotic
cascade activated by Epo in our experimental model.

On the other hand, a significant decrease in cell viability and an
increase in apoptotic signs observed in cells cultured in the
presence of Ly294002 suggest an important role for the PI3K
signalling pathway in the cell protective role of Epo (Figs. 1 and 2).

Antiapoptotic mechanisms induced by erythropoietin

Modulation of TNF receptors
It is known that TNF signalling is mediated via two distinct
receptors, TNFR1 and TNFR2, which showed partially overlapping
signalling mechanisms and biological roles depending on cell type
[29]. By Real time PCR, TNFR1 was found constitutively expressed
in SH-SY5Y cells at basal levels, while significant upregulation
(P<0.05) was observed by incubation in the presence of TNF-o
(Fig. 3).

To further analyse whether the observed antiapoptotic con-
tribution of Epo could be related to modulation of death receptors,
we examined the expression of TNFR1 in cells subjected to Epo
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Fig. 3 - Modulation of TNFR1 mRNA expression by
erythropoietin. Real time-PCR was performed to analyse
TNFR1 mRNA levels, using GAPDH as internal control. Cells,
preincubated with 25 U/ml rhuEpo for 12 h, were then cultured
with or without 25 ng/ml TNF-a for another 12 h-period

(ET and E). Non Epo-pretreated cells were also incubated in the
presence of 25 ng/ml TNF-a for 12 h (T) while control cells
received no additional treatment (C). Assays in the presence
of the inhibitors Ly294002 or AG490 were carried out for 2 h
before the addition of Epo to cultures. TNFR1 was found
constitutively expressed and significantly upregulated (*T vs. C,
P<0.05) by the presence of TNF-o. This cytokine-induced
expression of TNFR1 was counteracted by the Epo-pretreatment
(#ET vs. T, P<0.05) through mechanisms involving Jak2 and
PI3K activation. Bars indicate Mean = SEM of TNFR1 mRNA levels
expressed as arbitrary units with respect to GAPDH (n=3
independent assays).
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Fig. 4 - Upregulation of Bcl-2 by erythropoietin. Cells
preincubated with 25 U/ml rhuEpo for 12 h were then cultured
with or without 25 ng/ml TNF-o for another 12 h-period (ET and
E). Non Epo-pretreated cells were also incubated in the
presence of 25 ng/ml TNF-a during 12 h (T) while control cells
received no additional treatment (C). Assays in the presence of
the inhibitors Ly294002 or AG490 were carried out for 2 h
before the period of Epo-pretreatment. Bcl-2 expression was
detected at mRNA and protein levels by using RT-PCR (A) and
Western blotting (B) assays, respectively. The photographs

are representative of 3 different assays. Density of
chemiluminiscent bands was estimated by an appropriate
software and expressed as arbitrary units with respect to actin
(C). Each bar represents Mean*SEM of 3 different independent
assays. Bcl-2 expression was significantly induced by Epo (*E vs.
C, P<0.05) but this effect was only partially demonstrated in the
presence of TNF-o.

treatment previously to the TNF-a-induced apoptosis. The
increased expression of TNFR1 induced by TNF-a was completely
abolished by Epo (Fig. 3, ET vs. T, P<0.05), through mechanisms
mediated by Jak2 and PI3K activation (Fig. 3). These results
contributed to explain not only the apoptotic effect of TNF-a but at
least one mechanism related to the Epo protective action in the
presence of this proinflammatory cytokine.
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Conversely, the very low levels of TNFR2 detected in SH-SY5Y SH-SY5Y cells, Epo was found to induce an increased expression of
cells were not found modified under the effect of TNF-« (data not Bcl-2 at both mRNA and protein levels (Fig. 4). As mentioned
shown). before, cell stimulation by Epo is mediated by the activation of Jak2

and PI3K pathways. Therefore, inhibitors of these signalling
Modulation of members of the Bcl-2 family pathways modulated negatively the Epo-induced expression of

