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Inhibition of Neuroinflammation by Synthetic Androstene
Derivatives Incorporating Amino Acid Methyl Esters on

Activated BV-2 Microglia

Jing Wu,® Juanjuan Du," Ruinan Gu,” Li Zhang,” Xuechu Zhen,® Yuanchao Li,

Hongli Chen,*®™ 9 Biao Jiang,*® ¢

Androstene derivatives incorporating amino acid methyl esters
were prepared, and their anti-inflammatory effects were evalu-
ated in lipopolysaccharide (LPS)-activated BV-2 microglial cells.
Several compounds exhibited dose-dependent inhibition. The
most active compound, methyl ((3S,10R,135)-3-hydroxy-10,13-
dimethyl-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopentalalphenanthrene-17-carbonyl)-L-phenylalaninate (10)
significantly suppressed LPS-induced expression of inducible
nitric oxide synthase (iINOS), cyclooxygenase-2 (COX-2), inter-
leukin-6 (IL-6), and tumor necrosis factor-o. (TNF-a). Mechanis-
tic studies revealed that compound 10 markedly inhibits phos-
phorylation of p38 mitogen-activated protein kinases (MAPKs)
and subsequent transcription factor (NF-kB) and activator pro-
tein-1 (AP-1) activation. Furthermore, compound 10 decreased
LPS-activated microglial neurotoxicity in a condition medium/
HT-22 neuroblastoma co-culture model. Taken together, these
results suggest 10 is a potential lead compound for the devel-
opment of a novel therapeutic agent for neurodegenerative
diseases.

Neuroinflammation is a common hallmark of many neurodege-
nerative diseases,” such as Alzheimer's disease'® and Parkin-
son’s disease.”’ The neuroinflammation is mediated mainly by
activation of microglia, which are the immune cells of brain.
Uncontrolled microglial activation is often found in neuronal
injuries and is characterized by production of a wide range of
proinflammatory cytokines and neurotoxic mediators, includ-
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ing nitric oxide (NO), interleukin-18 (IL-1f3), tumor necrosis
factor-o. (TNF-a) and interleukin-6 (IL-6)."” The accumulated
proinflammatory cytokines and neurotoxic mediators act di-
rectly on neurons to induce apoptosis.” Therefore, suppression
of proinflammatory cytokines and free radicals that are re-
leased from activated microglial cells could be a strategy to
treat neuroinflammation-related diseases.”

There has been much attention devoted to studying the
anti-neuroinflammatory properties of synthetic compounds.”
Our previous studies suggested that synthetic 5a-cholestan-6-
one sterol analogues exert anti-inflammation properties in lipo-
polysaccharide (LPS)-activated BV-2 cells.”! Some androstene
sterol analogues have been shown to display significant anti-
inflammatory activity,” and reports have also shown that the
introduction of amide moieties to steroids can improve their
potency.'” Taking these results into account, we sought to
obtain a series of new androstene derivatives incorporating
amino acid methyl esters and to evaluate their anti-neuroin-
flammatory effects. In this study, new androstene derivatives
were synthesized and screened for inhibitory effect on NO pro-
duction in LPS-activated BV-2 cells. From these data, the
C16,17 bond of the steroids, the R (NH,CHRCOOMe) group of
the amino acid methyl esters, and the stereochemistry of the
amino acid were identified as having significant effects on the
inhibitory activities of the compounds.

The synthetic routes used to access the derivatives are
shown in Scheme 1. Steroidal 17-carboxylic acids (2a,b) were
synthesized from pregnenolone or 16-dehydropregnenolone
(1a,b) according to literature procedures.” Treatment of 2a or
2b with amino acid methyl esters in the presence of triethyla-
mine and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) led to the desired target com-
pounds (3-20). 17-Carboxamides 21-22 were obtained when
the corresponding carboxylic acids were reacted with ammo-
nia.

