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Gypenoside IX Suppresses p38 MAPK/Akt/NFκB Signaling
Pathway Activation and Inflammatory Responses in Astrocytes
Stimulated by Proinflammatory Mediators
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Abstract—Gypenoside IX (GP IX) is a pure compound isolated from Panax notoginseng.
Gypenosides have been implicated to benefit the recovery of enormous neurological disor-
ders. By suppressing the activation of astrocytes, gypenosides can improve the cognitive i-
mpairment. However, so far, little is known about whether GP IX could restrain the inflam-
matory responses in astrocytes or reactive astrogliosis. In present study, the anti-inflammatory
effects of GP IX were investigated in reactive astrocytes induced by proinflammatory
mediators both in vitro and in vivo. GP IX significantly reduced the production of inducible
nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), tumor necrosis factor-α (TNF-α),
interleukin-6 (IL-6), and interleukin-1β (IL-1β) at either protein or mRNA level in glial cell
line C6 cells stimulated by lipopolysaccharide (LPS)/TNF-α combination. It also alleviated
the astrogliosis and decreased the production of inflammatory mediators in brain cortex of
LPS-treated mice. Further study disclosed that GP IX inhibited nuclear translocation of
nuclear factor kappa B (NFκB) and reduced its transcriptional activity. Meanwhile, GP IX
significantly attenuated the phosphorylation of NFκB, inhibitor of kappa B (IκB), Akt, and
p38 mitogen-activated protein kinase (MAPK) under inflammatory conditions both in vitro
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and in vivo. These findings indicated that GP IX might suppress reactive astrogliosis by
suppressing Akt/p38 MAPK/NFκB signaling pathways. And GP IX might be a promising
drug candidate or prodrug for the therapy of neuroinflammatory disorders characterized with
reactive astrogliosis.
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INTRODUCTION

Neuroinflammation is a kind of inflammatory re-
sponse that occurs in the progression of neurodegenerative
diseases, such as Alzheimer’s disease, Parkinson’s disease,
multiple sclerosis, and amylotrophic lateral sclerosis [21,
25]. As a type of glial cell in the central nervous system
(CNS), astrocytes actively participate in the regulation of
neuroinflammatory responses in neurological diseases
[22]. Once activated, astrocytes display prominent morpho-
logical and molecular changes, including hypertrophy of
astrocytic processes and upregulation of glial fibrillary
acidic protein (GFAP), the key constituent of astrocyte
intermediate filaments [22]. Reactive astrocytes secrete
and respond to a number of important cytokines such as
interleukin-6 (IL-6) [16], tumor necrosis factor-α (TNF-α)
[10], interleukin-1β (IL-1β) [12, 13], thereby, affect the
cellular state of surrounding microglia and neurons as well
as that of themselves.

Many signaling pathway molecules are involved in
the inflammatory responses of astrocytes. For instance,
nuclear factor kappa B (NFκB), a transcription factor, has
been revealed to participate in astrocyte-mediated neuroin-
flammation in the context of spinal cord injury and exper-
imental autoimmune encephalitis [3, 4]. PI3K/Akt pathway
has been proposed for the active regulation of LPS-primed
reactive astrocytes [35], which has a cross talk with NFκB
pathway [11]. Additionally, astrocyte activation is strongly
linked to p38 mitogen-activated protein kinase (MAPK)
signaling [18]. Deactivation of these inflammation-related
signaling pathways may contribute to the alleviation of
inflammatory responses in astrocytes.

Panax notoginseng (Burk.) F.H. Chen has a long
history in treating cerebral vascular disease in China as it
promotes fibrinolysis, decreases fibrinogen, and prevents
platelet aggregation [19]. Gypenosides fromP. notoginseng
have been shown to benefit the recovery of many neuro-
logical disorders, such as cerebral ischemia [33, 36],
Alzheimer’s disease [5], Parkinson’s disease [32], and anx-
iety [26, 37]. And it was reported that gypenosides can
improve the cognitive impairment by suppressing the acti-
vation of astrocytes [36]. However, so far, little is known

whether gypenoside IX (GP IX, Fig. 1), one of the mol-
ecules within gypenosides, can suppress reactive
astrogliosis. Here, the effects of GP IX on the preven-
tion of reactive astrogliosis both in vitro and in vivo
were investigated for the first time and the possible
underlying mechanisms were discussed. Our results
showed that GP IX alleviated the inflammatory re-
sponses in C6 astrocyte cells stimulated by LPS/TNF-
α combination and in brain cortex of mice induced by
LPS. Furthermore, GP IX suppressed the activation of
p38 MAPK/Akt/NFκB signaling pathways both
in vitro and in vivo. These findings indicated that GP
IX might be a promising drug candidate or prodrug for
the therapy of neuroinflammatory disorders character-
ized with astrocyte activation.

