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BACKGROUND AND PURPOSE
Tianeptine is an antidepressant affecting the glutamatergic system. In spite of its proven clinical efficacy, molecular effects of
tianeptine are not entirely clear. Tianeptine modulates cytokine expression in the CNS and protects the hippocampus from
chronic stress effects. HIV infection is associated with inflammation and neuronal loss, causing HIV-associated dementia (HAD).
The human immunodeficiency virus type-1 glycoprotein gp120 has been proposed as a likely aetiological agent of HAD. In
this study, we determined whether tianeptine protects astroglial cells from the neurodegenerative effects of gp120.

EXPERIMENTAL APPROACH
Human astroglial cells were treated with gp120 and tianeptine, and viability and apoptosis was monitored by TUNEL, annexin
V, and activated caspase-3 staining and flow cytometry. Protein levels of glutamine synthase (GS), inducible and constitutive
nitric oxide synthases (iNOS, cNOS) and nuclear factor kB (NF-kB) pathway were determined by Western blot analysis. The
respective activities were assessed indirectly by measuring glutamine and nitrite concentrations or by luciferase reporter
assays.

KEY RESULTS
Tianeptine showed an anti-apoptotic effect and prevented caspase-3 activation by gp120. The mechanism of tianeptine’s
action involved GS and cNOS stabilization and iNOS suppression. Moreover, tianeptine increased IkB-a levels in the absence
of gp120 and blocked its degradation in response to gp120. This correlated with the suppression of basal and gp120-induced
NF-kB transcriptional activity.

CONCLUSIONS AND IMPLICATIONS
Tianeptine clearly exerts neuroprotective effects in vitro by suppressing the molecular pro-inflammatory effects of gp120.
Studies in animal models should be performed to evaluate the potential of tianeptine as a treatment for HAD.
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Abbreviations
Abs, antibodies; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CMV, cytomegalovirus; cNOS,
constitutive nitric oxide synthase; FITC, fluorescein isothiocyanate; GLT1, glutamate transporter 1; Gp120, glycoprotein
120; GS, glutamine synthase; HIV, human immunodeficiency virus; IkB, inhibitor of nuclear factor kB; iNOS, inducible
nitric oxide synthase; LPS, lipopolysaccharide; NF-kB, nuclear factor kB; NMDA, N-methyl-D-aspartic acid; NO, nitric
oxide; z-VAD-fmk, benzyloxycarbonyl-Val-Ala-Asp fluoromethyl ketone

Introduction

Tianeptine is an antidepressant with a unique mode of
action. It interferes with the effects of stress on glutamatergic
transmission (Kole et al., 2002; McEwen and Chattarji, 2004;
McEwen and Olie, 2005; Reagan et al., 2004; 2007; Spedding
and Lestage, 2005; Svenningsson et al., 2007) and represents
one of the few agents which do not inhibit monoamine
uptake. Paradoxically, tianeptine has been reported to
enhance 5-HT re-uptake, in contrast to the majority of anti-
depressive drugs which act as selective 5-HT (serotonin)
re-uptake inhibitors, although this action might be secondary
to other effects induced by tianeptine (McEwen and Olie,
2005).

Evidence has accumulated showing that tianeptine acts
via modulation of glutamatergic transmission and glutamate
turnover. Tianeptine induces serine phosphorylation of
AMPA receptors and this effect positively regulates glutamate
transmission and plasticity at excitatory synapses (Svennings-
son et al., 2007). This molecular mechanism may explain
many of the biological effects of tianeptine, such as the inhi-
bition of stress-induced reduction in cell proliferation and
hippocampal volume, stress-dependent activation of the
amygdale as well as the decrease in cerebral metabolites elic-
ited by chronic stress (Czeh et al., 2001; Fuchs et al., 2004;
McEwen and Chattarji; 2004; Reagan et al., 2007). Besides the
induction of AMPA receptor phosphorylation, tianeptine has
been shown to inhibit chronic restraint stress-induced
changes in glutamate transporter EAAT2 (GLT1) expression
on glial cells. Interestingly, tianeptine administration to
control rats had no effect on EAAT2 and this suggests that
tianeptine may act to normalize glutamatergic function
during stressful stimuli, an effect which might involve some
complex regulatory mechanisms occurring within astrocytes
(Reagan et al., 2004).