With the compounds in hand, we evaluated their inhibitory
activity on NO production in LPS-activated BV-2 microglial cells
at 20 um, comparing with dehydroepiandrosterone (DHEA),
a known androstenolone that acts as a neurosteroid.®'? The
cytotoxic effects of the compounds were determined, using
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay (Table 1), to rule out the probability that inhibition
of NO production was owing to cell growth inhibition or cell
death. The result showed that the 17-carboxamides exhibit de-
creased inhibitory activity compared with the corresponding
carboxylic acids (21 <2a; 22<2b).
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Scheme 1. Reagents and conditions: a) 1. NaOH, Br,, dioxane/H,0 (7:2), =5—10°C, 3 h; 2. 37 % HCI, 92% (two ly.
steps); b) NH,CHRCOOMe, HBTU, Et;N, RT, 18 h, 68-96 %; 3) NH,/CH;OH, HBTU, Et;N, RT, 18 h, 91 %.

The amino acid methyl ester conjugates exhibited moderate
to good inhibition of NO production in LPS-activated BV-2
cells. The activity of the compounds is sensitive to the R
(NH,CHRCOOMe) group, and the results suggest that a larger
alkyl functional group is required for potent activity (4>3;
12> 11). When the R group is an aromatic moiety, as in 9 and
10, compounds exhibit good inhibitory activities. However, re-
placement of CH,Ph (10) with p-OHCH,Ph (8) leads to a signifi-
cant loss in activity. Aromatic compounds with a C-16,17
double bond exhibited decreased inhibitory activities (9 >16;
10 > 17). Further study of the impact of the stereochemistry of
the amino acid was performed. The diastereomers of com-
pounds 9, 10 and 13 were synthesized, and the results
showed that the analogues containing the natural amino acid
exhibit superior activities (13>18; 9>19; 10>20). Among
them, compounds 9, 10 and 13 showed the most pronounced
inhibition of NO production in LPS-activated BV-2 microglia
without significant cytotoxicity.

The most effective compounds, 9, 10 and 13, were selected
for evaluation in dose-response assays in LPS-activated micro-
glia BV-2 cells. These compounds markedly decreased LPS-in-
duced NO production in a dose-dependent manner (Fig-
ure 1A-C). Consistent with 1C;, determination experiments,
compound 10 exhibited the most potent inhibition of NO pro-
duction in LPS-activated BV-2 cells (Table 2).
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The anti-inflammatory activi-
ties of compound 10 were fur-
ther evaluated in other cells
types and with other stimuli.
LPS-activated primary microglia
and LPS/IFN-y-activated primary
astrocytes were used to test fur-
ther the effects of compound 10
on NO production. As shown in
Figure 1D,E, NO production in
LPS-activated primary microglia
and LPS/IFN-y-activated primary
astrocyte cells was decreased by
compound 10, indicating that
the NO inhibitory activity of
compound 10 is general. The
tested concentration of com-
pound 10 did not influence cell
viability of primary microglia or
primary astrocytes (data not
shown).

Nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2)
are known to be pivotal proin-
flammatory-associated enzymes
in the brain™ and responsible
for the synthesis of NO and pros-
taglandin E2 (PGE-2), respective-
1 Production of proinflamma-
tory cytokines, such as TNF-
a and IL-6, is also increased by
the activated microglial cells."
Thus, we investigated the inhibitory effects of compound 10
on the mRNA expression of those cytokines and proinflamma-
tory enzymes by quantitative reverse transcription polymerase
chain reaction (RT-PCR) analysis using an SYBR quantitative RT-
PCR kit. As shown in Figure 2 A-D, compound 10 significantly
inhibits LPS-induced iNOS, COX-2, TNF-a. and IL-6 expression in
BV-2 microglial cells in a dose-dependent manner. The inhibito-
ry effects of compound 10 on iNOS, COX-2, TNF-o. and IL-6
production were further assessed by Western blot analysis or
enzyme-linked immunosorbent assay (ELISA). Compound 10
significantly inhibited LPS-induced iNOS, COX-2, TNF-o. and IL-
6 expression at the protein level (Figure 3) suggesting that
compound 10 might be a potential lead for the treatment of
neuroinflammation-associated neurodegenerative diseases.

