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Abstract

Microglia are diverse cells that acquire different functional phenotypes in response to microenvironment in which they
reside. Several transcriptional regulators have been identified that regulate different microglia phenotypes. They are
mainly stimulated into two opposing phenotypes, classically (M) and alternatively (M2) phenotype. Regulating microglia
polarization from M| to M2 state has been suggested as a potential therapeutic approach in treatment of CNS disorders.
Candesartan, an angiotensin Il type | receptors antagonist, exerts beneficial effects for antioxidant, anti-inflammation,
neurotrophic, and anti-apoptotic function. However, the effect of candesartan on microglia polarization and underlying
mechanisms remain unknown. In this study, the resting microglia were stimulated to M| microglia with lipopolysaccharide
(LPS) and interferon-y (IFN-y), and then treated with vehicle or candesartan for 24 h. RT-PCR was utilized to detect the
mRNA expression of microglia phenotype markers and inflammatory cytokines. Microglia phenotype markers and toll-
like receptor 4 (TLR4)/nuclear factor kappa B (NF-kB) pathway were determined by western blot. A neuron-microglia
co-culture system was used to determine whether candesartan could ameliorate the neurotoxic effect of M| microglia
to oxygen-glucose deprivation (OGD) neuron. Candesartan treatment reduced the expression of M| markers, and
increased M2 markers. Meanwhile, candesartan reduced fluorescence intensity and protein level of Ml marker and
enhanced M2 marker. Candesartan also regulated the neuroinflammatory response via reducing the release of pro-
inflammatory cytokines and increasing anti-inflammatory cytokines in LPS + IFN-y stimulated BV2 cells. Candesartan
markedly inhibited the protein level of TLR4, the phosphorylation of IKBa and p65, and suppressed nuclear translocation
of NF-kB p65. BAY 11-7085, a NF-«B inhibitor, remarkably enlarged the inhibitory effect of candesartan on NF-xB
pathway. In addition, M| phenotype microglia exacerbated post-OGD N2a cells death and LDH release, whereas
candesartan reversed such neurotoxic effect. Candesartan treatment may ameliorate stroke-induced neuronal damage
through shifting microglia to M2 phenotype in a TLR4/NF-kB-dependent manner.
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Introduction

Microglia are specialized innate immune mac-
rophages in the central nervous system (CNS) and
perform numerous functions required for CNS devel-
opment, homeostasis, and repair."? Clinical and
experimental studies support that microglia play
important roles in regulating immune and inflamma-
tory responses for pathogenesis and repairment in
CNS injuries, including Alzheimer’s disease,
Parkinson’s disease, and stroke.>* Many lines of evi-
dence indicate that microglia can exhibit a diverse
range of phenotypes with beneficial or deleterious
functions in response to their surroundings.®> Microglia
phenotypes have the characteristics of spatial, tempo-
ral and functional diversity during the progression of
CNS disease.® For instance, the classically activated
M1 microglia are stimulated by lipopolysaccharide
(LPS) and interferon-y (IFN-y), which lead to inflam-
matory amplification through the secretion of pro-
inflammatory cytokines including tumor necrosis
factor-a (TNF-av), interleukin-1p (IL-1p), and IFN-
v.” In contrast, alternatively activated M2 microglia
are induced by interleukin-4 (IL-4) or interleukin-13
(IL-13), which exert neuroprotective effects by
removing cell debris and producing anti-inflamma-
tory cytokines such as transforming growth factor-3
(TGF-B) and interleukin-10 (IL-10).® Several tran-
scriptional regulators have been identified that regu-
late different microglia phenotypes, including nuclear
factor kappa-B (NF-kB), signal transducer and acti-
vator of transcription (STATs), interferon regulatory
factors (IRFs), and so on.! Excessive inflammation
responses during the course of CNS injury are detri-
mental for the recovery of neurological function.? Not
surprisingly, balancing between M1 and M2 micro-
glia polarization play a key role during the CNS dis-
ease progression.’