It has been reported that modulation of members of the Bcl-2 Bcl-2 (Fig. 4). This effect was only partially observed in the
family are associated to cell protection by Epo. On the basis that presence of TNF-«. On the other hand, neither TNF-a nor Epo were
overexpression of bcl-2 gene delays caspase 3 activation [30], we able to modulate the expression of other members of this family,
decided to further investigate whether Bcl-2 factors are involved in such as the antiapoptotic factor Bcl-x; and the proapoptotic factor
the antiapoptotic effect of Epo. Consistent with its action upon the Bax (Data not shown).
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Fig. 5 - NF-«B involvement in cell activation by erythropoietin. Kinetic assays were performed in the presence of Epo to detect
nuclear translocation of NF-«B. Cell subfractions were prepared from cell cultures treated with 25 U/ml Epo for 0,1, 2, 3, 6 and 12 h.
Samples from nucleus and cytosol were analysed by Western blotting with anti-p65 antibody or anti-IkB antibody. Either actin or
histone was used as internal control in assays using cytosol or nuclear fractions, respectively. The time-course of disappearance of
NF-kB from the cytosol is consistent with the appearance of this factor in the nuclear fraction. IxB degradation, detected along the
incubation period with Epo, also support the process of NF-«B activation. The photographs are representative of 3 different assays.
Density of chemiluminiscent bands was estimated by appropriate software and expressed as arbitrary units. Each bar represents
Mean SEM of different 3 independent assays.
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Induction of NF-KkB

Evidence has suggested an important role of NF-kB proteins as
intracellular messengers transmitting Epo-derived signals to the
nucleus [31,32]. Besides, cross-talk between Jak2 and NF-xB has
been related to erythropoietin-mediated neuroprotection [33].
Since activation of the Jak2 pathway was found to be involved in
Epo-mediated protection of SH-SYY cells against the apoptosis
induced by TNF-a (Figs. 1-4), we investigated the role of NF-xB
in cell activation by Epo. After SH-SY5Y cell exposure to Epo for
different periods, cytosol and nuclear fractions were separated
to analyse the NF-«B and IkB localisation by immunoblotting.
Fig. 5 shows that the time-course of disappearance of NF-xB
from the cytosol was found to be closely associated to
increasing levels of this factor in the nuclear fraction. At the
same time, the disappearance of IkB was consistent with its
ubiquitination and proteasomal degradation, allowing NF-xB
translocation to the nucleus where it activates the transcription
of its target genes.
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Based on these results, we decided to further investigate
possible modulation of c-FLIP; (cellular FLICE-inhibitor protein),
the expression of which is regulated by the transcriptional activity
of NF-xB [34]. This protein, a catalytically inactive caspase 8
homologue, functions as a caspase 8 dominant negative, blocking
the apoptosis triggered by death receptors [35]. Notwithstanding,
the levels of c-FLIP, RNAm were found unchanged at different cell
treatments (data not shown), therefore suggesting that this
antiapoptotic factor is not affected by the TNF-a-induced apoptosis
or by the neuroprotection due to Epo.

Activation of STAT5

Once the activation kinetics of NF-kB was established, it was
interesting to study other classic signalling pathways activated by
EpoR. Because of the role of Jak2 signalling pathways in the Epo
antiapoptotic effect, time-course of STAT5b activation was deter-
mined by detecting this transcription factor in cytosolic and
nuclear subfractions at different times of Epo exposure.
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Fig. 6 — STAT5 involvement in Epo activated effect. Cells incubated in the presence of 25 U/ml Epo for different periods (from 0 to
12 h) were used to analyse nuclear translocation of STAT5b. Cell subfractions were obtained as indicated in Materials and methods
and analysed by Western blotting using anti-STAT5b antibody. Either actin or histone was used as internal control of protein loading
in assays corresponding to the cytosolic or nuclear fraction, respectively. The photographs are representative of 3 different assays.
Density of chemiluminiscent bands was estimated by appropriate software and expressed as arbitrary units. Each bar represents
Mean *SEM of different 3 independent assays. The time-course of disappearance of STAT5b from the cytosol was found to be
consistent with that of the appearance of this factor in the nuclear fraction. The blots are representative of 3 independent assays

with similar findings.
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It can be seen in Fig. 6 that the disappearance of STAT5 from the
cytosol is closely associated to increasing levels of this factor in the
nuclear fraction, a showing STAT5 activation kinetic similar to that
observed for NF-KB.