Evidence exists that the conversion of glutamate to
glutamine, taking place within the astrocytes, represents a
key mechanism in the regulation of excitatory neurotrans-
mission under normal conditions as well as in injured brain
(Szatkowski and Attwell, 1994). The synaptically released
glutamate is taken up by astroglial cells and then converted
into non-toxic glutamine by the glia-specific enzyme
glutamine synthase (GS); on the other hand, glutamine
re-enters the glutamatergic neurone where it is converted
by glutaminase into glutamate, thus replenishing the neu-
rotransmitter pool (Kennedy et al., 1974). The possible
modulation of GS activity has been studied during numerous
neuropathological states, including inflammation,
ischaemia/reperfusion injury, etc. (Oliver et al., 1990; Huang
and O’Banion, 1998). In particular, overproduction of reac-
tive oxygen species, which occurs during excitotoxicity in
brain tissues, leads to a reduced ability of astroglial cells to

regulate glutamate turnover via inhibition of GS activity (But-
terfield et al., 1997). Moreover, the peroxynitrite, generated
by the reaction between NO and superoxide anions, leads
to nitration of tyrosine residues located at the active site of
GS enzyme (Muscoli et al., 2007). Thus, both oxygen-
and nitrogen-reactive species interfere with GS activity in
astrocytes.

We have recently demonstrated that inflammatory
stimuli such as lipopolysaccharide (LPS) plus interferon g
(INF-g) as well as the HIV-coating gp120 induce GS dysregu-
lation in cultured astrocytes (Muscoli et al., 2005; Visalli et al.,
2007). Interestingly, tianeptine has been shown to attenuate
the effects of LPS on the CNS by decreasing the production of
pro-inflammatory cytokines such as interleukin-1b (IL-1b)
and INF-g, and inducing anti-inflammatory cytokines such as
IL-10 (Castanon et al., 2001; 2003; 2004). Moreover, tianept-
ine prevents the IL-1b-induced glutamatergic lesions in the
cortex and white matter (Plaisant et al., 2003). The mecha-
nism underlying these anti-inflammatory effects of tianept-
ine has not been addressed so far. As the effects of LPS seem
to involve cross-talk between inducible and constitutive
release of nitric oxide (NO) and activation of nuclear factor
kB (NF-kB) pathway (Colasanti et al., 1997), it is likely that
the amount of NO released under different pathophysiologi-
cal conditions may represent a crucial mechanism affecting
GS activity and glutamate turnover in glial cells.

The experiments reported in this work have been
designed to study: (i) the effect of tianeptine on HIV coating
gp120-related changes of GS activity and expression in
human cultured astroglial cells; (ii) possible modulation of
NOS by tianeptine in astrocytes undergoing gp120-related
injury; and (iii) possible mechanisms of this modulation. We
show that the powerful protective action of tianeptine is
accompanied by an increase in GS activity, an effect which is
likely to be secondary to the modulation of constitutive and
inducible forms of NOS and to the repression of the NF-kB
pathway.

Methods

Cell culture
The astroglial cell lines Lipari and U373 were prepared and
grown as previously described (Mollace et al., 2002). The
majority of the experiments were performed on Lipari astro-
glial cells unless indicated otherwise. Cells were expanded
and cultured by seeding them in 10 cm plastic dishes at a
density of 2 ¥ 106 cells per dish in DMEM supplemented with
10% fetal calf serum, 2 mM L-glutamine, 1 mM sodium pyru-
vate, 100 U·mL-1 penicillin, 100 mg·mL-1 streptomycin (com-
plete medium), and incubated at 37°C in humidified air
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containing 5% CO2. For all experiments the cells were seeded
at 0.8 ¥ 104 per cm2 the day before the treatments or other-
wise indicated.

Reagents and antibodies
Tianeptine (Servier, Neuilly-sur-Seine, France) was freshly pre-
pared for each experiment as 10 mM stock solution in Dul-
becco’s modified Eagle’s medium (DMEM). Recombinant
HIV-1 (IIIB) and glycosylated gp120 with a molecular weight
of approximately 115 kDa, produced using the baculovirus
expression system (purity: >90% by SDS-PAGE) was pur-
chased from RDI Division (Fitzgerald Industries Interna-
tional, Acton, MA, USA). The following antibodies (Abs) were
purchased from Transduction Laboratories (Lexington, KY,
USA) and used for Western blotting: monoclonal anti-
glutamine synthase (cat. 645020, used 1:3000), monoclonal
anti-iNOS (cat. N39120, used 1:2000), monoclonal anti-
nNOS (cat. 610427, 1:2000). Other Abs used for Western
blotting were: anti-IkB-a (SC-1643, used 1:2000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), monoclonal anti-b-
actin (1:5000; Sigma-Aldrich, St Louis, MO, USA).

