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Abstract—Endotoxin tolerance (ET) represents a state of an altered immune response induced by multiple stimulations of
a cell, a tissue, or an organism with lipopolysaccharide. Characteristics of ET include downregulation of induction of proinflammatory genes (TNFα, IL6, and others) and enhancement of induction of antiinflammatory genes (IL10, TGFβ). ET
generally has protective functions; nevertheless, it might result in a state of innate immune deficiency and cause negative
outcomes. A current issue is the search for the mechanisms controlling the level of inflammation in the course of endotoxin tolerance. In this work, we investigated the change in cyclooxygenase 2 (Cox2) expression in the model of endotoxin tolerance in astrocytes and analyzed the possibility of regulating this process applying nuclear receptor PPAR agonists. Our
results indicate that: 1) endotoxin tolerance can be induced in astrocytes and results in TNFα and Cox2 mRNA induction
decrease upon secondary stimulation; 2) tolerance is revealed on the level of TNFα release and Cox2 protein expression; 3)
PPAR agonists GW7647, L-165041, and rosiglitazone control Cox2 mRNA expression levels under conditions of endotoxin tolerance. In particular, rosiglitazone (a PPARγ agonist) induces Cox2 mRNA expression, while GW7647 (a PPARα agonist) and L-165041 (a PPARβ agonist) suppress the expression. Our results demonstrate that Cox2 can be up- and downregulated during endotoxin tolerance in astrocytes, and PPAR agonists might be effective for controlling this target under
conditions of multiple proinflammatory stimulations of brain tissues with endotoxin.
DOI: 10.1134/S0006297915100065
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Endotoxin tolerance (ET) is a change in innate
immune response to an acute proinflammatory stimulation under conditions when an organism, a tissue, or cells
have been previously exposed to endotoxin [1, 2]. The
change is characterized by decreased induction of proinflammatory mediators (TNFα, IL6, IL1β, and others)
and enhanced upregulation of antiinflammatory markers
(IL10, TGFβ) in response to a second lipopolysaccharide
(LPS) stimulation [1, 3]. In terms of outcomes, ET can
Abbreviations: CNS, central nervous tissue; Cox2, cyclooxygenase 2; ET, endotoxin tolerance; IL6, interleukin 6; LDH, lactate dehydrogenase; LPS, lipopolysaccharide (endotoxin);
PPAR, peroxisome proliferator-activated receptors; TNFα,
tumor necrosis factor alpha.
* To whom correspondence should be addressed.