Interplay between signalling pathways induced by
erythropoietin and TNF-a

NF-KB: a common transcription factor between Epo and TNF-«
Although cells treated with TNF-ao may undergo apoptosis, the
activation of additional antiapoptotic pathways by the proinflam-
matory cytokine may also modulate programmed cell death.
Taking into account that cell death receptors are known to initiate
signals that regulate NF-B activation, we investigated this nuclear
factor activation by Western blotting in a set of experimental
assays. Fig. 7 shows increasing nuclear localisation of NF-xB due to
the effect of either Epo or TNF-a. Moreover, under our experi-
mental conditions, TNF-a and Epo appeared to have additive
effects (Fig. 7A, ET vs. E or T). Despite of the decreased activation of
NF-+B detected in cell cultures developed in the presence of the
inhibitors Ly294002 and AG490, this additive action of Epo plus
TNF-a could not be completely blocked (Fig. 7A).

To corroborate these data, NF-kB nuclear localisation was
observed by confocal laser scanning microscopy (Fig. 8B).
Consistent with results of NF-kB protein levels, the analysis of
confocal images demonstrated the presence of NF-kB in nuclei
after cell incubation in the presence of TNF-q, Epo, or both factors
simultaneously.

Modulation of erythropoietin receptor by TNF-a

The NF-+B activation induced by the presence of either TNF-a or
Epo suggested the involvement of common mediators in the
regulatory mechanism of our experimental model. The way in
which pathways activated by Epo and TNF-o interact and regulate
each other may have an effect on cell fate to apoptosis or survival.
This suggestion and the lack of an antiapoptotic effect of Epo when
added to cell cultures simultaneously with TNF-« lead us to further
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investigate potential cross-talk between signalling pathways
activated by both factors. In this context, the following question
was analysed: is TNF-« capable of regulating the expression of the
erythropoietin receptor?. By using Real time-PCR and Western
blotting, EpoR was found to be negatively modulated by the
inflammatory cytokine and this effect was at least in part
counteracted by the cell pretreatment with Epo (Fig. 9).

Discussion

In this work, we have characterised some aspects of the process of
cell death triggered by the inflammatory cytokine TNF-« in the
human SH-SY5Y cell line derived from neuroblastoma. We have
identified apoptosis as the type of cell death induced by TNF-o.
Results indicate that exposure to 25 ng/ml TNF-« for at least 12 h
induced apoptosis of SH-SY5Y cells (Figs. 1 and 2). Since it is known
that an apoptotic cell is characterised by morphological, biochem-
ical and genetic changes and that these signs are not always
simultaneously present, special care was taken to detect indepen-
dent or dependent death phenomena by using different methods.
Congruent results were found among qualitative and quantitative
data, such as those determining chromatin condensation (Hoechst
staining and fluorescent measurement), DNA fragmentation
(ladder electrophoresis), and caspase activation (enzymatic ability
to cleave chromogenic substrates and to produce PARP degrada-
tion) (Figs. 1 and 2).

Tumour necrosis factor (TNF), a potent cytokine that exerts
pleiotropic functions related to immunity, inflammation, and
apoptosis, is the prototypical member of a family of cytokines
with still growing functions. Although most TNF-c is recognised as
a potent inducer of the signalling pathways that lead to activation
of the transcription factor NF-kB, it can also induce apoptosis by
activation of death receptors. TNF-a binds and induces signals
through two distinct receptors, TNFR1 and TNFR2, which are
present in most cells. In the SH-SY5Y cell line, we detected mainly
TNFR1 and only a slight expression of TNFR2. However, it has been
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Fig. 7 - NF-kB activation by TNF-a and Epo. Cell, preincubated with 25 U/ml Epo for 12 h, were then cultured with or without 25 ng/
ml TNF-a for another 12 h-period (ET and E). Non Epo-pretreated cells were also incubated in the presence of 25 ng/ml TNF-a during
12 h (T) while control cells received no treatment (C). Assays in the presence of the inhibitors Ly294002 or AG490 were carried out
during 2 h before the period of Epo-pretreatment. Western blots show increased NF-«B nuclear levels in cell cultures incubated in the
presence of Epo, TNF-a or both factors at the same time. Equal loading of nuclear protein was confirmed by histone. The blot is
representative of three independent assays. Density of chemiluminiscent bands was estimated by appropriate software and expressed
as arbitrary units with respect to histone. Each bar represents Mean+SEM of different 3 independent assays.
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anti-NF-«xB