Candesartan is an antagonist blocking angioten-
sin II type I receptors (AT1R, encoded by Atgrl)
stimulation by angiotensin II when administered
systemically.'” More observations strongly suggest
that angiotensin II signaling may participate in
multiple functions for cerebral circulation, stress
responses and inflammation through the AT1Rs
activation.!"!? But decreasing ATIR activity with
the AT1R antagonist candesartan is therapeutic
function on hypertension,'® heart failure,'* cere-
brovascular accident, or stroke. !> Toll-like receptor
4 (TLR4) can be stimulated by LPS, and further
activates downstream NF-kB, which eventually
induces the transcription of pro-inflammatory

mediators and promotes the polarization of M1
phenotypic microglia.'® In LPS model rats, cande-
sartan was also found to reduce gene expression of
pro-inflammatory cytokines, and microglia activa-
tion in the brain.!” The anti-inflammatory effects of
candesartan may result from the inhibition of
Angiotensin II and LPS common signaling cas-
cades. In LPS-stimulated human renal tubular epi-
thelial model, candesartan inhibited inflammatory
factors likely via reducing TLR4, but independent
on ATIR.'® These studies indicated that candesar-
tan treatment could ameliorate different pathologi-
cal effect, yet candesartan has not been assessed
for regulation on microglia polarization.

The present study was designed to test the under-
lying mechanism of candesartan in modulating
microglia polarization. Firstly, candesartan was dem-
onstrated to inhibit microglia M1 polarization and
promote M2 polarization. Furthermore, candesartan
treatment also significantly modulated neuroinflam-
matory response via attenuating pro-inflammatory
cytokines and increasing anti-inflammatory factors.
The cellular mechanisms of this process may be
associated with the inhibition of TLR4/NF-kB sign-
aling pathway. In addition, candesartan inhibited the
neurotoxic effect of M1 microglia on OGD neurons
in neuron-microglia co-culture system. Therefore,
these findings support the view that candesartan alle-
viates neuronal damage at least partially by modulat-
ing the balance between M1 and M2 microglia
polarization in a TLR4/NF-kB-dependent manner.

Materials and methods

Microglia cell model and candesartan
treatment

Both mouse microglia (BV2 cells) and neuron (N2a
cells) were purchased from Cell Center, Institute of
Basic Medical Sciences, CAMS and PUMC,
Beijing, China. BV2 cells were cultured in DMEM
medium (Gibco), which was supplemented with
10% fetal bovine serum (Gibco), and 1% penicillin-
streptomycin (Gibco). The cells were then incubated
at 37°C in a humidified atmosphere of 5% CO,. For
M1 microglia, microglial cells were stimulated with
100 ng/mL LPS + 20 ng/mL IFN-y (PeproTech),!*2°
and then treated with vehicle or candesartan (Sigma).
For M2 microglia, microglial cells were induced
with 20 ng/mL IL-4 (PeproTech).?’ After 24 h treat-
ment, cells were harvested for testing the changes of
mRNA and protein level, and the supernatant was
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collected for measuring the level of inflammatory
cytokines.

Cell viability and LDH assay

BV2 cells (3 X 10%well) were seeded into 96-well
plates (Gibco), and treated with vehicle or different
concentrations of candesartan (0.5, 1, 5, 10, 20, 30,
40, and 50uM) for 24 h. The cell viability of BV2
microglial cells was evaluated by the cell counting
kit-8 assay (CCK-8 assay, Beyotime). Each well was
exposed to 10 uL of CCK-8 reagent (Beyotime).
During the last 1h incubation at 37°C, all wells were
measured for the absorbance at 450 nm in a micro-
plate reader (Biotek). The cytotoxicity of candesartan
on BV2 cells was analyzed by a lactate dehydroge-
nase (LDH) assay kit (Beyotime) according to the
manufacturer’s protocol. The concentrations of LDH
were measured for the absorbance at 490 nm using a
microplate reader (Biotek). The data were expressed
as percentages of the value of vehicle cells.