Flow cytometric analysis of Annexin
V positive cells
The supernatant medium from astroglial cells grown on 24
well plates and treated for the required time with tianeptine
and gp120 was collected in flow cytometry tubes. Adherent
cells were detached by trypsin and mixed with the respective
supernatants, washed with phosphate buffered saline (PBS)
and resuspended in PBS, containing 1% fetal bovine serum
(FBS) at 5 ¥ 105 mL-1 cell density. Then 100 mL of cells were
mixed with 100 mL of Binding buffer (BioVision, cat. 1035–
100; Mountain View, CA, USA) containing 7-amino actino-
mycin (7-AAD) and 2 mL of FITC-Annexin V (BioVision, cat.
1001–200) and incubated according to the manufacturer’s
instructions. Annexin V and 7-AAD positive cells were analy-
sed by FACS Canto II Flow Cytometer (BD Biosciences, Eren-
bodgem, Belgium) in 530 and 630 nm channels (FITC and
PerCP-Cy5 channels). All treatments and labelling were per-
formed in triplicate.

Activated caspase-3 analysis by
flow cytometry
After the various treatments (performed in 6 well plates), the
astroglial cells were incubated in the pre-warmed DMEM
(10% FBS) with 5 mM FITC-z-VAD-fmk (Promega, Madison,
WI, USA) at 37°C for 20 min. Next, the cells were washed
twice in PBS, trypsinized for 5 min and collected in flow
cytometry tubes. The cells were pelleted by centrifuging for
4 min at 350¥ g, washed in PBS and finally suspended in PBS
or PBS containing 1 mg·mL-1 propidium iodide. After 5 min,
stained and control unstained cells (treated in parallel) were
acquired at FACS Canto II Flow Cytometer with 530 and
585 nm channels. Analysis was performed by FlowJo software
(Treestar Inc., Ashland, OR, USA). The propidium iodide posi-
tive cells were excluded from analysis.

Glutamine assay
Glutamine levels in the supernatants of human astroglial
cells were determined by using a glutamine assay kit (Sigma-

Aldrich) based on the reductive deamination of glutamine by
a proprietary enzyme. The reaction is specific for glutamine
and does not cross-react with other amino acids or ammonia.
Briefly, cell supernatants, glutamine standards and cell
culture medium were incubated with the reaction buffer, the
dilution buffer and the specific enzyme for 1 h 30 min at
37°C. The colour reagent was added to each sample and the
samples were allowed to stand for 5–10 min at room tempera-
ture. Absorbance was measured at 550 nm using a spectro-
photometer. To calculate the quantity of glutamine, a linear
regression analysis of the standard curve was performed. The
GS-derived glutamine levels were considered as the amount
of glutamine present above the basal levels of glutamine in
the medium, incubated as cell cultures but without the cells.

Nitrite concentration measurements
Nitrite (NO2-) in the cell culture supernatant was measured
by the Griess reaction. Aliquots of the cell supernatants
were mixed with an equal volume of Griess reagent (1%
sulphanilamide/0.1% naphlethylendiamine dihydrochloride/
2.5% H3PO4). The absorbancy was measured at 546 nm and
NO2- concentration was determined with sodium NO2- as a
standard. Results are expressed as nmol NO2- mL-1 or normal-
ized to the NO2- levels in control cells.

Western blotting analysis
Astroglial cells were seeded on 6 well plates at a density of
80–100 000 cells per well. Next day, the cell monolayers were
either treated or untreated with gp120 and/or tianeptine for
the required time periods. For NOS and GS Western blotting,
the monolayers were washed once with PBS and solubilized
by direct addition of a preheated (to 80°C) denaturing buffer,
containing 50 mM Tris-HCl pH 6.8, 2% SDS and protease
inhibitor cocktail (Sigma-Aldrich). Solubilized samples were
collected and immediately boiled for 2 min. Bromophenol
blue, glycerol and b-mercaptoethanol were then added to
final concentrations of 0.05, 10 and 2% respectively. Samples
were boiled again before being loaded onto 10% polyacryla-
mide SDS (SDS-PAGE) gels. For IkB-a analysis, the cells were
lysed in cold radioimmunoprecipitation (RIPA) buffer (1%
Igepal, 50 mM Tris-HCl ph 7.5, 150 mM NaCl, 1 mM EDTA)
supplemented with protease (CompleteMini, Roche Diagnos-
tics, Indianapolis, IN, USA) and phosphatase inhibitors (NaF
2 mM, sodium orthovanadate 1 mM); protein concentration
was quantified by BCA protein assay (Pierce, Rockford, IL,
USA); and lysates were processed by boiling for 5 min at 95°C
in Laemmli buffer. Then 4 mg of protein lysate was loaded on
8% SDS-PAGE gels. After electrophoresis, polypeptides were
electrophoretically transferred to nitrocellulose filters (Bio-
Rad, Hercules, CA, USA). The incubation with the primary
antibody was performed overnight in 5% milk. After incuba-
tion with secondary antibody (1:5000, anti-mouse horserad-
ish peroxidase conjugate from Transduction Laboratories),
blots were developed with the enhanced chemiluminescence
procedure, using reagents (ECL-Plus) from Amersham Life
Science (Piscataway, NJ, USA).