Mitogen-activated protein kinases (MAPKs) are well-charac-
terized protein kinase that modulate expression of proinflmma-
tory cytokines and enzymes in glial cells under inflammatory
conditions."® Conventional MAPKs comprise three main subfa-
milies including extracellular signal-regulated kinases (ERK1/2),
p38 MAPK, and c-jun N-terminal kinase (JNK)."” Thus, we next
determined whether the anti-inflammatory properties of com-
pound 10 occur through inhibition of a MAPK signaling path-
way in LPS-activated BV-2 cells. As shown in Figure 4A, LPS
markedly induces MAPKs phosphorylation, and compound 10
suppresses the phosphorylation of p38 MAPK and JNK (Fig-
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Table 1. Structures and inhibitory activity of androstene derivatives on
nitric oxide (NO) production in lipopolysaccharide (LPS)-activated micro-
glia (20 pm).
Compd NH,CHRCOOMe R Inhib. [%]®  Cell viab. [9%]®
2a - - 25.074+2.99 108.60+2.97
2b - - 32.23+4.34 109.44+3.67
3 Gly-OMe H 22.10+4.71  106.81+1.59
4 L-Ala-OMe CH, 30.20+4.72  100.78+£1.55
5 L-Val-OMe CH(CH,), 33.71+4.68 92.75+4.50
6 L-Pro-OMe (CH,)s 41.08+1.98 90.31+1.56
7 L-Glu-(OMe), (CH,),COOMe 24.75+3.72 94.51+0.87
8 L-Tyr-OMe p-OHPhCH, 18.35+3.99 98.73+3.31
9 L-Trp-OMe 3-indole-CH,  50.65+3.56 99.82 +3.81
10 L-Phe-OMe CH,Ph 57.534+220 102.65+0.65
1 Gly-OMe H 23.394+4.31 98.26 +1.69
12 L-Ala-OMe CH; 44.01+438 109.52+2.27
13 L-Val-OMe CH(CH3), 4433+552  100.66 +2.97
14 L-Pro-OMe (CH,)5 32.30+3.82 93.74+2.45
15 L-Glu-(OMe), (CH,),COOMe 26.164+4.36  106.94+1.06
16 L-Trp-OMe 3-indole-CH, 42.04+5.28 107.72+33
17 L-Phe-OMe CH,Ph 39.044+3.99 109.52+2.86
18 p-Val-OMe CH(CH,), 33.67+5.19 87.32+1.25
19 D-Trp-OMe 3-indole-CH,  34.38+4.09 89.31+3.03
20 D-Phe-OMe CH,Ph 39.824+2.53 97.84+3.72
21 - - 2.76£2.93 98.57 £4.01
22 - - 15.33+2.39 92.75+5.25
DHEA - - 9.284+1.46 101.57+2.21
[a] Inhibition (%): BV-2 cells were pretreated with test compound (20 um)
for 30 min and then stimulated with or without LPS (0.1 ungmL™") for
24 h. The nitrite level in the cell culture medium was determined by
Griess reaction. Values represent the mean + SD of three independent ex-
periments (performed in triplicate); [b] Cell viability was measured by
using an MTT assay.
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Table 2. In vitro inhibitory activity of compounds 9, 10, 13 on nitric
oxide (NO) production in lipopolysaccharide (LPS)-activated microglia.