Nitric oxide assay

BV2 cells (1.5 X 10%well) were cultured in 60 cm
culture dish, and treated with LPS (100ng/mL) +
IFN-y (20 ng/mL) followed by vehicle or optimal
dose of candesartan for 24 h. The concentration of
nitric oxide (NO) in supernatant was performed using
the Griess reaction kit according to the manufactur-
er’s instruction (Nanjing Jiancheng Bioengineering
Institute). The 490 nm absorbance was measured by a
microplate reader (Biotek). The NO concentration
was calculated using the standard curve of sodium
nitrate.

ELISA measurements

BV2 cells (1.5 X 10° cells/well) were cultured in
60cm culture dish, and treated with LPS (100ng/
mL) + IFN-y (20 ng/mL), together with vehicle or
optimal dose of candesartan for 24 h. The superna-
tant was collected for detecting the protein level of
pro-inflammatory (TNF-o, IL-12p70, and IL-6)
and anti-inflammatory (TGF- and IL-10) accord-
ing to the instructions of ELISA kits (Nanjing
Jiancheng Bioengineering Institute).

Immunofluorescence

BV2 microglial cells (1.5 X 10* cells/well) were
seeded in a 24-well plate containing the coverslip.

The cells were treated with LPS (100ng/mL) +
IFN-y (20 ng/mL) followed by vehicle or selected
dose of candesartan. After 24 h, cells were fixed
with 4% paraformaldehyde followed by blocking
with 5% donkey serum. The cells were incubated
with primary antibodies, rabbit anti-iNOS (1:100
dilution, Abcam) or rabbit anti-CD206 (1:200
dilution, Abcam) at 4°C overnight. Cells were
washed with PBS, followed by incubation with
the secondary antibody for 2 h at room tempera-
ture, Alexa Fluor 488 donkey anti-rabbit IgG
(1:400 dilution, Invitrogen). After being washed,
the nucleus was stained with DAPI. All samples
were observed with a laser confocal microscope
(Nikon).

Quantitative RT-PCR

Total RNA in BV2 cells was extracted using RNA
prep Pure cell kit (TTANGEN) according to the
manufacturer’s instructions. The cDNA was pre-
pared by using Quantscript RT Kit (TTANGEN).
Quantitative PCR was performed on quantitative
PCR systems (Applied Biosystems 7500 Real-
Time PCR Systems, Thermo Fisher Scientific,
Waltham, MA, USA) using the synthetic primers
and the SuperReal PreMix Plus (SYBR Green) kit
(TTANGEN). Gene specific primers used for
cDNA amplification were as listed in Table 1. The
data were analyzed by the 2724 method.?!

Western blot

Proteins extracted from BV2 cells by RIPA buffer
containing the protease and phosphatase inhibitors
(Roche) were used for western blotting. In brief,
protein samples (30 pg/lane) were separated on
12% SDS-PAGE and transferred to PVDF mem-
brane (Millipore). Membranes were blocked with
fat-free milk (5%) in TBST for 2h at room tem-
perature. Membranes were then respectively incu-
bated with the primary antibodies overnight at
4°C, including iNOS (1:500, Abcam), CD206
(1:1000, Abcam), TLR4 (1:500, Abcam), NF-xB
p65 (1:2000, Abcam), phospho-NF-xB p65
(p-p65, 1:2000, Abcam), IKBa (1:1000, Abcam),
phospho-IKBa.  (p- IKBa, 1:2000, Abcam),
GAPDH (1:2000, Abcam), LaminB1 (1:2000,
Abcam). After washing 3 times with TBST, mem-
branes were respectively incubated with HRP-
conjugated secondary antibodies (1:4000) for 2h
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Table I. Gene specific primers used for cDNA amplification.

Genes Primers(5'-3")