MATERIALS AND METHODS

Reagents

GP IX (purity > 98%) was provided by the Shang-
hai Research Center for Standardization of Chinese
Medicines (Shanghai, China). Lipopolysaccharide from
Escherichia coli 055:B5 and NG-Methyl-L-arginine
acetate salt (L-NMMA) were obtained from Sigma-
Aldrich Company (St. Louis, MO, USA). Recombinant

Fig. 1. The chemical structure of GP IX.
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rat TNF-α was purchased from Peprotech (Rocky Hill,
NJ, USA). Primary antibodies against phospho-NFκB
(cat# 3033S), NFκB (cat# 6956), phospho-IκB (cat#
2859S), IκB (cat# 4812S), phospho-p38 MAPK (cat#
9211), p38 MAPK (cat# 9212), phospho-Akt (cat#
9271), Akt (cat# 9272), β-actin (cat# 4967L), and
GAPDH (cat# 5174) were provided by Cell Signaling
Technology (Danvers, MA, USA). Antibody against
histone (ab181973) was obtained from Abcam (Cam-
bridge, London, UK). Secondary antibodies conjugated
with horseradish peroxidase were purchased from Life
Technologies (Grand Island, NY, USA).

Cell Culture and Treatment

Rat C6 glial cell line was obtained from Type Culture
Collection of the Chinese Academy of Sciences (Shanghai,
China). The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibico Co., NY, USA) contain-
ing 10% fetal bovine serum and antibiotics (100 IU/ml of
penicillin and 100 μg/ml of streptomycin) at 37 °C in a
humidified atmosphere with 5% CO2. Prior to drug treat-
ment, C6 cells were seeded in 96-well plates at a density of
1.5 × 106 cells/ml and cultured overnight. For cell viability
analysis, the cells were treated with GP IX (0, 3.125, 6.25,
12.5, 25, and 50 μM) or L-NMMA (4 μM) for 24 h. Cell
viability after treatment was measured using CCK-8 kit
according to the manual of the manufacturer (Dojindo,
Kumamoto, Japan).

Proinflammatory Factor Measurement

The cells were seeded in 96-well plates at a density of
1.5 × 106 cells/ml and cultured overnight. Then, they were
stimulated with LPS (1 μg/ml) and TNF-α (10 ng/ml) for
24 h after pre-treated with GP IX (0, 3.125, 6.25, 12.5, 25,
and 50 μM) or L-NMMA (4 μM) for 2 h. The released NO
in the medium was determined by measuring nitrite con-
centration using Griess assay as described previously [15].
In brief, the culture medium was collected and mixed with
equal volume of Griess reagent (Sigma-Aldrich). Optical
absorbance of the mixture was measured immediately at
540 nm. The concentration of nitrate in the medium was
quantified by a standard curve of sodium nitrate. The data
was expressed as the fold change over the control. Con-
centrations of TNF-α and IL-6 secreted in the medium by
the cells were determined, respectively, using ELISA kits
according to the manufacturer’s instructions (eBioscience,
San Diego, CA, USA).

NFκB-Luciferase Assay

C6 cells (7 × 105 cells/ml) were seeded in 24-well
plates and cultured overnight before transfection. After
grown to 90% confluence, the cells were co-transfected
with NFκB reporter plasmid (pNFκB-luc, Beyotime,
Nantong, Jiangsu, China) and Renilla-luciferase plasmid
using lipofectamine 2000 according to the manufacturer’s
instruction (Life Technologies). Six hours later, the cells
were serum-starved and treated with GP IX (10, 50,
100 μM) for 2 h followed by LPS (1 μg/ml) and TNF-α
(10 ng/ml) stimulation for 24 h. The cells were then lysed
and subjected to NFκB-luciferase assay with Dual-
Luciferase Reporter Gene Assay kit (Promega, WI,
USA). The final NFκB-luciferase activity was normalized
to the Renilla-luciferase activity within the same sample.

