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Immunophilin ligands decrease release of pro-inflammatory cytokines
(IL-1�, TNF-� and IL-2) in rat astrocyte cultures exposed to simulated
ischemia in vitro. B. GABRYEL, K. £ABUZEK, A. MA£ECKI, Z.S. HER-
MAN. Pol. J. Pharmacol. 2004, 56, 129–136.

The aim of present study was to evaluate the effects of immunophilin
ligands (cyclosporin A, FK506 and rapamycin) on the simulated ischemia-
induced release of pro-inflammatory cytokines (IL-1�, TNF-� and IL-2) in
rat primary astrocyte cell cultures. Astrocytes were exposed to cyclosporin A
(CsA) (0.25, 0.5, 1, 10, 20 and 50 �M), FK506 (1, 10, 100, 1000 nM) and ra-
pamycin (10, 100, 500 and 1000 nM). In vitro simulated ischemia signifi-
cantly increased secretion of IL-1�, TNF-� and IL-2 by astrocyte cultures
deprived of microglia (by shaking and incubating with L-leucine methyl es-
ter). CsA (at concentrations of 10–50 �M), FK506 (at all used concentra-
tions) and rapamycin (in dose-dependent manner) significantly attenuated
IL-1� release after 24 h exposure to ischemic conditions. Immunophilin
ligands at all used concentrations significantly decreased TNF-� levels in
culture media after 24 h exposure to ischemia. Moreover, significant de-
crease in IL-2 secretion at 0.25, 0.5, 1 and 50 �M CsA and FK506 at concen-
trations of 100 and 1000 nM were observed.

The results suggest that immunophilin ligands may regulate glial activity
during ischemia by affecting the release of pro-inflammatory cytokines.
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Abbreviations: CaN – calcineurin, CNS – cen-
tral nervous system, CsA – cyclosporin A, FKBP –
FK506 binding protein, G-CSF – granulocyte
colony-stimulating factor, GM-CSF – granulocyte/

macrophage colony-stimulating factor, IL-1β – in-
terleukin-1 , IL-2 – interleukin-2, IL-6 – inter-

leukin 6, INF-γ – interferon �, LPS – lipopolysac-
charide, NF-AT – nuclear factor of activated

T cells, NO – nitric oxide, TNF-� – tumor necrosis

factor�

INTRODUCTION

Pro-inflammatory cytokines (IL-1�, TNF-�,
IL-2, IL-6, INF-�), produced and released by glial
cells, are involved in the pathogenesis of many cen-
tral nervous system (CNS) diseases, such as bacte-
rial or viral infections, multiple sclerosis, Parkin-
son’s disease, Alzheimer’s disease and ischemia
[11, 18, 23, 33, 35, 43, 48]. Activated astrocytes
due to their ability to secrete cytokines play a sig-
nificant role in triggering and maintaining immune
response in the ischemic brain [12]. Pro-inflamma-
tory cytokines, such as IL-1�, TNF-� and IL-6
modulate apoptosis of CNS cells and lymphocyte
differentiation, proliferation and infiltration [25].
Immunosuppressive therapy has potential applica-
tion in clinical practice, as a method of neuropro-
tection [45]. Furthermore, neuroprotective effects
of immunosuppressants have been reported in ex-
perimental models of ischemia in vivo and in vitro,
as well as in various models of neurodegeneration
[4, 21]. Immunosupressant drugs, e.g. cyclosporin
A (CsA) or FK506 (tacrolimus) and rapamycin (si-
rolimus), are immunophilin ligands. In fact, studies
on mechanisms of their immunosuppressive action
have led to discovery of immunophilins (cyclo-
philin A and FK506 binding protein, FKBP) [42].