be beneficial as well as detrimental for an organism. Early
studies demonstrated that a preceding endotoxin challenge increased survival after subsequent injection of LPS
at lethal doses in animals [1]. Furthermore, there has also
been reported that LPS stimulation rendered nervous tissue significantly resistant to a following stroke, reduced
the degree of damage, and shortened the functional
recovery period [4, 5]. On the other hand, it has been
demonstrated that the later stages of sepsis involve mechanisms that are similar to ET, and this condition is
acknowledged among the factors that determine sepsisrelated lethality [6]. Thus, the mechanisms of cellular
inflammatory response regulation under conditions of
endotoxin tolerance merit special attention.
Astrocytes are auxiliary cells of the central nervous
system and are recognized to take vitally important part
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in the processes of metabolism, nervous signal transduction, and immune responses [7, 8]. Astroglia expresses
sensors of innate immunity (receptors of the TLR, NLR,
and PAR groups and others) that induce synthesis of
immune mediators (IL6, TNFα, IL10, and others) in
response to a proinflammatory challenge (LPS, thrombin, or other substances) [9-12] and participate in
immune processes within the central nervous system
(CNS) tissues under conditions of proinflammatory reactions, including those that accompany strokes [13]. It is
noteworthy that ET-like change in immune responses in
astrocytes stimulated with LPS multiple times has been
reported in two studies [14, 15]. It was demonstrated that
ET in astroglial cultures is characterized by incomplete
suppression of IL6 induction as well as differential
expression of a number of potent immune mediators
(TNFR, TGFβ, and others). Nevertheless, the question
of regulation of inflammatory response in astrocytes in
ET has remained overall uninvestigated.
Cyclooxygenase 2 (Cox2) is responsible for synthesis
of prostaglandins and is induced upon proinflammatory
stimulations in brain tissues [16, 17]. The enzyme has a
dual role in immune response regulation [17, 18]. At
early stages, Cox2 promotes the development of proinflammatory reactions, and Cox2 inhibition underlies the
actions of aspirin, ibuprofen, and other nonsteroidal
antiinflammatory drugs. Nevertheless, at later stages of
an immune response Cox2 switches its role and produces
antiinflammatory mediators [17, 18]. Inactivation of the
enzyme may thus provide dysregulation of resolution of
inflammation [19, 20]. Thus, it is important to investigate
the mechanisms and outcomes of Cox2 inhibition under
conditions of various models of inflammation dysregulation, including the model of endotoxin tolerance.
Conditions of endotoxin tolerance have previously been
reported to suppress Cox2 expression upon secondary
proinflammatory challenges in immune cells [21, 22].
Data on Cox2 regulation in astrocytes in ET remain
missing.
Nuclear receptors of the PPAR group – PPARα,
PPARβ, and PPARγ – are recognized to be among the
important regulators of immune responses within the
CNS. These transcription factors control the expression
of multiple inflammation related genes including Cox2.
Agonists having antiinflammatory functions are known
for each PPAR isoform. A number of agonists, including
rosiglitazone and fibrates, are already used in clinics as
hypolipidemic substances and drugs for treatment of diabetes type 2. Many substances are subject to trials of neurodegenerative
condition
treatment,
including
Alzheimer’s disease, Parkinson’s disease, and other
pathologies [23-26]. Previously, our group has demonstrated involvement of PPARs in the onset of inflammation in astrocytes. Particularly, PPAR agonists were
shown to mediate regulation of phospholipase A2, the
enzyme that provides Cox2 with arachidonic acid (its
BIOCHEMISTRY (Moscow) Vol. 80 No. 10 2015

1263

major substrate [27]), as well as to modulate Cox2 expression [9, 11]. Importantly, not only Cox2 suppression, but
also Cox2 upregulation mediated by PPAR ligands was
possible in astrocytes. Specifically, PPARγ stimulation
resulted in Cox2 expression upregulation in PPARβdependent manner, and cell treatment with PPARα and
PPARβ agonists suppressed LPS-induced inflammation
within cells [9]. However, these effects have been demonstrated within the model of acute inflammatory stimulation, and it remains unknown whether similar effects can
be observed for cells under ET conditions.
In the present work, we investigated the development
of ET in astrocytes stimulated with LPS for a prolonged
period, traced the change in Cox2 expression, and analyzed the possibility of regulating Cox2 expression at the
mRNA level by applying GW7647 (a PPARα agonist), L165041 (a PPARβ agonist), and rosiglitazone (a PPARγ
agonist). Our results demonstrate for the first time that
induction of Cox2 expression is downregulated in ET in
astrocytes and can be modulated by agonists of PPARα,
PPARβ, and PPARγ.