Animals

All animal experiments were carried out according to a
protocol approved by the University Animal Care and Use
Committee of Shanghai University of Traditional Chinese
Medicine (SHUTCM). Five-week-old male C57BL/6 mice
were obtained from Experimental Animal Center of
SHUTCM and acclimatized for 1 week with free access to
food and water. Thereafter, the mice were randomly divided
into six groups, namely control group, LPS group, dexa-
methasone (Dex) group, and GP IX-low, -middle, -high
groups (n = 9/group). The control group mice were intra-
peritoneally (i.p.) injected with PBS daily. The GP IX group
mice were administrated i.p. with GP IX at doses of 3 (GP
IX-L), 10 (GP IX-M), and 30 (GP IX-H) mg/kg/day, respec-
tively, while the Dex group mice were given Dex i.p. at the
dose of 3 mg/kg/day. On the day 7, all mice except that in
the control group were i.p. injected with LPS (3 mg/kg). On
the day 8, after given respective drug treatment as before for
2 h, the mice were anesthetized with excessive urethane and
the brain cortices were dissected for further analysis.

Immunohistochemistry

For the histological analysis, mice were anesthetized
with 2% pentobarbital sodium and perfused transcardially
with 0.1 M PBS, followed by 4% paraformaldehyde. Cor-
onal sections of brain at 20 μm-thick were obtained on a
Leica 1950 cryostat. Immunohistochemistry (IHC) proce-
dure was performed according to the method described
previously (He et al., 2013). In brief, the sections were
permeabilized and blocked with 10% donkey serum in
PBS containing 0.3% Triton X-100 for half an hour. Con-
sequently, they were incubated with primary antibody
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against GFAP (Santa Cruz Biotechnology, cat#3670) at
4 °C overnight followed by thoroughly washing with
PBS for three times. After incubation with secondary anti-
body conjugated with Alexa 488 (Invitrogen,
cat#A21208), the sections were mounted on slides. Fluo-
rescence was visualized using an inverted fluorescent mi-
croscope (Olympus IX 81, Japan).

Quantitative RT-PCR

Total RNAs were isolated from the tissues or cells
using Trizol reagent and transcripted into cDNA with
RevertAid First Strand cDNA Synthesis kit (Life Technol-
ogies). Real-time PCR was performed using Taqman
SYBR kit (Life Technologies). The expression of respec-
tive genes was normalized to that of β-actin or GAPDH
within the same sample using delta delta CT method. The
sequences of primers used were listed in Tables 1 and 2.

Sample Preparation for Western Blotting Analysis

C6 cells cultured in 6-well plates were pre-treated
with or without GP IX (25 μM) for 6 h followed by
stimulation of LPS and TNF-α for 1 h. For the transloca-
tion of NFκB analysis, cytoplasmic and nuclear protein
fractions were extracted with Ne-Per Nuclear and Cyto-
plasmic extraction kit (Thermo Fisher Scientific, Waitham,
MA, USA) and dissolved in lysis buffer (CelLytic™ MT
mammalian tissue lysis reagent with protease and

phosphatase inhibitor cocktails). For the other purposes,
the cells were directly lysed in lysis buffer. For the brain
cortices, they were homogenized in lysis buffer with a
homogenizer (Polytron, PT-MR 1600 E, Switzerland).
All protein samples were centrifuged at 12000 rpm for
10 min at 4 °C. Afterwards, they were subjected to western
blotting analysis as described elsewhere [15, 34].

Immunocytochemistry

C6 cells were pre-treated with or without GP IX
(25 μM) for 6 h before the stimulation of LPS and TNF-
α. One hour later, the cells were subjected to immunocy-
tochemistry (ICC) procedure as described previously [17].

Statistical Analysis

All data were expressed as mean ± S.D. All the
comparisons among groups were conducted by one-way
ANOVA with Dunnett’s post hoc test. Differences were
regarded as statistically significant as P value < 0.05.