Immunophilins are more abundant in the brain
than in the immune system [7]. In neurons, expres-
sion of immunophilins is dynamically regulated in
response to neuronal injury [28]. For example,
FK506-FKBP12 complex binds to serine/threonine
protein phosphatase 2B (calcineurin, CaN), thereby
inhibiting its enzymatic activity [24]. Inhibition of
CaN prevents the dephosphorylation of the nuclear
factor of activated T cells (NF-AT) attenuating T cell
activation and resulting in immunosuppression and
inhibition of inflammation [10]. The numerous cy-
tokines, such as IL-2, IL-3, TNF-� INF-� and

GM-CSF are transactivated by a CaN signal and in-
volved in immunoactivation and inflammation
[39]. The evidences indicate the expression of CaN
in astrocytes [20, 31]. The detailed mechanisms of
the cytoprotective actions of immunophilin ligands
on CNS cells are still not fully recognized. For this
reason it is important to determine whether these
compounds exert cytoprotective effects towards
glial cells exposed to ischemia in vitro by their in-
fluence on the amount of secreted pro-inflamma-
tory cytokines. The present study is focused on the
modulation of pro-inflammatory cytokine (IL-1�,
TNF-� and IL-2) release by immunophilin ligands,
in rat primary astrocyte cultures subjected to simu-
lated ischemia in vitro. We compared the effects of
CsA, FK506 as well as rapamycin, an immunosup-
pressant not involved in CaN activation.

MATERIALS and METHODS

Cell cultures

Astrocytes were isolated from one day old Wis-
tar rats and cultured essentially according to the
method of Hertz et al. [22]. Briefly, hemispheres of
newborn rats were removed aseptically from the
skulls, freed of the meninges, minced and mechani-
cally disrupted by vortexing in DMEM containing
penicillin (100 U/ml) and streptomycin (100 �g/ ml).
The suspension was filtered through sterile nylon
screening cloth with pore sizes 70 �m (first siev-
ing) and 10 �m (second sieving). Subsequently,
cultures were incubated at 37°C in 95% air and 5%
CO$ with 95% relative humidity (CO$-Incubator,
Kebo-Assab, Sweden). The cells were counted in
a Coulter Z1 counter (Coulter Counter, UK) before
plating onto the plastic dishes. The concentration of
cells in suspension was adjusted to 1 × 10& cells/ml
and 0.1 ml was poured into each well of 96-well
Nunc tissue culture plate. The culture medium ini-
tially contained 20% of FBS and after 4 days was
replaced with medium containing 10% FBS. The
total volume of culture medium was changed twice
a week. The cells were cultured for two weeks until
confluence. On 14th day in vitro (DIV) astrocyte
cultures were deprived of microglia by shaking for
5 h and incubating with 5 mM L-leucine methyl es-
ter [46]. Under these conditions, microglial cells
were detached from the layer of astrocytes and
treatment with L-leucine methyl ester reduced mi-
croglial cell contamination because of destroying
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microglia but not astrocytes [6]. To identify astro-
cytes, cultures were stained immunocytochemi-
cally for glial fibrillary acidic protein (GFAP)
(Sigma, USA), a specific marker for astrocytes.
Analysis of the cultures has shown that 90–95% of
cells were GFAP-positive. About 1–2% of cells in
cultures reacted with Ricinus communis aggluti-
nin-1, a lectin that binds to surface glycoproteins
on microglia (Vector, Burlingame, USA). No neu-
rons, as confirmed by an immunocytochemical stain-
ing method using monoclonal antibodies against
MAP-2 (Promega, USA), were detected. All experi-
ments were performed on 21-day cultures.

Treatment of astrocyte cultures

Prior to the experiment, the cells were incu-
bated overnight with fresh medium. At the 21st
DIV, cultures of astrocytes were placed in the me-
dium deprived of glucose and serum, and incubated
for 24 h in the ischemia simulating conditions: 92%
N$, 5% CO$ and 3% O$ at 37°C. Osmolarity of the
medium was measured and adjusted to 319 mOsm
with mannitol. Astrocytes were exposed to CsA
(0.25, 0.5, 1, 10, 20 and 50 �M), FK506 (1, 10,
100, 1000 nM) and rapamycin (10, 100, 500 and
1000 nM) for 24 h of simulated ischemia in vitro.
Some astrocyte cultures were exposed for 24 h only
to normoxic or ischemic conditions. The super-
natants were harvested from all experimental groups
immediately after the end of incubation period.