MATERIALS AND METHODS
Materials and reagents. Culture medium DMEM,
fetal bovine serum, streptomycin-penicillin, trypsin, and
EDTA were from PanEco (Russia); LPS from SigmaAldrich (USA); GW7647, L-165041, and rosiglitazone
from Cayman; mAb against Cox2 (E1412) and against βtubulin (L0512) and HRP-conjugated antibodies (L1510)
from Santa Cruz (USA); substrate SuperSignal™ West
Pico from Pierce (USA); TNFα release kit (Rat TNF
alpha ELISA Kit), First Strand cDNA Synthesis Kit, and
Maxima SYBR Green/Fluorescein qPCR Master Mix
(2x) from Thermo Scientific (USA); PowerLyzer RNA
Isolation and Cytotoxicity Detection Kit (LDH) from
Roche (Switzerland).
Cell culture and stimulations. Primary cultures of rat
astrocytes were obtained from neonatal Wistar rats
according to a protocol used previously [11]. In brief, the
animals were aseptically decapitated, and the brains were
isolated, washed in ice-cold Puck’s buffer (137 mM
NaCl, 5.4 mM KCl, 0.2 mM KH2PO4, 0.17 mM
Na2HPO4, 5 mM glucose, 58.4 mM sucrose, pH 7.4), and
minced against meshes of 250 and 136 µm size. Then the
tissue fragments were placed into culture flasks. Material
was supplied with DMEM (1 g/liter D-glucose, 10%
bovine fetal serum (FBS), 50 units/ml streptomycin,
50 µg/ml penicillin) and incubated at 37°C, 5% CO2, 10%
humidity. Five days later, cultures were shaken to detach
microglial cells and given fresh portions of media with the
same composition. The cells were cultured for an additional 6 days with media being changed every 2 days. After
monolayer formation, the cells were washed with warm
PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
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2 mM KH2PO4, pH 7.4) and treated with trypsin plus
EDTA solution. Trypsin action was stopped with DMEM
with FBS addition, and the cells were washed free from
the enzyme solution. The cells were plated into 6-well
culture plates at 750,000 cells/well and allowed to attach
for 24 h. Then the media were changed. To model the
conditions of endotoxin tolerance, cells were incubated
with LPS at 10 ng/ml concentration. The cells were incubated for the following 46 h. Then, the media in all wells
were changed to DMEM with 1% FBS. Two hours later,
the cells were treated as described for particular experiments (Fig. 1).
Western blot. After the end of the stimulation period,
media were withdrawn from the wells, and the cells were
washed with ice-cold PBS and lysed in RIPA buffer
(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM
Na2EDTA, 1% Nonidet P-40, 1% C24H39NaO4) for
10 min. The lysates were then centrifuged (10,000 rpm,
10 min). The total protein content was determined by a
standard procedure using Bradford reagent. The lysed cells
were mixed with Laemmli buffer for SDS-PAGE. The
SDS-PAGE procedure and protein transfer to nitrocellulose membranes (0.2 µm) were performed in accordance
with the conventional protocol. Transfer quality was determined by membrane staining with Ponceau S (Helicon,
Russia). Membranes were blocked in TBS (40 mM NaCl,
3 mM KCl, 25 mM Tris, pH 7.4) with 5% fat-free milk and
0.05% Tween. The membranes were then treated with
TBST with primary antibodies against Cox2 diluted at 1 :
500 and incubated for 8 h in the cold on a shaker. After

procedures of washing and treatment with secondary antibodies, proteins were visualized using chemiluminescent
substrate from Thermo Scientific (USA). After the analysis of Cox2 expression, the membranes were treated with
Restore Buffer (Thermo Scientific) and used for β-tubulin
expression analysis. Images were obtained using Gel
Doc™ XR+ System camera from BioRad (USA).
Quantitative analysis was performed using the application
QuantityOne (BioRad 4.6.9).
RNA isolation, reverse transcription, and real-time
PCR. Total mRNA was isolated using a PowerLyzer RNA
Isolation kit. Nucleic acid concentration was determined
spectrophotometrically. To obtain the first strand, a First
Strand cDNA Synthesis Kit was used. The reaction was
performed in accordance with the manufacturer’s
instructions using oligo(dT) primers. The relative mRNA
Cox2 levels were determined by real-time PCR using a
DTlite 4 thermocycler (DNK-Tekhnologiya, Russia) and
a Maxima SYBR Green/Fluorescein qPCR Master Mix
kit. One reaction mixture had volume of 25 µl and contained 70 ng of cDNA. Levels of β-actin were used as the
constitutive for normalization. The following pairs of
primers were used:
COX-2: FW 5′-TGTACAAGCAGTGGCAAAGG-3′;
RV 5′-TAGCATCTGGACGAGGCTTT-3′;
TNFα: FW 5′-ACGTCGTAGCAAACCACCAA-3′;
RV 5′-AAATGGCAAATCGGCTGAC-3′;
β-actin: FW 5′-TCATCACTATCGGCAATGAGCGGT-3′;
RV 5′-ACAGCACTGTGTTGGCATAGAGGT-3′.