RESULTS

GP IX Prevented the Production of Inflammatory
Mediators in C6 Cells Stimulated by LPS and TNF-α

To determine whether GP IX had direct cytotoxicity
on C6 cells, the cell viability was measured using CCK-8

Table 1. Sequences of Rat Primers for Quantitative PCR

Gene Forward primer Reverse primer

COX-2 TTCAACACACTCTATCACTGGC AGAAGCGTTTGCGGTACTCAT
IL-6 TAGTCCTTCCTACCCCAACTTCC TTGGTCCTTAGCCACTCCTTC
TNFα CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAGTTTTGAGA
iNOS AGCATCACCCCTGTGTTCCACCC TGGGGCAGTCTCCATTGCCA
IL-1β CACCTCTCAAGCAGAGCACAG GGGTTCCATGGTGAAGTCAAC
β-Actin TAAAGACCTCTATGCCAACACAGT CACGATGGAGGGGCCGGACTCATC

Table 2. Sequences of Mouse Primers for Quantitative PCR

Genes Forward primer Reverse primer

iNOS AACATCAGGTCGGCCATCAC CCAGAGCCTGAAGTCATGTTTG
TNF-α AACCTCCTCTCTGCCGTCAAG CCTCCCAGGTATATGGGCTCAT
IL-6 AACCACGGCCTTCCCTACT CATTTCCACGATTTCCCAGA
COX-2 CTGAGTGGGGTGATGAGCAA GAGGCAATGCGGTTCTGATAC
GFAP CGCTGGCAGCTGAACTGAA GAAGCTCCGCCTGGTAGACAT
GAPDH ATGTGTCCGTCGTGGATCTGA ATGCCTGCTTCACCACCTTCT
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kit. As revealed in Fig. 2a, GP IX treatment from 3.125 to
50 μM for 24 h did not influence the cell viability. Com-
pared with the un-stimulated cells, C6 cells stimulated with
LPS and TNF-α combination released much higher level

of NO as shown by increased nitrite concentration in the
culture medium (Fig. 2b, P < 0.01 or P < 0.001). GP IX
pre-treatment dose-dependently reduced the release of NO
(P < 0.01 or P < 0.001) with an IC50 around 25 μM.

Fig. 2. GP IX prevented the production of inflammatory mediators in C6 cells induced by LPS and TNFα. a GP IX treatment at different doses (0, 3.125,
6.25, 12.5, 25, 50 μM) for 24 h did not change the cell viability of C6 cells. b GP IX pre-treatment at different doses (3.125, 6.25, 12.5, 25, 50 μM) and L-
NMMA pre-treatment (4 μM) for 2 h followed by LPS and TNF-α stimulation for 24 h inhibited the NO production in C6 cells. c GP IX pre-treatment
(25 μM) for 2 h suppressed the protein expression of iNOS in C6 cells upon LPS and TNF-α stimulation for 24 h. d, e GP IX pre-treatment (25 μM)
prevented the elevation of IL-6 and TNF-α concentration in C6 cell culture medium. Model group, treated with LPS (1 μg/ml) and TNF-α (10 ng/ml).
*P < 0.05; **P < 0.01; ***P < 0.001 vs model group, mean ± S.D. The data shown were one of the representative results from at least three independent
experiments.
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Further western blotting assay exposed that GP IX (25μM)
could markedly reduce the elevation of iNOS induced by
LPS and TNF-α (Fig. 2c, P < 0.001), and mitigate the
secretion of IL-6 and TNF-α into the medium (Fig. 2d, e,
P < 0.001 and P < 0.01). L-NMMA, the iNOS inhibitor

used as a positive drug, pre-treatment inhibited the release
of NO significantly (P < 0.001). However, it induced the
expression of iNOS (P < 0.05).Meanwhile, L-NMMApre-
treatment prevented the secretion of TNF-α significantly
(P < 0.01).