CDIIb  Forward CCAAGACGATCTCAGCATCA
Reverse TTCTGGCTTGCTGAATCCTT

iNOS Forward CAAGCACCTTGGAAGAGGAG
Reverse =~ AAGGCCAAACACAGCATACC

YMI/2 Forward CAGGGTAATGAGTGGGTTGG
Reverse =~ CACGGCACCTCCTAAATTGT

CCL22 Forward CTGATGCAGGTCCCTATGGT
Reverse =~ GCAGGATTTTGAGGTCCAGA

IL-6 Forward GAGGATACCCCCAACAGACC
Reverse AAGTGCATCATCGTTGTTCATACA

TNF-a Forward GATCTCAAAGACAACCAACTAGTG
Reverse = CTCCAGCTGGAAGACTCCTCCCAG

IL-10 Forward CCAAGCCTTATCGGAAATGA
Reverse =~ TTTTCACAGGGGAGAAATCG

GAPDH Forward AGGTCGGTGTGAACGGATTTG
Reverse = GGGGTCGTTGATGGCAACA

at room temperature. GAPDH and LaminB1 were
used as the internal control. Membranes were
detected by the ECL chemiluminescence detection
system (Millipore). The band intensity was meas-
ured using Image J.

Neuron-microglia co-culture

BV2 microglia and N2a cells were co-cultured in
transwell-24 system (Corning) as our previous
study.?? The cell density ratio is 1:10 (BV2 micro-
glia: N2a cells). BV2 cells were seeded on remov-
able culture inserts, and then treated with LPS
(100ng/mL) + IFN-y (20 ng/mL), together with
vehicle or selected dose of candesartan for 24 h.
Remove the medium and wash microglia with fresh
medium for 3 times. N2a cells growing in 24-well
plate were subjected to oxygen glucose deprivation
(OGD) for 3 h. Microglia-neuron co-cultures were
executed by placing microglia inserts on the top of
no-OGD or post-OGD N2a cells. After 24h co-cul-
ture, microglia inserts were removed. Neuronal sur-
vival was measured by MTT assay (Roche).
Neuronal cytotoxicity was detected by LDH assay
(Beyotime). MTT and LDH assay were carried out
according to the manufacturer’s protocol.

Statistical analysis

The results are expressed as the means = SEM.
Statistical significance among multiple experimen-
tal groups was determined by one-way ANOVA of
variance with prism software version 5.0 (GraphPad

Software, San Diego, CA, USA). P values <0.05
were considered statistically significant.

Results

Effects of candesartan on cellular viability and
cytotoxicity in BV2 cells

To assess the effects of candesartan on cellular via-
bility and LDH release in BV2 cells, the cells were
cultured with vehicle or different concentration of
candesartan (0.5, 1, 5, 10, 20, 30, 40, and 50 uM)
for 24 h. Compared to vehicle group, the cell via-
bility was markedly reduced by 20, 30, 40, and
50 uM candesartan (Figure 1a). However, 0.5, 1, 5,
and 10 uM candesartan did not significantly affect
the cell viability. In LDH assay, no cytotoxic effects
were observed following culture of BV2 with 0.5,
1 uM candesartan for 24 h. But candesartan (5, 10,
20, 30, 40, and 50 pM) resulted in the significant
release of LDH in BV2 cells (Figure 1b). According
to two experimental results, the 1 pM concentra-
tion was selected for further experiments. As
shown in Figure 1¢, BV2 microglia were subjected
to LPS (100ng/mL) + IFN-y (20 ng/mL), or IL-4
(20 ng/mL), and then treated with vehicle or can-
desartan (1 uM) for 24 h. Compared with the vehi-
cle, LPS + IFN-y induced microglia polarization
toward M1 phenotype, which showed cell swell-
ing, irregular boundary, and less cell number. But
candesartan treatment improved morphology and
numbers, including smaller cell body and more
clear boundaries. IL-4-treated microglia, M2 phe-
notype, represented as the similar morphology and
cell number with the vehicle group.

Candesartan treatment inhibits the mRNA level
of M| markers and enhances M2 markers