Compd ICso [um]™®

9 20.09+1.30
10 17.624+1.25
13 24.98 +1.40

[a] Values are the mean +SD of three independent experiments (per-
formed in triplicate).

ure 4A), whereas phosphorylation of ERK1/2 is not affected.
Activator protein-1 (AP-1) and nuclear factor-kB (NF-«B), impor-
tant intracellular nuclear transcription factors that can be acti-
vated by MAPK inflammatory signal transduction pathways,
play a vital part in proinflammatory enzymes and cytokines ex-
pression. Therefore, we examined the effects of compound 10
on AP-1 and NF-kB activation in LPS-activated BV-2 cells by lu-
ciferase reporter assay. Compound 10 significantly inhibits LPS-
induced AP-1 and NF-xB activity in BV-2 cells (Figure 4B,C).
These results suggest that the MAPK/AP-1 or MAPK/NF-xB
pathway might take part in the inhibitory activity of com-
pound 10 on iNOS, COX-2, TNF-a, and IL-6 mRNA expression
in LPS-activated BV-2 cells.

To explore the possible implication of p38 MAPK and JNK
signaling pathways in anti-inflammatory activity of compound
10, we next examined the effects of a p38 MAPK-specific inhib-
itor, SB203580 and a JNK-specific inhibitor, SP600125, on LPS-
induced microglia activation. As shown in Figure 5, similar to
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Figure 1. Inhibition of NO generation in lipopolysaccharide (LPS)-activated BV-2 cells by compounds A) 10, B) 9, and C) 13, and in D) LPS-activated primary mi-
croglia and E) LPS/IFN-y-stimulated primary astrocytes by compound 10. Cells were pretreated with test compound (5-20 pum) for 30 min and then stimulated
with or without LPS (0.1 pgmL™") or LPS/IFN-y (50 UmL™") for 24 h. The nitrite level in the cell culture medium was then determined by Griess reaction.
Values are the mean +SD of three independent experiments (performed in triplicate); *p < 0.05 and **p < 0.01, compared with the LPS or LPS/IFN-y values.
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Figure 2. Inhibition of A) iNOS, B) TNF-a, C) COX-2 and D) IL-6 expression at the mRNA level in lipopolysaccharide (LPS)-activated BV-2 cells by compound 10.
BV-2 cells were pretreated with 10 (5-20 um) for 30 min and then stimulated with or without LPS (0.1 ugmL™") for 6 h. The appropriate mRNA level was ana-
lyzed by SYBR green quantitative reverse transcription polymerase chain reaction (RT-PCR). Values are the mean +SD of three independent experiments (per-
formed in triplicate); *p <0.05 and **p <0.01 compared with the LPS value.
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Figure 3. Inhibition of iNOS, COX-2, TNF-a and IL-6 expression at the protein level in lipopolysaccharide (LPS)-activated BV-2 cells by compound 10. BV-2 cells
were pretreated with 10 (5-20 um) for 30 min and then stimulated with or without LPS (0.1 pgmL™") for 24 h. A) The iNOS and COX-2 expression levels were
analyzed by Western blotting. B) TNF-a and C) IL-6 secretion levels were detected by an enzyme-linked immunosorbent assay (ELISA). Values are the mean
+SD of three independent experiments (performed in triplicate); * p < 0.05 and **p < 0.01 compared with the LPS value.
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Figure 4. Inhibition of A) MAPKs, B) NF-kB and C) AP-1 activation in lipopolysaccharide (LPS)-activated BV-2 cells by compound 10. A) BV-2 cells were pretreat-

ed with 10 (5-20 um) for 30 min and then stimulated with or without LPS (0.1

ugmL™") for 20 min. The levels of phosphorylated (p) MAPKs were determined

by Western blot. B,C) BV-2 cells stably expressing an NF-kB or AP-1 reporter were treated with LPS (0.1 ugmL™") following pretreatment with 10 (20 um) for
30 min. After 16 h of LPS-stimulation, B) NF-kB or C) AP-1 activity was determined by a luciferase reporter assay. The control value was set to 1; and relative

values are the mean + SD of three independent experiments (performed in triplicate);