Fig. 3. GP IX prevented the mRNA expressions of inflammatory mediators in C6 cells induced by LPS and TNFα. a–eGP IX pre-treatment (25μM) for 2 h
suppressed the mRNA expressions of iNOS, TNFα, IL-6, IL1β, and COX-2 in C6 cells stimulated with LPS (1 μg/ml) and TNF-α (10 ng/ml) for 24 h. The
concentration of L-NMMAwas used at 4 μM.Model group, treatedwith LPS and TNF-α combination. *P < 0.05; **P < 0.01; ***P < 0.001 vsmodel group,
mean ± S.D. The data shown were one of the representative results from at least three independent experiments.
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Fig. 4. GP IX deactivated p38MAPK/Akt/NFκB signaling in C6 cells induced by LPS and TNFα. aGP IX pre-treatment for 2 h dose-dependently alleviated
NFκB-luciferase activity in C6 cells induced by LPS (1 μg/ml) and TNF-α (10 ng/ml) for 24 h. b GP IX pre-treatment (25 μM) for 6 h weakened NFκB
nuclear translocation in C6 cells induced by LPS and TNF-α stimulation for 1 h. Scale bar, 25 μm. c, d GP IX pre-treatment (25 μM) for 6 h reduced the
phosphorylation of NFκB in nucleus and IκB in cytoplasm of C6 cells induced by LPS and TNF-α stimulation for 1 h. e, fGP IX pre-treatment (25 μM) for
6 h significantly ameliorated the phosphorylation of p38MAPK andAkt of C6 cells induced by LPS and TNF-α stimulation for 1 h. The data shownwere one
of the representative results from at least three independent experiments. Model group, treated with LPS and TNF-α combination. *P < 0.05; **P < 0.01;
***P < 0.001 vs model group, N = 4/group, mean ± S.D.
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Upon stimulation by LPS and TNF-α combina-
tion, mRNA expression of inflammatory mediators in-
cluding iNOS, TNF-α, IL-6, IL-1β, and COX-2 was
increased significantly in C6 cells (Fig. 3, P < 0.01 or
P < 0.001). Pre-treatment with L-NMMA prevented
the upregulation of iNOS, TNF-α, and COX-2
(P < 0.05 or P < 0.001) at mRNA level but did not
change that of IL-6. Moreover, L-NMMA even in-
duced much higher mRNA expression of IL-1β
(P < 0.001). In contrast, GP IX pre-treatment
counteracted the upregulated mRNA expression of the
inflammatory mediators induced by LPS and TNF-α
combination. These results indicated that GP IX could
attenuate the inflammatory responses in C6 cells stim-
ulated with LPS and TNF-α.

GP IX Deactivated p38MAPK/Akt/NFκB Signaling in
C6 Cells Induced by LPS and TNF-α

LPS and TNF-α stimulation enhanced NFκB ac-
tivation and translocation in astrocytes. To determine
whether GP IX pre-treatment could inhibit the process,
C6 cells were transfected with NFκB reporter plasmid.

Our un-published data showed that the transfection
efficiency of NFκB reporter plasmid was over 60% in
C6 cells. As exposed in Fig. 4a, GP IX pre-treatment
dose-dependently reduced NFκB-luciferase activity in
C6 cells induced by LPS and TNF-α (P < 0.01 or
P < 0.001). On cultured primary astrocytes, LPS and
TNF-α stimulation induced the nuclear translocation of
NFκB, which was weakened by GP IX pre-treatment
(Fig. 4b). Consistently, the phosphorylation of NFκB
in nucleus and IκB in cytoplasm of C6 cells was
reduced by GP IX (Fig. 4c, d P < 0.01 and
P < 0.05). Meanwhile, the phosphorylation of
p38MAPK and Akt was also ameliorated significantly
by GP IX (Fig. 4e, f, P < 0.01 and P < 0.001). These
results implicated that the attenuated inflammatory re-
sponses in astrocytes by GP IX was closely associated
with p38MAPK/Akt/NFκB signaling pathways.