Cytokine assay

IL-1�, TNF-� and IL-2 levels were measured
using a rat IL-1�, rat TNF-� and rat IL-2 ELISA
Kits (R&D) according to manufacturer’s recom-
mendation. The optical density was measured in
each well at the wavelength of 450 nm using a mi-
croplate reader (Multiscan, Finland). The detection
limits of the assays were determined as 5 pg/ml for
IL-1� as well as TNF-� and 15 pg/ml for IL-2. The
intra-assay precisions CV were 8.7%, 5.1% and
3.2% for IL-1�, TNF-� and IL-2, respectively.

Statistical analysis

Data were analyzed using one-way analysis of
variance (ANOVA) followed by the Student-New-
man-Keul’s test. A p value less than 0.05 was con-
sidered as statistically significant. All data were ex-
pressed as means ± SEM.

RESULTS

Effects of immunophilin ligands on IL-1� release

in primary astrocyte cell cultures exposed to

simulated ischemia in vitro

Figure 1 presents the effects of immunophilin
ligands on IL-1� level in culture media obtained
from astrocyte cultures exposed to ischemic condi-
tions in vitro. Twenty four-hour exposure of astro-
cytes to simulated ischemia resulted in about 10 times
increased IL-1� release. A lower CsA concentra-
tions (0.25-1 �M) did not decrease IL-1� levels in
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Fig. 1. Concentration-dependent effects of immunophilin
ligands on the production of IL-1� in cultured rat astrocytes
exposed to simulated ischemia. The cultures were incubated
with the indicated concentrations of CsA (A); FK506 (B) and
rapamycin (C) for 24 h under ischemic conditions. Each bar
represents the mean ± SEM of two experiments, four determina-
tions each (n = 8). The results are shown as pg/ml; *p < 0.05 vs.
normoxia; �p < 0.05 vs. ischemia



comparison with ischemic cultures. Incubation of
astrocytes with 10–50 �M CsA under ischemic
conditions attenuated cytokine release (Fig. 1A). Ra-
pamycin in dose-dependent manner significantly
decreased IL-1� concentration (Fig. 1C). Further-
more, FK506 at all used concentrations completely
reversed IL-1� release induced by ischemia in vitro
(Fig. 1B).

Effects of immunophilin ligands on TNF-� re-

lease in primary astrocyte cell cultures exposed

to simulated ischemia in vitro

Simulated ischemia in vitro increased TNF-�
levels more than twice, indicating that ischemic

conditions stimulated astrocytes in vitro to produce
TNF-�. Immunophilin ligands at all used concen-
trations decreased TNF-� levels after 24 h exposure
to ischemia. The results are presented in Figure 2.

Effects of immunophilin ligands on IL-2 release

in primary astrocyte cell cultures exposed to

simulated ischemia in vitro

In order to determine whether immunophilin
ligands are involved in anti-inflammatory pro-

132 Pol. J. Pharmacol., 2004, 56, 129–136

B. Gabryel, K. £abuzek, A. Ma³ecki, Z.S. Herman

0.25 0.5 1 10 20 50
0

50

100

150

200

T
N

F
- �

(p
g

/m
l) *

*
#

ischemianormoxia

#
#

#

#

*
#

#

Cyclosporin A ( M)

*
#

(A) Cyclosporin A

1 10 100 1000
0

50

100

150

200

T
N

F
- �

(p
g

/m
l)

normoxia ischemia

(B) FK506

FK506 (nM)

*

# #

#

#

1000500101
0

50

100

150

200

T
N

F
- �

(p
g

/m
l)

normoxia ischemia

Rapamycin (nM)