compound 10, both SB203580 and SP600125 inhibited LPS-in-
duced NO production and activation of NF-kB and AP-1. Fur-
thermore, both compound 10 and SB203580 or SP600125 syn-
ergistically suppressed NO production in LPS-activated BV-2
microglial cells (Figure 5A,B). Thus, these results further con-
firm that these two signaling pathway are actively implicated
in the anti-inflammatory action of compound 10.
Overactivated microglia can induce neuron death and pro-
mote the cascade reaction of neuron degeneration via release
of proinflammatory cytokines and neurotoxic mediators, thus
suppression microglia activation could have neuroprotective
effects.'™ To examine whether compound 10 has neuroprotec-
tive properties, microglia-conditioned medium and neuron co-
culture in vitro were used."” The cell toxicity of HT-22 hippo-
campal cells was evaluated with conditioned media (CM) from
LPS-activated BV-2 cells. HT-22 cell viability was significantly
decreased after treated with CMs harvested from LPS-activated
BV-2 cells (Figure 6 A). However, pretreatment of compound 10
in LPS-activated BV-2 cells significantly weakened the cell toxic-
ity of HT-22 cells (Figure 6B). To investigate whether com-
pound 10 could protect against oxidative stress-induced HT-22
cell death, we examined the cell viability of HT-22 cells after
hydrogen peroxide treatment for 24 h with or without com-
pound 10. The results revealed that compound 10 does not
affect hydrogen peroxide-induced HT-22 cell death. These re-
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*p <0.05 and **p <0.01 compared with the LPS value.

sults suggest that compound 10 could have a neuroprotective
effect via inhibiting microglial neurotoxicity.

In conclusion, a series of androstene derivatives incorporat-
ing amino acid methyl esters was synthesized. Their inhibitory
activities were evaluated on NO production in LPS-activated
BV-2 cells. Amino acid methyl ester conjugates were found to
have moderate to good inhibitory effects on NO production in
LPS-activated BV-2 cells with no or weak cell toxicity at 20 um,
and the C16,17 bond of the steroids, the R (NH,CHRCOOMe)
group of amino acid methyl esters, and the stereochemical
configuration of the amino acid had important effects on the
inhibitory activities of these compounds. The most potent
compound (10) also significantly suppressed LPS-induced ex-
pression of proinflammatory cytokines and enzymes, such as
iNOS, COX-2, TNF-a and IL-6. In addition, blockade of MAPK/
AP-1 or NF-kB likely mediated the anti-inflamamtory effects of
compound 10 in microglial cells. Furthermore, compound 10
inhibited the neurotoxicity in a microglial CM/HT-22 neuroblas-
toma co-culture system.

These results demonstrate that compound 10 possesses
potent anti-neuroinflammatory and neuroprotective properties,
and thus it might be a potential lead for the development of
a novel therapeutic agent for neurodegenerative diseases. The
molecular mechanisms on neuroprotection and anti-inflamma-
tory effects in vivo require further investigation.
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Figure 5. Effects of p38 MAPK-specific inhibitor SB203580 (SB) and JNK-specific inhibitor SP600125 (SP) in lipopolysaccharide (LPS)-induced microglial activa-
tion. BV-2 cells were pretreated with 10 (20 um) and SB203580 (A) or SP600125 (B) for 30 min and then stimulated with or without LPS (0.1 ugmL™") for 24 h.
The nitrite level in the cell culture medium was determined. BV-2 cells stably expressing NF-«B (C) or AP-1 (D) reporter were treated with LPS (0.1 uigmL ") fol-
lowing pretreatment with SB or SP for 30 min. After 16 h of LPS-stimulation, the NF-kB or AP-1 activity was determined by a luciferase reporter assay. In pan-
els C,D, control values were set to 1, and relative values are the mean +SD of three independent experiments (performed in triplicate). In panels A,B, values
are the mean +SD of three independent experiments (performed in triplicate); *p <0.05 and **p < 0.01 compared with the LPS value.
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Figure 6. Neuroprotective effects of compound 10 on microglial neurotoxicity. A) BV-2 cells were pretreated with 10 (5-20 pum) for 30 min and then stimulated
with or without LPS (0.1 ugmL™") for 24 h. The conditioned mediums (CMs) of BV-2 cells treated with: nothing (control), 10 alone, LPS alone, and LPS/10
were collected, and the CMs were added to HT-22 cells. After 36 h, HT-22 cell viability was determined. B) HT-22 cells were pretreated with 10 (5-20 um) for
30 min and then stimulated with or without H,0, (600 um) for 24 h. HT-22 cell viability was determined. Values are the mean =+ SD of three independent ex-
periments (performed in triplicate); * p <0.05 and **p <0.01 compared with the LPS or H,0, value.