To determine the effect of candesartan on microglia
polarization, we measured the mRNA expression of
microglia phenotype markers in BV2 cells using
RT-PCR at 24 h after LPS + IFN-y stimulation. The
mRNA expression of M1 markers (CDI11b and
iINOS) were markedly increased under the stimula-
tion of LPS + IFN-y, but significantly reduced after
treatment with candesartan (1 uM) (Figure 2a and
b). However, the mRNA expression of M2 marker
YM1/2 was obviously reduced by LPS + IFN-y.
The candesartan treatment reversed the reduction in
the mRNA level of YM1/2 and CCL22 in LPS +
IFN-y induced BV2 cells (Figure 2¢ and d). The
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Figure |. Effects of candesartan on cell viability and LDH release of BV2 microglial cells. BV2 cells were treated with vehicle
or candesartan (0.5, |, 5, 10, 20, 30, 40, 50 uM) for 24 h. (a) The cell viability was revealed by CCK-8 assay. (b) The cytotoxicity
of candesartan on BV2 cells was detected by LDH assay. (c) Images of BV2 cells were taken after treatment with LPS (100 ng/
mL) + IFN-y (20 ng/mL), or IL-4 (20 ng/mL), together with vehicle, candesartan (I pM) for 24 h.

Scale bars represent 50 um (lower). Data is expressed as mean = SEM. Samples were collected from three independent experiments, each per-

formed in duplicate.
##kP < 0.001, one-way ANOVA followed by Bonferroni post hoc test.

results reveal that candesartan modulates microglia
polarization toward M2 phenotype.

Candesartan treatment inhibits the protein
level of M| marker and enhances M2 marker

To further investigate the effect of candesartan on
microglia polarization, we measured the protein
expression of microglia phenotypic markers in LPS
+ IFN-y stimulated BV2 cells using immunofluores-
cence staining and western blot at 24 h. As shown in
Figure 3, LPS + IFN-y markedly increased the fluo-
rescence intensity of iNOS (M1 marker), and signifi-
cantly decreased CD206 (M2 marker). However,
candesartan treatment greatly inhibited the fluores-
cence intensity of iNOS while significantly enhanced
CD206 in LPS + IFN-y treated BV2 cells.

Western blot results showed that the protein level
of iINOS was significantly higher, and CD206 was
greatly lower in LPS + IFN-y treated BV2 cells com-
pared to the vehicle group. But candesartan treatment
remarkably inhibited the protein level of iNOS and
enhanced CD206 (Figure 4). Here, these results

demonstrate that candesartan promotes M2 polariza-
tion and inhibits M1 polarization, indicating that can-
desartan shifts microglia from M1 to M2 phenotype.

Candesartan alleviates the pro-inflammatory
responses in LPS + IFN-y stimulated BV2 cells

To further determine the effects of candesartan on
inflammatory responses, the level of inflammatory
factor was detected by RT-PCR and ELISA. RT-PCR
results showed that LPS + IFN-y treatment signifi-
cantly up-regulated the mRNA level of pro-inflam-
matory cytokine (IL-6, TNF-o) in BV2 cells
compared to the vehicle group. Candesartan signifi-
cantly reduced the mRNA expression of IL-6 and
TNF-a), and increased anti-inflammatory factor
IL-10 in LPS + IFN-y stimulated BV2 cells (Figure
Sa—c). Next, the release of inflammatory cytokines
in culture supernatant after inflammatory stimula-
tion was measured by ELISA. LPS + IFN-y signifi-
cantly enhanced the release of pro-inflammatory
(IL-6, TNF-a, IL-12p70) and suppressed anti-
inflammatory (IL-10). Candesartan markedly
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Figure 2. Candesartan suppresses the mRNA expression of M| markers and promotes M2 markers in LPS + IFN-y stimulated BV2
microglia cells. BV2 cells were stimulated with LPS (100 ng/mL) + IFN-y (20 ng/mL), and then treated with vehicle or candesartan
(I'uM) for 24h. The mRNA expression for M| markers CD1 b (a) and iNOS (b), and M2 markers YMI/2 (c) and CCL22 (d) were

examined by RT-PCR.

Data is expressed as mean = SEM. Samples were collected from three independent experiments, each performed in duplicate.
*#*P<0.01, ¥**P<0.001, one-way ANOVA followed by Bonferroni post hoc test.

inhibited the release of pro-inflammatory cytokines
(IL-6, TNF-a, IL-12p70) (Figure 5d—f), and pro-
moted anti-inflammatory factors (TGF-f3, IL-10) in
LPS + IFN-y induced BV2 cells (Figure 5g and h).
In addition, LPS + IFN-y markedly up-regulated
the level of NO in culture supernatant compared to
the vehicle group. But candesartan obviously down-
regulated the NO level in LPS+IFN-y treated BV2
cells (Figure 51). Taken together, the data show that
candesartan inhibits pro-inflammatory responses
after inflammatory stimulation.