PI merge

Fig. 8 — Confocal analysis of NF-«B activation by TNF-a and Epo. Similar results to Western blotting analysis was observed when
nuclear translocation of NF-kB, induced by Epo and TNF-o, was detected by confocal laser scanning microscopy. Cell, preincubated
with 25 U/ml Epo for 12 h, were then cultured with or without 25 ng/ml TNF-o for another 12 h-period (ET and E). Non
Epo-pretreated cells were also incubated in the presence of 25 ng/ml TNF-a during 12 h (T) while control cells received no treatment
(C). Cells were then processed for immunofluorescence staining as described in Materials and methods. Green stain indicates the
localisation of protein p65, and red stain (PI) indicates the nucleus. The images shown are representative experiments from two
other independent determinations with essentially the same findings.

reported that TNFR1 appeared to be sufficient to induce most
common TNF responses such as activation of NF-«B, cytotoxicity
and proliferation. Nevertheless, it has been demonstrated that in
some cell types, TNFR2 can independently mediate cellular
responses like activation of NF-«B, proliferation and cell death
[29]. Even though more research is needed to fully clarify the role
of these TNFRs, some reports indicate diverse involvement of the
two receptors in the large repertoire of cellular TNF responses.
These differential effects might explain the result found in our
work, which shows close association between TNF-induced

upregulation of the TNFR1 expression and a proapoptotic effect
of the cytokine (Figs. 1C and 3).

Apoptosis mediated by TNFR1 involves two sequential
signalling complexes. The initial plasma membrane bound
complex (complex I), consisting of TNFR1, the adaptor TRADD
(TNFR1-associated death domain protein), the kinase RIP
(receptor-interacting protein), and TRAF2, rapidly signals activa-
tion of NF-kB. In a second step, TRADD and RIP1 associate with
FADD (Fas-associated death domain protein) and procaspase 8,
forming a cytoplasmic complex (complex II). Thus, TNFR1-
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Fig. 9 — Modulation of erythropoietin receptor by TNF-o.

Cells preincubated with 25 U/ml Epo for 12 h were cultured
with 25 ng/ml TNF-a for another 12 h-period (ET). Non
Epo-pretreated cells were also incubated in the presence of

25 ng/ml TNF-a during 12 h (T) while control cells received no
treatment (C). Additional assays were performed in the
presence of the inhibitors Ly294002 or AG490 for 2 h previous
to the period of incubation with Epo. A negative modulation of
EpoR by TNF-a was detected by Real time-PCR (A, *P<0.05) and
Western blotting (B). Results are Mean *SEM of at least 3
experiments in A (expressed as arbitrary units with respect to
GAPDH) and representative of 3 experiments in B (expressed as
arbitrary units with respect to actin). This effect of TNF-o was
counteracted by cell pretreatment with Epo through
mechanisms involving Jak2 and PI3K signalling pathways.

mediated signal transduction includes a checkpoint, resulting in
cell death in instances where the initial signal fails to be activated
[34]. As a consequence of this, activation of procaspase 8 starts a
cascade of caspase activation. In accordance with this mechanism,
we found increased activity of caspase 8 after the SH-SY5Y cells had

been treated with TNF-« (Fig. 2). Caspase 8 then activates down-
stream caspases, such as caspase 3, which participates in the
execution of the apoptotic process. Therefore, consistent results
were observed among measurements of caspase 8 and caspase 3
activities, as well as in assays of PARP cleavage, the substrate of
activated caspase 3 (Fig. 2).