Acknowledgements Research Plan (973) (2009CB522000, 2011CB5C4403). Support

from the Priority Academic Program Development of Jiangsu
This work was financially supported by grants from the National ~ Higher Education Institutes (PAPD) and a grant from the Jiangsu
Science Foundation of China (21102167, 81130023, 81372688),  Science and Technology Commission (BY2011131) are also grate-
the Ministry of Science and Technology of China, National Basic  fully acknowledged.

ChemMedChem 2015, 10, 610-616 www.chemmedchem.org 615 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemmedchem.org

:@’* ChemPubSoc
Mgt Europe

Keywords: androstene

derivatives . microglia .

neuroinflammation - neuroprotection

[11 C.K. Glass, K. Saijo, B. Winner, M. C. Marchetto, F. H. Gage, Cell 2010,

[7

ChemMedChem 2015, 10, 610-616

140, 918-934.

a) P-x. Xu, S-w. Wang, X.-l. Yu, Yj. Su, T. Wang, W.-w. Zhou, H. Zhang,
Y-j. Wang, R-t. Liu, Behav. Brain Res. 2014, 264, 173-180; b) M. Obulesu,
M. Jhansilakshmi, Int. J. Neurosci. 2014, 124, 227 -235.

a)N. Tanik, A. Milanlioglu, M.Y. Okyay, A. Celikbilek, T. Atalay, A.Y.
Gocmen, M.N. Aydin, Eur. Geriatr. Med. 2013, 4, 418-419; b)J. M.
Taylor, B. S. Main, P. J. Crack, Neurochem. Int. 2013, 62, 803-819.

L. L. Guo, S. Xiao, Y. Guo, World J. Gastroenterol. 2005, 11, 3860 - 3865.
a) C. Thiemermann, C. Szabo, J. A. Mitchell, J. R. Vane, Proc. Natl. Acad.
Sci. USA 1993, 90, 267; b) H. Sakurai, H. Kohsaka, M. F. Liu, H. Higashiya-
ma, Y. Hirata, K. Kanno, I. Saito, N. Miyasaka, J. Clin. Invest. 1995, 96,
2357-2363; c) P. A. Felts, A. M. Woolstone, H. B. Fernando, S. Asquith,
N. A. Gregson, O. J. Mizzi, K. J. Smith, Brain 2005, 128, 1649-1666.

a) C. V. Jongeneel, Immunobiology 1995, 193, 210; b)N.R. Bhat, P.
Zhang, J.C. Lee, E.L. Hogan, J. Neurosci. 1998, 18, 1633-1641; c)J.
Yoon, L. Cho, S. K. Lee, J. K. Ryu, Bioorg. Med. Chem. Lett. 2011, 21, 1953;
d) T-A. N. Pham, H. Che, P-T. T. Phan, J.-W. Lee, S.-S. Kim, H. Park, Bioorg.
Med. Chem. Lett. 2012, 22, 2534-2535; e) H. Kleinert, A. Pautz, K. Linker,
P. M. Schwarz, Eur. J. Pharmacol. 2004, 500, 255; f) L. T. Zheng, J. Hwang,
J. Ock, M. G. Lee, W.H. Lee, K. Suk, J. Neurochem. 2008, 107, 1225-
1235.

a) U. P. Okorji, O. A. Olajide, Bioorg. Med. Chem. 2014, 22, 4726-4734;
b) O. A. Olajide, H. S. Bhatia, A. C. de Oliveira, C. W. Wright, B. L. Fiebich,
Eur. J. Med. Chem. 2013, 63, 333-339.