NF-kB promoter activity luciferase assay
Transcriptional activation of NF-kB was analysed by Dual
luciferase assay system (Promega). U373 astroglial cells were
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seeded on 24 well plates and 24 h later the cells were trans-
fected with reduced amounts of plasmids and Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) to minimize toxic
effects of transfection. The following reporter plasmids were
used: pNF-kB-Luc plasmid (2.25 mg per 24 wells), with the
firefly luciferase gene under the control of five repeats of the
NF-kB enhancer element (Stratagene, La Jolla, CA, USA).
Transfection efficiency was normalized by co-transfecting

cells (0.2 mg per 24 wells) with pRL-CMV vector (Promega), a
plasmid encoding the renilla luciferase gene under CMV
promoter. Transfection was carried for 2.5 h. 20 h after trans-
fection the cells were stimulated with gp120 and/or tianep-
tine for 5 h. Finally, the cells were lysed and processed
according to Promega kit instructions. Luciferase activities
were measured by DCR-1 luminometer (Digene Diagnostics,
Gaithersburg, MD, USA). Background values were adjusted

Figure 1
Tianeptine prevents gp120-induced apoptotic cell death in cultured astroglial cells. (A) Lipari astroglial cells were treated with gp120 for 72 h.
Tianeptine was added 1 h before the addition of gp120. Cell mortality was assessed by % trypan blue positive cell counts after enzymatic cell
detachment by trypsin. Data represent the mean of eight independent experiments � SEM. The * indicates a statistically significant difference at
P < 0.05 for gp120-treated astrocytes versus control; # indicates a statistically significant change at P < 0.05 for gp120 plus tianeptine versus gp120
only-treated astrocytes. (B) Incubation of Lipari astroglial cells with gp120 (10 nM) for 48 h induced mainly apoptotic cell death, as assessed by
FITC-Annexin V/7-AAD double labelling followed by FACS bi-parametric analysis. Tianeptine (10, 50, 100 mM) prevented the effect of gp120. Cells
(0.8 ¥ 104 cm-2) were seeded 24 h before the treatment. Annexin V columns show the percentage of total Annexin V positive cells, early (Annexin
V positive 7-AAD negative) and -late (double stained) apoptotic cells; 7-AAD only columns show the percentage of Annexin V negative, 7-AAD
positive cells which correspond mainly to necrotic cells. Data represent the mean � SEM of three independent experiments. *, # - see (A).
(C) Representative dot plots of FITC fluorescence versus 7-AAD fluorescence for the experiment shown in (B). Unstained AnnV – cells stained with
7-AAD, but not with FITC-Annexin V. (D) Incubation of U373 astroglial cells with gp120 for 48 h leads to caspase-3 activation as shown by the
increased binding to FITC-conjugated z-VAD-fmk. Tianeptine antagonized the caspase-3 cleavage in response to gp120. U373 astroglial cells were
treated and untreated with tianeptine at different concentrations and then stimulated or not with gp120 (10 nM). 48 h later the cells were
incubated with FITC-z-VAD-fmk and processed for FACS analysis, followed by FlowJo analysis of FITC-positive gate. The experiment was performed
four times in triplicate. *, # - statistical analysis was performed as in (A). (E) Representative dot plots of FITC fluorescence versus side-scatter for
the experiment shown in (D).
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with non-transfected lysates. Each lysate was measured at
least three times and each treatment was performed six
times.

Data analysis and statistical procedures
Statistical analysis of the numerical data from all the experi-
ments was performed using ANOVA, followed by Student–
Newman–Keuls test. Optical density (OD) of Western blots
was assessed by NIH image software for each individual blot
and a respective loading control. The main OD values were
divided by loading control OD and normalized to OD values
in untreated cells. The latter were assigned an arbitrary value
of ‘1’. This was done for each independent experiment and
the mean was calculated.