GP IX Ameliorated Inflammatory Responses in Brain
Cortex of LPS-Induced Mice

In brain cortex of LPS-treated mice, the mRNA
expression of inflammatory genes, such as iNOS,

Fig. 5. GP IX ameliorated inflammatory responses in brain cortex of LPS-induced mice. a–d GP IX pre-treatment prevented the increase of mRNA
expression of the inflammatory genes, such as iNOS, TNFα, IL-6, and COX-2. LPS, 3 mg/kg; Dex, 3 mg/kg/day; IX-L, 3 mg/kg/day; IX-M, 10 mg/kg/day;
IX-H, 30 mg/kg/day. *P < 0.05; **P < 0.01; ***P < 0.001 vs LPS group, N = 4/group, mean ± S.D.
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TNF-α, IL-6, and COX-2, was upregulated significant-
ly (Fig. 5, P < 0.05, P < 0.01 or P < 0.001). Dex, the
positive drug, inhibited the elevation of these inflam-
matory genes induced by LPS (P < 0.01 or P < 0.001).
GP IX, especially used at 30 mg/kg/day, prevented the
increase of the inflammatory genes (P < 0.05,
P < 0.01, or P < 0.001). Therefore, the highest dose
was chosen for the consequent studies. Consistent with
its effect on the mRNA expression levels of inflam-
matory mediators, GP IX treatment reduced the pro-
duction of TNF-α, IL-6, and iNOS at protein levels in
brain cortex (Fig. 6, P < 0.05 or P < 0.01).

Furthermore, GP IX administration could alleviate
astrogliosis in LPS-treated mice. As shown in Fig. 7a,
LPS induced prominent astrogliosis in mouse brain
cortex. The cell bodies of the activated astrocytes be-
came enlarged with retracted end feet. After GP IX and
Dex treatment, the cell morphology resumed normal
and was similar to that in the control mice. Meanwhile,
both mRNA and protein analysis exposed that GP IX
and Dex could impede the elevation of GFAP in brain
cortex of LPS-treated mice (Fig. 7b, c, P < 0.05,
P < 0.01, or P < 0.001).

GP IX Attenuated the Phosphorylation of p38
MAPK/Akt/NFκB SignalingMolecules in Brain Cortex
of LPS-Induced Mice

In brain cortex of LPS-treated mice, the phosphoryla-
tion of NFκB, IκB, p38 MAPK, and Akt was enhanced
significantly (Fig. 8, P < 0.05 or P < 0.01). Dex administra-
tion attenuated the phosphorylation of NFκB and IκB but did
not alter that of p38 MAPK and Akt. In contrast, GP IX
administration alleviated the phosphorylation of NFκB, IκB,
p38 MAPK, and Akt, suggesting the participation of the
signaling pathways in the preventive effect of GP IX against
astrogliosis.

DISCUSSION

Reactive astrogliosis is a ubiquitous hallmark of neu-
roinflammation in CNS diseases. In present study, GP IX
was found to inhibit astrocyte activation, suppress phos-
phorylation of p38 MAPK, Akt, and NFκB, and prevent
the production of inflammatory mediators, such as iNOS,
TNF-α, IL-6, IL-1β, and COX-2 under inflammatory

Fig. 6. GP IX treatment reduced the production of TNFα, IL-6, and iNOS in brain cortex. a, bGP IX inhibited the protein expressions of TNF-α and IL-6. c
GP IX suppressed protein expression of iNOS. LPS, 3 mg/kg; Dex, 3 mg/kg/day; GP IX, 30 mg/kg/day. *P < 0.05; **P < 0.01; ***P < 0.001 vs LPS group,
N = 5/group, mean ± S.D. The data shown were one of the representative results from at least three independent experiments.
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conditions both in vitro and in vivo. However, our un-
published data showed that GP IX did not change the

profile of inflammatory mediators or suppress p38
MAPK/Akt/NFκB signaling in normal C6 cells

Fig. 7. GP IX administration deactivated astrocyte activation. a Immunostaining results showed that GP IX treatment decreased GFAP positive astrocytes in
cortex of LPS-induced mice. Scale bar, 50 μm. bGP IX inhibited mRNA expression of GFAP.N = 4/group. cGP IX suppressed protein expression of GFAP.
LPS, 3 mg/kg; Dex, 3 mg/kg/day; GP IX, 30 mg/kg/day. *P < 0.05; **P < 0.01; ***P < 0.001 vs LPS group,N = 4/group, mean ± S.D. The data shown were
one of the representative results from at least three independent experiments.
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(Supplementary Figs. 1 and 2). The findings might facili-
tate its potential use in the alleviation of reactive
astrogliosis of CNS diseases.