[l
[12]
[13]
[14]
[15]
[16]
[17]

[18]
[19]

CHEMMEDCHEM
Communications

Y. X. Yang, L. T. Zheng, J. J. Shi, B. Gao, Y-K. Chen, H.-C. Yang, H.-L. Chen,
Y--C. Li, X.-C. Zhen, Bioorg. Med. Chem. Lett. 2014, 24, 1222 -1227.

S. C. Griggs, J. A. King, J. Pharm. Sci. 1978, 67, 1215-1218.

a) H. L. Holland, G. Lakshmaiah, P.L. Ruddock, Steroids 1998, 63, 484—
495; b) P. Wang, X. L. Bi, J. Xu, H. N. Yuan, H.R. Piao, Y. Q. Zhao, Steroids
2013, 78, 203 -209.

a) J. Staunton, E.J. Eisenbraun, Org. Synth. 1962, 42, 4; b)N. Zhua, Y.
Ling, X. Lei, V. Handratta, A. M. H. Brodie, Steroids 2003, 68, 603-611.

E. Friess, T. Schiffelholz, T. Steckler, A. Steiger, Eur. J. Clin. Invest. 2000,
30, 46-50.

a) C. ladecola, Trends Neurosci. 1997, 20, 132; b) J. A. Mitchell, S. Larkin,
T. J. Williams, Biochem. Pharmacol. 1995, 50, 1535.

G. Stollg, S. Jander, Prog. Neurobiol. 1999, 58, 233.

B. Liu, J. S. Hong, J. Pharmacol. Exp. Ther. 2003, 304, 1.

N. R. Bhat, P. Zhang, J. C. Lee, E. L. Hogan, J. Neurosci. 1998, 18, 1633 -
1641.

M. Koistinaho, J. Koistinaho, Glia 2002, 40, 175-183.

K. Saijo, C. K. Glass, Nat. Rev. Inmunol. 2011, 11, 775-787.

a) X. Zhou, P. Gan, L. Hao, L. Tao, J. Jia, B. Gao, J.-y. Liu, L. T. Zheng, X.
Zhen, Biol. Pharm. Bull. 2014, 37, 1282-1294; b) L. Tao, F. Zhang, L. Hao,
J. Wu, J. Jia, J-y. Liu, L. T. Zheng, X. Zhen, J. Pharmacol. Sci. 2014, 125,
364-374.