Fig. 1. Scheme of stimulations used in the modeled conditions for the research. Cells were placed into 6-well plates and allowed to attach for
24 h (37°C, 5% CO2, 10% humidity). The media were then substituted by fresh media of the same composition (DMEM, 10% FBS) with
10 ng/ml LPS (model 10/100 and models GW7647/L-165041/Ros) or without LPS (models 0/100 and 0/0). After 46 h, media were changed
for fresh potions of DMEM with 1% FBS (in all cultures), and 2 h later cells were challenged with LPS (100 ng/ml) or PPAR agonists plus
LPS (agonists (Ag) were applied 15 min prior to LPS).
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Statistics. All experiments were reproduced three
times. Values are given as mean ± S.D. Data were analyzed using ANOVA. The level of significance was taken
as 0.05 (* relative to control, p < 0.05).
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Fig. 2. Release of lactate dehydrogenase (LDH) in astrocytic cultures under conditions of the model of acute inflammation and
the model of endotoxin tolerance. Cultures of astrocytes were
treated in accordance with the scheme of stimulations given in
Fig. 1. Culture media from experimental and control samples
were collected for LDH release analysis; 100% represents the
LDH content from total cell lysates.

Analysis of lactate dehydrogenase (LDH) release.
The media were taken from the wells and saved for the
further analysis of LDH release. The levels of released
LDH were determined by a Cytotoxicity Detection
(LDH) kit (Roche) following the manufacturer’s instructions.
Analysis of TNFa release. The media were taken
from the wells and saved for the further analysis of tumor
necrosis factor alpha (TNFα) release. The levels of
released TNFα were determined by a Rat TNF alpha
ELISA kit (Thermo Scientific) following the manufacturer’s instructions.

Conditions of endotoxin tolerance are nontoxic for
cells. The general scheme of cell stimulations in the
experiments is given in Fig. 1.
To determine if the short-term and the long-term
stimulation of astrocytes with endotoxin have cytotoxic
effects, we analyzed LDH release in experimental and
control conditions. In all investigated conditions, the
level of released LDH comprised 8-10% of the total cell
LDH content (Fig. 2). The values obtained for the ET
model and the model of acute inflammation were not significantly different from the values obtained for the control cells (0/0). The data indicate that acute stimulation
of astrocytes with LPS and ET conditions are not toxic
for cells.
Repeated stimulation with LPS results in endotoxin
tolerance in astrocytes. The conventional characteristic of
ET is a decrease in TNFα synthesis in response to a second proinflammatory challenge [1-3]. To verify that the
stimulations applied in the present study induce ET, we
analyzed TNFα expression levels induced by LPS stimulation (100 ng/ml) under conditions when cells were previously incubated with LPS at lower concentrations
(10 ng/ml, 10/100 model). As a positive control, we took
the level of TNFα in cells stimulated with LPS in acute
manner without preceding treatment with endotoxin
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Fig. 3. Change in mRNA expression (a) and release to culture media (b) of TNFα in astrocytes stimulated with LPS under conditions of acute
inflammation (0/100) and endotoxin tolerance (10/100). Cultures of astrocytes were treated in accordance with the scheme of stimulations
given in Fig. 1. a) RNA was isolated from cell lysates. Reverse transcription and real-time PCR were applied to determine TNFα and actin
expression levels, and the values for TNFα were normalized to actin levels. b) Culture media from experimental and control samples were
used to determine TNFα release. The levels of TNFα in cultures of astrocytes stimulated with LPS under conditions of endotoxin tolerance
(10/100) were taken for control.
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(0/100 model). Our results indicated significant decrease
in TNFα levels in the cultures with repeated LPS stimulation. However, under ET conditions, the TNFα level
was 25 times higher than in the control cells (0/0 model)
(Fig. 3). A similar effect was observed at the level of
TNFα release into culture media: TNFα concentration
was equal to 750 pg/ml (754 ± 13) in the samples from
acutely stimulated cells (0/100 model), while the concentrations for naïve cultures and cultures treated within the
ET model comprised 280 ± 12 pg/ml (0/0) and 333 ±
9 pg/ml (10/100), respectively. The data indicate ET
establishment.
Endotoxin tolerance partially blocks expression of
Cox2. In the next step, we analyzed Cox2 expression
changes under the conditions of our model. Our results
indicated that acute stimulation of astrocytes with LPS
(100 ng/ml, 0/100 model) induced approximately 30-fold
upregulation of Cox2 mRNA expression comparing to
control (naпve cells). LPS treatment (10 ng/ml, 48 h)
decreased LPS (100 ng/ml)-induced levels of Cox2
mRNA expression approximately 6-fold. Cox2 induction
inhibition in response to LPS stimulation under condi-