Candesartan regulates microglia polarization
toward M2 phenotype through TLR4/NF-xB
pathway

TLR4/NF-kB pathway participates in regulation of
microglia phenotype polarization.'® In order to reveal

the underlying mechanism of candesartan on modu-
lation of microglia polarization, we examined the
protein level of TLR4, p-IKBa, IKBa., p-p65, p65 in
BV2 cells (Figure 6a). LPS + IFN-y increased the
protein level of TLR4, the ratio of p-IKBa/IKBa and
p-p65/p65 compared to vehicle, whereas candesartan
dramatically reduced the expression of TLR4, the
ratio of p-IKBa/IKBa and p-p65/p65 (Figure 6b—d)
in LPS + IFN-y stimulated BV2 cells. To further clar-
ify the underlying role of NF-xkB pathway, BAY
11-7085 was used to inhibit activation of NF-xB. We
found that the decrease of p-IKBo/IKBa and p-p65/
p65 ratio were further aggravated when BAY 11-7085
was added to LPS + IFN-y stimulated BV2 cells in
the presence of candesartan (Figure 6¢ and d).

To determine the effect of candesartan on nuclear
translocation of NF-kB, we examined the protein
level of p65 in nuclear and cytoplasm (Figure 6e).
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Figure 3. Candesartan treatment reduces fluorescence intensity of M| marker and enhances M2 marker in BV2 microglia cells.
BV2 cells were stimulated with LPS (100 ng/mL) + IFN-y (20 ng/mL), and then treated with vehicle or candesartan (I uM) for 24 h.
Representative fluorescence images show M| marker iNOS (green, a) and M2 marker CD206 (green, c) staining. The nuclei were
stained with DAPI (blue) solution. Scale bars =20 um. Quantification of the fluorescence intensity of iNOS (b) and CD206 (d) in

BV2 cells.

Data is expressed as mean = SEM. Samples were collected from three independent experiments, each performed in duplicate.
*P<0.05, ¥**P<0.001, one-way ANOVA followed by Bonferroni post hoc test.

LPS + IFN-y decreased p65 protein level in cyto-
plasm, but increased in nucleus. Candesartan mark-
edly reversed the nuclear translocation of p65
through increasing the protein level of p65 in cyto-
plasm and decreasing p65 in nucleus after LPS +
IFN-y stimulation. What’s more, the nuclear

translocation of p65 was obviously decreased when
BAY 11-7085 was added to LPS + IFN-y-stimulated
BV2 cells in the presence of candesartan (Figure 6f
and g). These results indicate that candesartan shifts
microglia phenotype polarization at least partially
in dependent on TLR4/NF-kB pathway.
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Data is expressed as mean = SEM. Samples were collected from three independent experiments, each performed in duplicate.
*P<0.05, ¥**P<0.001, one-way ANOVA followed by Bonferroni post hoc test.

Candesartan reduces the neurotoxic effect of
M1 microglia on post-OGD neurons

We have demonstrated that candesartan promoted
microgli toward M2 polarization and enhanced the
expression of anti-inflammatory cytokine in BV2
cells at 24 h after LPS + IFN-y (Figures 2-5). To fur-
ther confirm whether candesartan may protect against
neuronal death through the regulation of microglial
polarization, the neuron-microglia co-culture system
was performed as we showed previously.?? LPS +
IFN-y could stimulate microglia toward M1 polariza-
tion. When M1 microglia co-cultured with post-OGD
neurons, they significantly exacerbated neuronal
death and enhanced LDH release. However, cande-
sartan increased neuronal viability and inhibited LDH
release in neuron-microglia co-culture system (Figure
7). These findings suggest that candesartan inhibits
the neurotoxic effect of M1 microglia to OGD neu-
rons via suppressing M1 but enhancing M2 micro-
glial polarization.