We have previously demonstrated that the process of apoptosis
induced in SH-SY5Y cells by staurosporine could be prevented by
cell pretreatment with erythropoietin [6]. In a similar model,
complete protection against the apoptotic effect of 25 ng/ml TNF-a
was also demonstrated in this work when cells of the SH-SY5Y line
were previously treated for 12 h with 25 U/ml Epo TNF-« (Fig. 1).
However, Epo failed to prevent the cytokine-induced apoptosis
when both compounds were simultaneously added to the culture
medium (data not shown). These results suggest activation of
cellular pathways during the period of preincubation with Epo,
causing increased cell resistance to the subsequent TNF-o-induced
apoptosis. Indeed, the negative modulation of EpoR by TNF-o
(Fig. 9) may support this hypothesis.

In order to gain further insight into the mechanisms involved in
this antiapoptotic effect of Epo, modulation of specific receptors
and expression of transcription factors have been evaluated. A
significant prevention by Epo of upregulation of the TNFR1
expression induced by TNF-a coincided with an attenuated
deleterious effect of the proinflammatory cytokine. This means
that the sensitivity shown by SH-SY5Y cells to TNF-a may be partly
due to the upregulation of the death receptor expression observed
after cell incubation with the cytokine. Therefore, at least one
mechanism leading to the Epo neuroprotective effect may be
related to the prevention of the increase in binding sites for TNF-ov.
On the other hand, by using AG490, an inhibitor of Jak2, we have
demonstrated the protective action of Epo to be mediated by this
signalling pathway. In the hematopoietic system, the mechanisms
by which Epo signals are linked to gene transcription have been
extensively investigated. Once Epo binds to its receptor EpoR, Jak2
associated to the EpoR cytoplasmic domain rapidly becomes
activated by transphosphorylation. Subsequently, tyrosine resi-
dues in the EpoR become phosphorylated and recruit multiple
signalling molecules that contain Src homology 2 domains, inclu-
ding STAT5 and PI3K. In our model, Epo exerted its protective
action on SH-SY5Y cells induced to apoptosis in a PI3K dependent
manner; thus, the ability of Epo to exert neuroprotection was
found to be decreased in the presence of the specific PI3K inhibitor
LY294002 (Figs. 1-4 and 7). In cells stimulated by Epo, the time
course analysis of the disappearance of STAT5 from the cytosol was
closely associated to increasing levels of this factor in the nuclear
fraction (Fig. 6). Therefore, the antiapoptotic effect of Epo in
neuronal cells, like its effect upon erythroid progenitors, appeared
to be mediated by activation of Jak2/STAT5 and PI3K signals. The
results presented in this paper are consistent with studies showing
the ability of Epo to exert neuroprotective and cardioprotective
action originated in upstream pathways that involve Jak2 activa-
tion [33,36]. In this regard, Um and Lodish found an Epo protective
action upon differentiated SH-SY5Y cells carrying a prolactin/
erythropoietin receptor chimera system, and this Epo effect was
associated to activation of STAT5, AKT, and MAPK signalling
pathways [3].

As regards the antiapoptotic effect of Epo, we detected the
induction of higher Bcl-2 at mRNA and protein levels (Fig. 4). This
result agrees with other reports since cell activation by Epo is
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known to be controlled by anti-death members of the Bcl-2 family,
such as Bcl-2 and/or Bcl-x; [37,38]. We have previously observed
that preincubation with Epo prevented the subsequent stauros-
porine-induced apoptosis of SH-SY5Y cells through mechanisms
mediated by Bcl-x,, instead of Bcl-2 [6]. However, in the present
work, in similar assays run in the presence of TNF-c, Bcl-x; was not
found to be induced. These results suggest that modulation of this
antiapoptotic factors depends on the type of apoptotic agent and/
or the degree of cell injury. Increased Bcl-2 immunoreactivity was
demonstrated in rodent models of hypoxic-ischemic injury but it
was not observed in all animals, suggesting that Bcl-2 expression
may be influenced by the degree of the insult, species-specific
factors, and gender-specific factors [37].