Results

Tianeptine protects from
gp120-induced apoptosis
To evaluate potential protective effects of tianeptine against
HIV-induced neurodegeneration, we used Lipari human astro-
glial cells as an in vitro model (Visalli et al., 2007). Gp120
induced a dose-dependent reduction in cell viability within
24 h (Figure S1A,B) and this reached 45% after 72 h. Impor-
tantly, the incubation with tianeptine significantly reduced
the percentage of trypan blue positive astrocytes in a dose-
dependent manner (Figure 1A), but had no statistically signifi-
cant effect on control cells. Cell death caused by gp120 was
mainly due to apoptosis, as demonstrated by Annexin V
staining (Figure 1B,C) and confirmed by TUNEL assay
(Figure S1A,B). In fact, 7-AAD positive, but Annexin V nega-
tive cells were in the minority of dying cell population even at
48 h post-gp120 treatment. Tianeptine protected the astro-
cytes from apoptosis induced by gp120 in a dose-dependent
manner (Figure 1B,C and Figure S1B). Again, no statistically
significant change in basal apoptosis was induced by tianept-
ine alone (Figure 1B). Gp120-induced apoptosis involves
caspase-3 activation in lymphocytes and neuronal cells
(Garden et al., 2002; Perfettini et al., 2005). Therefore, we
determined whether caspase-3 is also activated in astroglial
cells in response to gp120. After gp120 treatment in the
presence or absence of tianeptine, the cells were stained with
FITC-z-VAD-fmk, a fluorescent version of irreversible caspase-3
inhibitor. Gp120 significantly activated caspase-3 compared
with control cells (Figure 1D,E) in a dose-dependent manner
(Figure 1D). The actual percentage of apoptotic cells in
response to gp120 was dependent on cell density at the begin-
ning of the treatment (Figure S1C,D). The protective effect of
tianeptine was also dependent on cell density and the drug
exerted maximal protection at 5 mM if applied for 48 h on cells
growing at high density (Figure S1D).

Tianeptine modulates GS levels and activity
We have previously shown that glutamine synthase protein
levels are down-regulated in gp120-treated astroglial cells and
antioxidant N-acetylcysteine treatment was able to partially
restore normal GS levels (Visalli et al., 2007). We determined
whether the protective action of tianeptine also correlates
with an increase in GS levels and/or activity. To this end, we

pretreated the astroglial cells with different concentrations of
tianeptine (10–100 mM) before the addition of gp120 and 24 h
later determined the glutamine concentration in the medium
as an indirect measure of GS activity and also evaluated GS
protein levels in cell lysates in the same experiment. As
expected, gp120 markedly reduced GS protein expression
compared with untreated cells (Figure 2B). This correlated
with a reduction in glutamine concentration by 75%, suggest-
ing a significant decrease in GS activity in these
cells (Figure 2A). Importantly, the presence of tianeptine
restored both GS parameters in a dose-dependent manner
(Figure 2A,B).

Tianeptine modulation of NO synthesis
and iNOS and cNOS levels
We and others have demonstrated that treatments with
gp120 and other pro-inflammatory stimuli such as LPS and
INF-g, result in a rapid and transient reduction in NO levels,
reflecting inhibition of cNOS activity (Colasanti et al., 1997).
This precedes a sustained up-regulation of inducible NOS and
subsequent excessive increase in NO (Mollace et al., 1993).
Therefore, we measured the nitrate levels 30 min after the
treatment with gp120 to detect the transient NO decrease in

Figure 2
Tianeptine enhances glutamine synthase (GS) levels and activity in
astroglial cells. (A) The decrease in glutamine concentration in the
supernatant of astroglial cells incubated with gp120 is reversed by
tianeptine. Treatment of astroglial cells with gp120 (10 nM) for 24 h
produced a reduction in glutamine formation compared with the
untreated control. Tianeptine (10, 50, 100 mM) reversed this effect.
Data represent the mean � SEM of five independent experiments.
*P < 0.05 when compared with control; #P < 0.05 as compared to
gp120 alone-treated cells. (B) The effect of gp120 on GS expression
levels in astroglial cells. Incubation of astroglial cells with gp 120
(10 nM) for 24 h dose dependently reduced the GS expression.
Pretreatment for 2 h with tianeptine (10, 50, 100 mM) antagonized
this effect. Blots are representative of four independent experiments.
Normalized optical density of GS signal from four experiments is
shown next. Data represent the mean � SEM.
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the presence and absence of tianeptine. Tianeptine 100 mM
prevented the reduction in nitrate concentration elicted by
gp120 (Figure 3A). This correlated with changes in the expres-
sion of the neuronal isoform of cNOS (nNOS) measured 24 h
after the addition of gp120 or gp120 plus tianeptine in cell
lysates from the same experiment (Figure 3B). Moreover,
tianeptine prevented the induction of iNOS observed 24 h
later upon the addition of gp120 in the same experiment
(Figure 3D). The changes in iNOS and nNOS levels induced
by gp120 and tianeptine were reflected by nitrate levels in the
cell culture supernatant assessed 24 h after the addition of
both factors (Figure 3C). Indeed, the induction of iNOS by
gp120 led to a strong increase in nitrates concentration (sev-
enfold), while co-treatment with tianeptine suppressed NO
production in a dose-dependent fashion.