Received: January 21, 2015
Published online on March 4, 2015

www.chemmedchem.org

616

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1016/j.cell.2010.02.016
http://dx.doi.org/10.1016/j.cell.2010.02.016
http://dx.doi.org/10.1016/j.cell.2010.02.016
http://dx.doi.org/10.1016/j.cell.2010.02.016
http://dx.doi.org/10.1016/j.bbr.2014.02.002
http://dx.doi.org/10.1016/j.bbr.2014.02.002
http://dx.doi.org/10.1016/j.bbr.2014.02.002
http://dx.doi.org/10.3109/00207454.2013.831852
http://dx.doi.org/10.3109/00207454.2013.831852
http://dx.doi.org/10.3109/00207454.2013.831852
http://dx.doi.org/10.1016/j.eurger.2013.07.726
http://dx.doi.org/10.1016/j.eurger.2013.07.726
http://dx.doi.org/10.1016/j.eurger.2013.07.726
http://dx.doi.org/10.1016/j.neuint.2012.12.016
http://dx.doi.org/10.1016/j.neuint.2012.12.016
http://dx.doi.org/10.1016/j.neuint.2012.12.016
http://dx.doi.org/10.1073/pnas.90.1.267
http://dx.doi.org/10.1073/pnas.90.1.267
http://dx.doi.org/10.1172/JCI118292
http://dx.doi.org/10.1172/JCI118292
http://dx.doi.org/10.1172/JCI118292
http://dx.doi.org/10.1172/JCI118292
http://dx.doi.org/10.1093/brain/awh516
http://dx.doi.org/10.1093/brain/awh516
http://dx.doi.org/10.1093/brain/awh516
http://dx.doi.org/10.1016/S0171-2985(11)80545-0
http://dx.doi.org/10.1016/j.bmcl.2011.02.034
http://dx.doi.org/10.1016/j.bmcl.2012.01.135
http://dx.doi.org/10.1016/j.bmcl.2012.01.135
http://dx.doi.org/10.1016/j.bmcl.2012.01.135
http://dx.doi.org/10.1016/j.bmcl.2012.01.135
http://dx.doi.org/10.1016/j.ejphar.2004.07.030
http://dx.doi.org/10.1111/j.1471-4159.2008.05675.x
http://dx.doi.org/10.1111/j.1471-4159.2008.05675.x
http://dx.doi.org/10.1111/j.1471-4159.2008.05675.x
http://dx.doi.org/10.1016/j.bmc.2014.07.007
http://dx.doi.org/10.1016/j.bmc.2014.07.007
http://dx.doi.org/10.1016/j.bmc.2014.07.007
http://dx.doi.org/10.1016/j.ejmech.2013.02.004
http://dx.doi.org/10.1016/j.ejmech.2013.02.004
http://dx.doi.org/10.1016/j.ejmech.2013.02.004
http://dx.doi.org/10.1016/j.bmcl.2013.12.055
http://dx.doi.org/10.1016/j.bmcl.2013.12.055
http://dx.doi.org/10.1016/j.bmcl.2013.12.055
http://dx.doi.org/10.1002/jps.2600670907
http://dx.doi.org/10.1002/jps.2600670907
http://dx.doi.org/10.1002/jps.2600670907
http://dx.doi.org/10.1016/S0039-128X(98)00053-1
http://dx.doi.org/10.1016/S0039-128X(98)00053-1
http://dx.doi.org/10.1016/S0039-128X(98)00053-1
http://dx.doi.org/10.1016/j.steroids.2012.09.012
http://dx.doi.org/10.1016/j.steroids.2012.09.012
http://dx.doi.org/10.1016/j.steroids.2012.09.012
http://dx.doi.org/10.1016/j.steroids.2012.09.012
http://dx.doi.org/10.1016/S0039-128X(03)00082-5
http://dx.doi.org/10.1016/S0039-128X(03)00082-5
http://dx.doi.org/10.1016/S0039-128X(03)00082-5
http://dx.doi.org/10.1046/j.1365-2362.2000.0300s3046.x
http://dx.doi.org/10.1046/j.1365-2362.2000.0300s3046.x
http://dx.doi.org/10.1046/j.1365-2362.2000.0300s3046.x
http://dx.doi.org/10.1046/j.1365-2362.2000.0300s3046.x
http://dx.doi.org/10.1016/S0166-2236(96)10074-6
http://dx.doi.org/10.1016/0006-2952(95)00212-X
http://dx.doi.org/10.1016/S0301-0082(98)00083-5
http://dx.doi.org/10.1124/jpet.102.035048
http://dx.doi.org/10.1002/glia.10151
http://dx.doi.org/10.1002/glia.10151
http://dx.doi.org/10.1002/glia.10151
http://dx.doi.org/10.1038/nri3086
http://dx.doi.org/10.1038/nri3086
http://dx.doi.org/10.1038/nri3086
http://dx.doi.org/10.1248/bpb.b14-00083
http://dx.doi.org/10.1248/bpb.b14-00083
http://dx.doi.org/10.1248/bpb.b14-00083
http://dx.doi.org/10.1254/jphs.14025FP
http://dx.doi.org/10.1254/jphs.14025FP
http://dx.doi.org/10.1254/jphs.14025FP
http://dx.doi.org/10.1254/jphs.14025FP
http://www.chemmedchem.org