(C) Rapamycin

*

#

#

# #

Fig. 2. Concentration-dependent effects of immunophilin
ligands on the production of TNF-� in cultured rat astrocytes
exposed to simulated ischemia. The cultures were incubated
with the indicated concentrations of CsA (A); FK506 (B) and
rapamycin (C) for 24 h under ischemic conditions. Each bar
represents the mean ± SEM of two experiments, four determina-
tions each (n = 8). The results are shown as pg/ml; *p < 0.05 vs.
normoxia; �p < 0.05 vs. ischemia
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Fig. 3. Concentration-dependent effects of immunophilin
ligands on the production of IL-2 in cultured rat astrocytes
exposed to simulated ischemia. The cultures were incubated
with the indicated concentrations of CsA (A); FK506 (B) and
rapamycin (C) for 24 h under ischemic conditions. Each bar
represents the mean ± SEM of two experiments, four determina-
tions each (n = 8). The results are shown as pg/ml; *p < 0.05 vs.
normoxia; �p < 0.05 vs. ischemia



cesses occurring in the CNS, we also examined the
effects of the drugs on IL-2 release from ischemic
astrocyte cell cultures. Figure 3 presents the effects
of immunophilin ligands on IL-2 release in the ex-
amined cultures. The most significant inhibitory ef-
fects on IL-2 release were observed after treatment
with 0.25, 0.5, 1 and 50 �M CsA as well as 100 and
1000 nM FK506 (Fig. 3 A and B). The 10 and 20 �M
concentrations of CsA and 1 and 10 nM FK506 did
not affect the IL-2 levels in comparison with
ischemia-exposed group. Rapamycin at none of the
used concentrations decreased IL-2 release to the
level observed under normoxic condition. Yet, the
exposure of astrocytes to the drug at concentration
of 500 nM during 24 h ischemia significantly de-
creased IL-2 release to culture medium (Fig. 3C).

DISCUSSION

There are many factors that stimulate glial cells
to produce pro-inflammatory cytokines, e.g. lipo-
polysaccharide (LPS), fluid percussion trauma as
well as hypoxia-reoxygenation [8, 19, 29]. In our
study, we used simulated ischemia conditions as a
stimulus for the induction of cytokine release. This
experimental model may contribute to the clarifica-
tion of the mechanisms of action of drugs amelio-
rating ischemia-induced brain dysfunction [16, 47].
Recently, Lau and Yu [27] using Slot-blot analysis
and confocal microscopy provided the first evi-
dence that astrocytes in culture, without the influ-
ence of other cell types, could produce and release
cytokines following mechanical and ischemic in-
jury. In CNS, cytokines exert their function through
the receptors located on the surface of both glial
and neuronal cells, and through modulation of neu-
rotransmitter receptor function [5]. IL-1�, found in
glial cells, namely astrocytes and microglia, is in-
volved in ischemia-induced neurodegeneration [26,
41]. IL-1� stimulates astrocytes to proliferation, se-
cretion of TNF-�, IL-6, nerve growth factor (NGF)
and G-CSF, and nitric oxide (NO) synthesis [3, 17].
Similarly to TNF-�, IL-1� enhances the expression
of ICAM-1 and VCAM-1 on astrocytes [15]. Fur-
thermore, IL-1� could increase the synthesis of IL-
2. The findings of Eizenberg et al. [14] point to the
astrocytes as a source of cerebral IL-2.

In an experimental rodent model of ischemia,
augmentation of both IL-1� mRNA and protein ex-
pression is induced rapidly, although delayed en-
hancement of expression occurs even 48 h after

ischemia. TNF-� paralleled the increased IL-1�

levels after ischemic injury [50]. Although, in the

intact adult rat brain, TNF-� level is at or below the

detection limit, TNF-� mRNA expression is de-

tected mainly in astrocytes. Ischemia-induced brain

injury considerably (10- to 100-fold) increases

TNF-� levels. When stimulated by TNF-�, astro-

cytes express TNF-� mRNA, which indicates the

presence of a positive feedback loop for TNF-�

expression and response amplification [3]. In

ischemic areas, neurons are exposed to high TNF-�

levels, which may lead to their degeneration [50].

The last years have witnessed reports on the role of

TNF-� in inducing apoptosis in glial cells sub-

jected to ischemia [34]. The cytotoxic effect of

TNF-� is associated with metabolites generated by

lipooxygenase and with the ceramide cascade.