Tianeptine prevents activation of NF-kB by
controlling IkB-a levels
The main signalling route responsible for the induction of
iNOS is the classical NF-kB pathway. Gp120 was shown to
activate NF-kB in lymphoblastic and other CD4 expressing
cell lines (Bossis et al., 2002). We evaluated the activation of
NF-kB by monitoring changes in IkB-a levels and NF-kB pro-
moter activity in astroglial cells. First we checked the effect of
gp120 on IkB-a degradation. As shown in Figure 4A, gp120
induced a significant drop in IkB-a levels, detected 30, 40 and
60 min after its addition. Next we selected the 40 min treat-
ment with gp120 as the optimal time to evaluate possible

effects of tianeptine on IkB-a degradation in astroglial cells.
Tianeptine pretreatment for 1 h counteracted the gp120-
induced decrease in IkB-a levels in a dose-dependent manner
(Figure 4C); the effect induced by 50 mM tianeptine correlated
with a significant reduction in NF-kB promoter activity, as
determined by luciferase reporter assay 5 h after gp120 stimu-
lation (Figure 4D). Interestingly, tianeptine at doses from 5
up 100 mM increased the basal levels of IkB-a (Figure 4B).
Accordingly, we observed reduced NF-kB luciferase activity in
cells pretreated with tianeptine alone compared with control
cells (Figure 4D).

These data indicate that tianeptine protects the astrocytes
from apoptotic cell death by interfering with the early events
triggered by gp120, such as degradation of IkB-a followed by
NF-kB activation.

Discussion and conclusions

GS is the fundamental enzyme for astroglial and neuronal
protection as it catabolizes excessive amounts of glutamate
released by damaged cells (Oliver et al., 1990; Tuor et al.,
1995, 1996; Bertorelli et al., 1998). The reactive increase of GS
activity occurs after brain injury and it is protective in gp120-
related astrocytic dysfunction (Muscoli et al., 2005). There-
fore, the increased GS activity induced by tianeptine
(Figure 2A), which counteracts the down-regulation of GS
induced by incubation of astroglial cells with gp120, might

Figure 3
Tianeptine effect on nitric oxide and nitric oxide synthases. (A) Tianeptine prevents the transient decrease in nitrite levels in the supernatant of
astroglial cells incubated with gp120. Treatment of astroglial cells with gp120 (10 nM) for 30 min produced an initial decrease of nitrite levels
compared with untreated controls. Tianeptine (10, 50, 100 mM) reversed this effect dose dependently. Data represent the mean � SEM of five
independent experiments normalized to and expressed as percentage of nitrite concentration in untreated cells. *P < 0.05 when compared with
control; #P < 0.05 tianeptine-treated versus gp 120 only treated cells. (B) The effect of gp120 on nNOS levels in human cultured astroglial cells.
Incubation of cells with gp 120 (10 nM) for 24 h dose dependently reduced the nNOS expression as measured by Western blotting analysis.
Tianeptine (10, 50, 100 mM), antagonized this effect dose dependently. Blots are representative of four independent experiments. Normalized
optical density of nNOS signal from four experiments is shown next. Data represent the mean � SEM. (C) Tianeptine prevents a later increase in
nitrite levels in the supernatant of astroglial cells incubated with gp120 for 24 h. The experiment was performed as in (A) but the nitrate levels
were assessed after 24 h. Data represent the mean � SEM of three independent experiments. *,# - see (A). (D) Changes in protein levels of iNOS
in a similar experiment to that in (B). Blots are representative of three independent experiments. Normalized optical density of nNOS signal from
three experiments is shown below. Data represent the mean � SEM.
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be able to protect astrocytes from HIV-related dysfunction.
However, this increase in GS activity is likely to be driven, at
least in part, by NO release from the neuronal isoform of
constitutive NO synthase (nNOS). Indeed, the dose-response
curves for the effects of tianeptine on GS activity and nitrate
levels were perfectly superimposable, indicating that these
effects cannot be separated in terms of neuroprotection and
are directly dependent on each other (Figure 5A). This sug-
gests that nanomolar concentrations of NO directly regulate
GS, in accordance with data from our and other groups
showing that constitutive release of NO by cNOS is necessary
to sustain GS activity in the adaptive response of astrocytes to
inflammatory stimuli (Minana et al., 1997). In particular, we
have previously shown that NMDA-related, constitutive
release of NO correlates with enhanced GS expression in
astroglial cells. On the other hand, the activation of iNOS by
LPS plus IFN-g has been shown to reduce NMDA-related
elevation of GS (Muscoli et al., 2005). This latter effect most

likely occurs because the overproduction of NO as a later
consequence of exposure of astrocytes to gp120 impairs GS
activity and stability, possibly via nitration and nitrosylation
as shown by others (Gorg et al., 2007). Thus, the return of
nNOS towards basal levels may represent a crucial mecha-
nism activated by tianeptine, which could be involved in its
anti-apoptotic effect on gp120-induced apoptosis (Figure 5B).