In a physiological context, variable regulatory effects of NF-xB
on different promoters offer the potential for target genes to be
under the transcriptional control of distinct NF-<B subunits. How
it operates within the nervous system and whether it might be a
distinguishing feature of NF-kB activation by discrete stimuli and
in distinct cell types remains unknown. It has been shown that
NF-+B resides in the cytoplasm in an inactive form consisting of
three protein subunits, a transcription factor dimer and an
inhibitory subunit called IkB. Several different NF-<B DNA-
binding subunits have been identified, including p65, p50 and
p52 [39]. In this work, we found that Epo treatment of SH-SY5Y
cells induced the expression and translocation of NF-«B p65.
Kinetic assays showed the disappearance of this factor from the
cytoplasm consistent with the increasing levels in the nuclear
subfraction (Figs. 5 and 8). The simultaneous decrease in IKkB
expression suggested rapid degradation of this inhibitor due to
activated signalling pathways. These results are consistent with
Epo-activation of IKKs, the kinases that phosphorylate IkB and
lead to its subsequent ubiquitination and proteasomal degrada-
tion, thereby allowing NF-kB to translocate to the nucleus where
it activates the transcription of target genes [31].

Interestingly, in our experimental model, we also found
activation of NF-«B by TNF-a. It is known that the proinflamma-
tory cytokine TNF plays a key role in a wide variety of physiological
processes, including inflammation, proliferation and programmed
cell death. These pleiotropic biological effects of TNF result from its
ability to initiate different intracellular signalling pathways. It has
been reported that activation of TNFR1 is capable of activating two
pathways simultaneously, leading to the induction of apoptosis
and the activation of NF-kB at the same time [40]. This can explain
our finding of increased nuclear localisation of NF-«B not only due
to cell activation by Epo but also caused by the presence of TNF-a
(Figs. 5, 7 and 8). Moreover, additive NF-kB levels were observed
when cell cultures were developed in the presence of both factors,
Epo and TNF-a.. Nevertheless, the protective effect of NF-xB was
not enough to impede TNF-a-induced apoptosis of SH-SY5Y cells
(Fig. 1).

In conclusion, we have described mechanisms related to the
antiapoptotic effect of Epo against TNF-a-induced cell death and
obtained data suggesting a cross-talk between death receptor and
Epo/EpoR signalling pathways. A similar cross-talk has been
recently identified by the finding that TNFR1 was necessary for
the expression of EpoR and then, for Epo mediated neuroprotec-
tion in cerebral tissue [41].The results provide evidence for the
complexity of the role of individual cytokines and let us suggest
that cell sensitivity to death receptor-induced apoptosis may be
regulated by several factors, such as cytokine concentration, time

of activation, and cross-talk between different signals. Therefore,
the balance of these factors, which might decide between cell
survival and cell death, might be essential for the cellular
pathological outcome. This can explain why, in our experimental
design, the incubation of SH-SY5Y cells with TNF-a leads to
apoptosis in spite of the cytokine ability to induce NF-xB nuclear
translocation. In accordance, Taoufik et al. have suggested that NF-
KB may represent the link between pathways activated by TNFR1
and EpoR [41]. The high expression of TNFR1 under TNF-a
exposure and the lack of contribution of the Bcl-2 family members
may increase neuronal cell sensitivity to the proinflammatory
cytokine but it may also sensitise cells to the antiapoptic action of
Epo. Our present study also shows further evidence that cells
activated by Epo become more resistant to cell death. Prevention of
death receptor upregulation and caspase activation may explain
this antiapoptotic effect of Epo, which may be favoured by
induction of higher expression of protective factors, such as Bcl-2
and NF-kB, through mechanisms involving Jak/STAT and PI3K
signalling pathways.

This study underlined the Epo capacity as an anti-inflammatory
factor which may play a significant role in stimulating neuropro-
tection, presumably through its antiapoptotic effects.
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