Apoptosis induced by the activation of TNF-� re-

ceptors may be caused directly by the activation of

the caspase cascade or indirectly by second mes-

sengers, such as ceramides and protein kinases

[38]. TNF-�, partially via activation of NFkB,

stimulates CNS cells, including astrocytes, to pro-

duce other cytokines, such as IL-1, IL-2, IL-6, IL-8,

G-CSF, GM-CSF [1].
The environment created in this experiment by

serum and glucose deprivation at low oxygen con-

centration caused injury and triggered the release

of IL-1�, TNF-� and IL-2 under ischemic incuba-

tion. Similar findings were reported by other

authors [27, 41]. Also, it has been shown that IL-1�

and TNF-� induced proliferation of astrocytes af-

ter ischemia, and modulation of proliferative/hy-

pertrophic response of astrocytes should be consid-

ered as a potential mechanisms of the protective ac-

tion of immunophilin ligands [2, 52].
In this study, we evaluated the effects of im-

munophilin ligands on 24-hour ischemia-induced

release of IL-1�, TNF-� and IL-2 from newborn rat

astrocyte cell cultures in order to measure at “one

point of time” the levels of cytokines after expo-

sure of cultures to damaging factor and drugs. We

noted that 10–50 �M CsA, 100–1000 �M rapamy-

cin as well as FK506 at all used concentrations

completely abolished ischemia-induced increase in

IL-1� release, indicating that immunophilin ligands

could affect respones of glial cells. In contrast,

lower concentrations of CsA (0.25–1 �M) did not

attenuate the ischemia-induced IL-1� release. The

results are in agreement with reports of Reisman et

al. [40] and Sakuma et al. [44], describing modula-
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tory effects of immunophilin ligands on IL-1� and

TNF-� secretion in vitro by various cell types both

un- or stimulated by LPS.
We have observed that immunophilin ligands

have the weaker effect on the TNF-� release by

ischemia-stimulated astrocytes. Apparently, the ob-

served immunosuppressive effects of these drugs

depend also on the type of cytokine and mechanism

of action. Furthermore, we have observed that such

concentrations of CsA completely blocked ische-

mia-induced IL-2 release, indicating that well

known immunosuppressive mechanism of drug ac-

tion predominates at lower CsA concentrations.

Muramoto et al. [37] in in vitro study have ob-

served the loss of cell viability in various cell lines

after administration of CsA at 10 �M, the dose re-

markably activating caspase-3 [37]. However,

McDonald et al. [32] showed that concentrations of

CsA ranging between 30–60 �M were toxic for as-

trocytes obtained from fetal mouse brain, and Mo-

sieniak et al. [36] found that 50 �M CsA induced

apoptosis of rat C6 glioma.
We also showed that FK506 inhibited the IL-2

release in a concentration-dependent manner achie-

ving the most significant effect at 100 and 1000

�M concentrations, whereas rapamycin did not

have positive effect in this context. Rapamycin,

like FK506, binds to FKBP-12, but unlike the

FK506 does not inhibit CaN activity [30]. The

rapamycin-FKBP12 complex binds to other pro-

teins called “the targets of rapamycin” (TORs)

[13]. In contrast to CsA or FK506, rapamycin

seems to have limited effect on IL-2 synthesis in

astrocytes exposed to simulated ischemia in vitro.

Other authors reported that tacrolimus and CsA

also markedly decreased IL-2 secretion under in vi-

tro conditions [51]. These results suggest that the

decreased IL-2 release after CsA or FK506 treat-

ment is the result of CaN activity inhibition.
Thus, the immunosuppressive effects of im-

munophilin ligands in CNS are caused by the inhi-

bition and modulation of pro-inflammatory cyto-

kine release (IL1�, TNF-� and IL-2). As TNF-�

and IL-1� potently induce apoptosis, the results of

our study might indirectly suggest that immuno-

philin ligands at the same concentrations have anti-

apoptotic effect on astrocytes. In the available litera-

ture there are data on the direct and indirect action of

these drugs (especially CsA and FK506) at similar

concentrations on neuronal and glial apoptosis [4,

9, 49].

In conclusion, it is likely that immunophilin
ligands may be neuroprotective against ischemic
damage by their influence on pro-inflammatory cy-
tokine secretion from glial cells.
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