Evidence exists that NO released under basal conditions
by cNOS maintains iNOS in a non-activated state through the
inhibition of the NF-kB signalling, which in turn regulates
the iNOS by transcriptional mechanisms (Colasanti and
Suzuki, 2000). NF-kB represents one of the most important
signalling pathways that mediate the expression of iNOS
following the addition of a variety of extracellular mediators,
including endotoxin and inflammatory cytokines (Bonaiuto
et al., 1997; Chao et al., 1997; Massa and Wu, 1998; Hartlage-
Rubsamen et al., 1999). When low concentrations of endog-
enous as well as exogenous NO are released, NF-kB is kept in

Figure 4
Tianeptine interferes with NF-kB signalling by stabilizing IkB-a in astroglial cells. (A) Time-course analysis of IkB-a protein levels in response to
gp120 stimulation. The astroglial cells (seeded 1.5 ¥ 104 cm-2 cells 24 h before the treatments) were stimulated with 10 nM gp120 and lysed in
RIPA buffer at indicated time points. Lysates were processed and 5 mg of total protein lysates were loaded on the 10% SDS-PAGE gel and
subsequently analysed by Western blotting. The blot is representative of three independent experiments. The graph represents the normalized
mean OD of IkB-a signal divided by mean OD of actin signal from three independent blots � SEM. (B) Tianeptine stabilizes IkB-a in the absence
of gp120 stimulation. The cells seeded as in (A) were treated for 1 h 40 min with different concentrations of tianeptine and processed as in (A)
for Western blotting. The graph represents the normalized OD of IkB-a signal from analysed as in (A). (C) Tianeptine inhibits the degradation of
IkBa induced by gp120. The astroglial cells were seeded as in (A) and stimulated with gp120 for 35 min. Tianeptine at different doses was added
1 h before the administration of gp120. The cells were processed for Western blotting as in (A). The graph shows the normalized OD of IkB-a
signal analysed as in (A) from 3 independent experiments. (D) NF-kB transcriptional activity is suppressed by tianeptine. The astroglial cells were
transfected with pNfkB-Luc and pRL reporter plasmids. Twenty hours post-transfection, the cells were stimulated with 10 nM gp120 and/or
tianeptine (50 mM) for 5 h or left untreated. Each treatment was performed six times. Luciferase activity and internal control renilla activity are the
mean of six experimental points. Data represent the mean � SEM of a representative experiment, which was performed three times. *P < 0.05
when compared with control; #P < 0.05 tianeptine and gp120 versus gp120 alone-treated cells.
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an inactive state (Togashi et al., 1997). Many factors may
contribute to NO-related inhibition of NF-kB, including a
direct effect of NO on the binding of NF-kB to its promoter
response element without affecting the activation and trans-
location of NF-kB (Matthews et al., 1996; DelaTorre et al.,
1997). NO has been shown to inhibit NF-kB DNA binding
through S-nitrosylation of the Cys 62 residue of p50 subunit
(delaTorre et al., 1998). Moreover, NO and NO donors have
been shown to inhibit NF-kB more upstream, via the stabili-
zation of its inhibitor IkB-a, without affecting the mRNA
expression of NF-kB subunits p65 or p50 (Peng et al., 1995).
Similarly, in our hands, tianeptine prevented an early down-

regulation of IkB-a (30 min) induced by gp120 (Figure 4A,C),
needed for the activation of the classical NF-kB pathway and
iNOS induction. Interestingly, our data show that tianeptine
stabilizes IkB-a even in the absence of gp120 (Figure 4B),
indicating that astroglial cells in culture have elevated levels
of basal NF-kB signalling, which can be further increased by
gp120, or reduced by tianeptine (Figure 4D). We do not know
if the tianeptine-dependent block of IkB-a degradation is a
result of its early positive effect on nNOS levels (Figure 3A,B)
and nanomolar levels of NO (Peng et al., 1995) or induced by
other unknown mechanisms. However, it is likely that the
inhibitory effect of tianeptine on iNOS (Figure 3C,D) is medi-
ated by suppression of NF-kB activation.