Astrocytes express receptors that recognize pathogen-
ic molecules, such as toll-like receptor-4, and can directly
respond to proinflammatory stimuli [2, 30]. Astrocytes can
also express iNOS, which, by generating NO, is a potent
and pleiotropic mediator of several biological functions.
Although the physiological roles of NO are numerous, it

has been clearly demonstrated that it has bidirectional
actions on neuron survival [8]. L-NMMA is an iNOS
activity inhibitor [29] in our experiments, which displayed
significant inhibition on the release of NO from C6 cells
stimulated by LPS and TNF-α combination. However, L-
NMMA slightly induced the protein expression of iNOS in
cells stimulated with LPS and TNF-α, which might reflect
the compensatorymechanism of the cells in response to the
inhibition of iNOS activity. Meanwhile, it also effectively

Fig. 8. GP IX attenuated the phosphorylation of p38MAPK/AKT/NFκB signalingmolecules in brain cortex of LPS-inducedmice. a–dGP IX administration
alleviated the phosphorylation of NFκB, IκB, p38 MAPK and AKT in brain cortex of LPS-induced mice. LPS, 3 mg/kg; Dex, 3 mg/kg/day; GP IX, 30 mg/
kg/day. *P < 0.05; **P < 0.01 vs LPS group, N = 4/group, mean ± S.D. The data shown were one of the representative results from at least three independent
experiments.
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prevented the release of TNF-α but did not change that of
IL-6, which partially indicated its un-specific inhibition on
iNOS activity. In present study, GP IX could markedly
reduce the elevation of iNOS induced by LPS and TNF-
α at both mRNA and protein levels, suggesting that GP IX
modulated iNOS activity in a different way from L-
NMMA.

COX-2 is an enzyme responsible for the production of
proinflammatory prostaglandins in various models of in-
flammation [27]. Prostaglandins sustain homeostatic func-
tions and mediate inflammatory response [24]. Cytokines
have been known to act as major regulators of inflammatory
responses associated with brain infection and injury. During
inflammation, TNF-α plays a key role in host defense by
triggering and regulating the cytokine signaling cascade in
neuronal cells, whereas IL-6, a multifunctional cytokine,
exerts major regulatory effects on the inflammatory re-
sponse [7, 23]. IL-1β is thought to damage neurons in
epilepsy directly [31]. The current study demonstrated that
GP IX markedly suppressed the production of COX-2,
TNF-α, IL-6, and IL-1β, further substantiated the neuro-
protective potential of GP IX by mitigating inflammation.

NFκB has been considered as a major target in the
treatment of diseases associated with inflammation. In the
resting stage, NFκB exists as an inactive complex bound to
the inhibitory protein, IκB, in the cytoplasm [28]. Once
phosphorylated, NFκB will be translocated to nucleus and
trigger the transcription of downstream proinflammatory
molecules. PI3K/Akt pathway is known to be involved in
the expression of inflammatory mediators in microglia
through the activation of NFκB following IκB degradation
[14]. Additionally, the MAPK pathway also plays a critical
role in hippocampal astrocytes activation [9]; some MAPKs
such as p38 MAPK have become important targets for anti-
inflammatory molecules [20]. In present study, GP IX was
found to inhibit NFκB nuclear translocation and transcrip-
tion activity. Furthermore, it deactivated both Akt and p38
MAPK signaling pathways, suggesting that GP IX inhibited
the activation of astrocytes through these pathways.

In CNS, besides astrocytes, microglia and oligoden-
drocytes can produce inflammatory responses upon stim-
ulation by proinflammatory mediators [1, 6]. In present
study, GP IX was found to reduce the production of in-
flammatory mediators in the cortex of LPS-induced mice.
However, the anti-inflammatory effect of GP IX in mice
might be a collective response of CNS glial cells. More-
over, although astrogliosis in mouse cortex was suppressed
by GP IX, one could not exclude that it might reflect its
indirect inhibitory effect on microglia or oligodendrocytes.
Further investigation is needed to explore if GP IX could

reduce the inflammatory responses in other CNS cells in
addition to astrocytes.

CONCLUSIONS

To our knowledge, this is the first study showing that
GP IX suppressed reactive astrogliosis induced by proin-
flammatory mediators. The novel findings might pave the
road for the clinical application of GP IX in the relief of
astrocyte-mediated neuroinflammation.
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