tions of ET was also detected at the protein level (Fig. 4).
The data indicate that ET partially but not completely
blocks Cox2 expression in astrocytes.
Agonists of PPARs regulate expression of Cox2
mRNA under conditions of endotoxin tolerance. It was
demonstrated previously that LPS-induced Cox2 expression in astrocytes could be modulated by nuclear receptor
PPAR agonists. Specifically, PPARγ activation by rosiglitazone induces Cox2 expression, while agonists of
PPARβ and PPARα decrease cyclooxygenase expression
[9-11, 28]. That sets the question of whether or not PPAR
agonists can regulate Cox2 expression in astrocytes under
conditions of endotoxin tolerance. To answer this question, we treated cells with endotoxin, incubated them
with PPAR agonists GW7647 (PPARα agonist, 1 µM), L165041 (PPARβ agonist, 1 µM), and rosiglitazone
(PPARγ agonist, 20 µM), and stimulated them with LPS
(100 ng/ml, 4 h). Further real-time PCR analysis
revealed Cox2 mRNA increase in cells stimulated with
LPS in combination with rosiglitazone and Cox2 expression decrease in cells stimulated with LPS in combination
with GW7647 (the PPARα agonist) and to lesser extent in
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Fig. 4. Change in mRNA (a) and protein expression (b, c) of Cox2 in astrocytes stimulated with LPS under conditions of acute inflammation (0/100) and endotoxin tolerance (10/100). Cultures of astrocytes were treated in accordance with the scheme of stimulations given in
Fig. 1. a) RNA was isolated from cell lysates. Reverse transcription and real-time PCR were applied to determine Cox2 and actin expression
levels, and the values for Cox2 were normalized to actin levels. b, c) Cell lysates were used to obtain protein. The levels of Cox2 and β-tubulin expression were measured by conventional methods of immunoblotting. The Cox2 levels were normalized to β-tubulin values. The levels
of Cox2 in cultures of astrocytes stimulated with LPS under ET conditions (10/100) were taken as the control.
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Fig. 5. Effect of GW7647 (agonist of PPARα), L-165041 (agonist
of PPARβ), and rosiglitazone (agonist of PPARγ) on LPSinduced Cox2 mRNA expression in astrocytes under ET conditions. Cultures of astrocytes were treated in accordance with the
scheme of stimulations given in Fig. 1. RNA was isolated from cell
lysates. Reverse transcription and real-time PCR were applied to
determine Cox2 and actin expression levels, and the values for
Cox2 were normalized to actin levels. The levels of Cox2 in cultures of astrocytes stimulated with LPS under ET conditions
(10/100) were taken as the control.

combination with L-165041 (the PPARβ agonist) under
ET conditions (Fig. 5). The resulting data indicate that
under conditions of endotoxin tolerance astrocyte Cox2
expression can be regulated by modulation of nuclear
receptor PPAR activity.