These novel findings suggest a mechanism for the anti-
inflammatory effects of tianeptine reported previously;
tianeptine was shown to attenuate the pro-inflammatory
effects of IL-1b in the CNS (Plaisant et al., 2003) and LPS-
induced expression of TNF-a in the spleen and TNF-a plasma
levels (Castanon et al., 2004). Moreover, chronic tianeptine
treatment altered the balance between pro- (IL-1b, TNF-a)
and anti-inflammatory cytokines (IL-10) in the hypothala-
mus following LPS injection. As cytokine expression and
inflammation are regulated by NF-kB, it is likely that the
inhibitory action of tianeptine on NF-kB signalling observed
by us may represent a common mechanism for the anti-
inflammatory and anti-apoptotic effects of this drug.

Thus, while the augmentation of GS activity has been
claimed to play a pivotal role in the therapeutic effects of
tianeptine (Roegel and Eftekhari, 2009), this action is only
one of many potential downstream effects of tianeptine, most
likely secondary to its effects on cNOS and iNOS, IkB and
NF-kB as depicted in Figure 5B.

In conclusion, our data show that tianeptine, a novel
antidepressant drug, attenuates the pro-apoptotic effect of
the HIV-coating gp120 neurotoxin in human astrocytes.
Tianeptine restores GS activity and expression in astroglial
cells following incubation with gp120 by regulating the
balance between constitutive and inducible release of NO by
astroglial cells. This effect correlated with the inhibition of
NF-kB transcription factor at the level of IkB-a stabilization.

As shown in our model of molecular circuits activated by
gp120 and conteracted by tianeptine (Figure 5B), an initial
decrease in NO is necessary for NF-kB triggering and subse-
quent iNOS induction. In contrast, the inhibition of this
decrease will prevent iNOS induction. Indeed, when tianep-
tine is added to gp120-treated astrocytes, nNOS is re-activated
and iNOS expression is attenuated (Figure 3), thus indicating
that tianeptine may allow the NO generating system to
work under a ‘non-inflamed’ state of efficiency. This model
suggests a mechanism for the previously described anti-
inflammatory effects of tianeptine (Plaisant et al., 2003;
Castanon et al., 2004) and indicate its potential as a drug
for the treatment of neurodegenerative pro-inflammatory
changes in the CNS that accompany HIV infection in a sub-
stantial group of AIDS patients.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Caspase-3 activation by gp120 and the anti-
apoptotic effect of tianeptine in astroglial cells is cell density
dependent. (A) Incubation of Lipari astroglial cells with
gp120 (0.1, 1 and 10 nM) for 24 h induced apoptotic cell
death, as assessed by TUNEL assay followed by FACS analysis.
Cells (0.8 ¥ 104 cm-2) were seeded 24 h before the treatment.
Data represent the mean � SEM of three independent experi-
ments. The * indicates a statistically significant difference at
P < 0.05 for gp120-treated astrocytes versus control; # indi-
cates a statistically significant change at P < 0.05 for gp120
plus tianeptine versus gp120 only-treated astrocytes. (B)
Tianeptine (10, 50, 100 mM) in a dose-dependent manner
prevented the effect of gp120. The cells were seeded as above
and the drug was added 1 h before the addition of gp120. *,
# - see (A). (C) U373 astroglial cells were seeded at the density
0.5 ¥ 104 cm-2. Next day, the cells were treated and untreated
with tianeptine at different concentrations and then stimu-
lated or not with gp120 (10 nM). Then 48 h later the cells
were incubated with FITC-z-VAD-fmk and processed for FACS
analysis, followed by FlowJo analysis of FITC-positive gate.
The experiment was performed three times in triplicate. The
graph shows the means of a representative experiment and
SEM. (D) The cells were seeded at 5.0 ¥ 104 cells cm-2. Next
day, the cells were treated as in (A) followed by the analysis
48 h post-treatment as in (A). The graph shows one of three
experiments performed in triplicate that yielded similar
results and SEM. Note that the dense cells were much more
resistant to apoptosis induced by gp120 and lower concen-
trations of tianeptine fully protected these cells from
caspase-3 activation. In A, B, C, D, statistical analysis was
performed by ANOVA.
Flow cytometric analysis of TUNEL positive cells.
Astroglial apoptotic nuclei produced after incubation of
astrocytes with gp120 were assessed by terminal deoxynucle-
otidyl transferase (TdT)-mediated dUTP-biotin nick-end
labelling (TUNEL) of DNA strand breaks by using a commer-
cial kit from Promega (cat. #G3250). Briefly, astroglial cells
after required treatments were trypsinized, gently detached
from plastic and then processed according to manufacturer’s
instructions as cells in suspension. Propidium iodide-stained
hypoploid and TUNEL positive cells were analysed by FACS
Canto II Flow Cytometer with 530 and 585 nm channels.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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