DISCUSSION
Activation of innate immunity has nonspecific cytotoxic effect on the host tissues and is extremely dangerous
for components of the CNS due to their limited regenerative capacity [29, 30]. Endotoxin tolerance is assumed to
have protective functions preventing excessive activation
of immune response in peripheral structures as well as the
CNS [4, 31-33]. Treatment of cells with endotoxin at
concentrations from 1 to 1000 ng/ml for several hours
results in desensitization of proinflammatory mediator
induction in response to a subsequent proinflammatory
stimulation that in turn prevents tissues from being damaged [3, 34]. Although ET development in brain tissues
has been known for a long time, little data is available on
the impact of various cellular types into the process [4, 5].
One research team demonstrated that endotoxin tolerance is accompanied by suppression of IL6 upregulation
in astrocytic cultures [14, 15]. However, they used a
model where cultures were challenged with LPS at concentration 100 ng/ml for 24 h, and then were stimulated
with endotoxin at a lower concentration – 10 ng/ml for 1
or 24 h [14, 15]. Suppression of IL6 expression might thus
be explained by insufficient second challenge due to a
BIOCHEMISTRY (Moscow) Vol. 80 No. 10 2015
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decrease in sensitivity of the cells. Indeed, usual models
of ET implement a scheme where prolonged stimulations
with moderate concentrations of endotoxin are followed
by stimulations with higher concentrations of proinflammatory substances [1-3]. Thus, within our model of ET in
astroglial cells we used a scheme where lower concentration of LPS (10 ng/ml) was used for adaptation (48 h),
and a higher concentration (100 ng/ml) was used for
acute stimulation (4 h). Analysis of TNFα, the classic ET
marker, and Cox2 expression within our ET model
(10/100) revealed the suppression of expression induction
in response to the second challenge in comparison to the
response observed in naпve cells stimulated with LPS in
acute manner (0/100). However, similarly to IL6 [14, 15],
the second stimulation upregulated the expression of the
markers comparing to naпve cells (0/0). These effects
were observed at the mRNA level as well as at the level of
protein synthesis for TNFα and Cox2. Together the data
indicate the establishment of endotoxin tolerance in
astrocytes.
Cytotoxic effect of LPS under conditions of ET was
previously revealed for macrophages [35]. Thus, we investigated whether the conditions of our model are toxic for
cells. The results indicate the absence of cytotoxicity during short-term (0/100) and combined treatment (10/100)
of cells with endotoxin. Consequently, the observed phenomena reflect the general reorganization of the inflammatory response and do not represent the results of cell
damage.
At present, the general strategy for inflammatory
condition control includes immune response suppression. However, long-term outcomes for such approach
are often detrimental. In a number of reports including
those focused on brain investigations, negative consequences of switch-off of proinflammatory mediators
including TNFα, IL6, and transcription factor NFκB
have been reported [36-38]. Indeed, instead of expected
improved prognosis (due to decreased tissue damage
induced by cytokines), proinflammatory gene switch-off
exacerbated healing processes, delayed the onset of resolution, impaired damaged site regeneration, and switched
the pattern of inflammation to a chronic type [36-38].
Similar results were obtained for prolonged Cox2 inhibition in peripheral tissues of an organism [19, 20].
Dysregulation of inflammation due to Cox2 inactivation
has also been demonstrated for brain tissues [39, 40].
Palliative rather than curative effect of inflammatory
response in CNS tissue demonstrates interconnections
between the processes of immune response onset and termination and sets questions of long-term outcomes of ET
and the mechanisms that could regulate inflammation in
the CNS under conditions of ET.
Cox2 might be promising with respect to ET due to
the (i) key role that the enzyme plays in regulation of
inflammation onset and termination [19, 20]; (ii)
involvement of the protein in inflammatory processes
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ports the hypothesis of a dual pro- and antiinflammatory
role of PPARβ in astrocytes in inflammation [10, 11, 49].
The antiinflammatory role of PPARs in ET requires further study.
In total, our results demonstrate for the first time
that Cox2 can be differentially regulated in astroglial cells
by PPAR agonists under conditions of endotoxin tolerance. This might have potential for investigation of ET
phenomenon as well as for therapeutic applications.

Rosiglitazone

Fig. 6. Scheme of Cox2 regulation by PPAR agonists: GW7647
(PPARα), L-165041 (PPARβ), and rosiglitazone (PPARγ).
Designations: ↑, stimulatory effect; ⊥, inhibitory effect.
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