Discussion

Candesartan (C,,H, )N O,) is an oral angiotensin
I receptor type I receptors antagonist, which may
act against vasoconstriction and reduce peripheral
vascular resistance.?! Angiotensin II also binds to
AT2R, which is thought to be activated by cande-
sartan as it blocks the actions of AT1R.?* The ther-
apeutic potential of candesartan has been reported
in some diseases, such as hypertension,?* renal
damage,” Alzheimer disease.”® More emerging

evidence revealed that candesartan could effec-
tively inhibit glial activation,?’ reduce inflamma-
tory response,”® and block NF-xB activity.?*
However, in the present study, we showed that
candesartan inhibited inflammatory response and
induced the shift of microglia from pro-inflamma-
tory M1 to anti-inflammatory M2 phenotype,
which may be associated with TLR4-mediated
NF-«B pathway.

Microglia are the brain-resident macrophages in
the central nervous system (CNS), which are the tar-
get of inflammatory mediators in the CNS injuries
and play a foremost role in the neuroinflammatory
response.?’ In different environmental stimuli, micro-
glia/macrophage could differentiate into M1 or M2
phenotype. M1-polarized microglia release high level
of pro-inflammatory cytokines and upregulate the
expression of M1 markers. However, M2-polarized
microglia enhance the level of anti-inflammatory fac-
tors and up-regulate M2 markers.*° According to the
plasticity of microglia/macrophages, the balance of
between M1 and M2 microglia polarization is a key
player in neuroinflammatory response in CNS inju-
ries.” Candesartan not only blocks the activation of
ATIR, but also promotes angiotensin II-mediated
AT2R stimulation.'? Telmisartan, an antagonist
blocking AT1R, was shown to prevent the LPS-
induced microglia activation by promoting M2
polarization via CaMKKbeta-dependent AMPK acti-
vation.’! In this study, our results showed that cande-
sartan can shift microglia polarization from M1 to
M2 phenotype. AT1R blockade by candesartan
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Figure 5. Candesartan inhibits pro-inflammatory cytokines and enhances anti-inflammatory cytokines in LPS + IFN-y activated
BV2 microglial cells. BV2 cells were cultured with LPS (100 ng/mL) + IFN-y (20 ng/mL), together with vehicle or candesartan
(I'uM) for 24 h. (a—c) The mRNA expressions for pro-inflammatory cytokines (IL-6 and TNF-a.) and anti-inflammatory cytokine
(IL-10) were examined by RT-PCR. (d-h) The concentration of pro-inflammatory cytokines (IL-6, TNF-a, and IL-12p70) and anti-

inflammatory cytokines (TGF-f3 and IL-10) were examined by ELISA assay. (i) NO assay.

Data is expressed as mean = SEM. Samples were collected from three independent experiments, each performed in duplicate.

*P<0.05, **P<0.01, ***P<0.001, one-way ANOVA followed by Bonferroni post hoc test.

inhibits glial activation and neuroinflammation
response induced by LPS.?” Consistent with the pre-
vious report, candesartan inhibited the release of pro-
inflammatory cytokine (IL-6, TNF-o., and IL-12p70),
promoted the level of anti-inflammatory cytokine
(IL-10, TGF-B) in LPS + IFN-y induced BV2 cells.
The data suggest that candesartan treatment inhibits

inflammation response via regulating the balance of
M1/M2 microglia polarization.

Our studies demonstrated that candesartan regu-
lated microglia polarization, which was accompa-
nied by the regulation of inflammatory response.
But the mechanisms whereby candesartan promotes
microglial polarization to M2 subtype are not yet
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Figure 6. Candesartan shifts microglia polarization via the inhibition of TLR4/NF-kB signaling pathway. BV2 was treated for 30 min
with an NF-kB inhibitor (BAY |1-7085, | ug/mL), followed by stimulation with LPS (100 ng/mL) + IFN-y (20 ng/mL) in the presence
of vehicle or candesartan (| uM) for 24 h. Representative western blot (a) and quantification analysis of TLR4 (b), p-IKBa/IKBa (c),
and p-p65/p65 (d). (e—g) The protein expressions of p65 in nuclear and cytoplasm were measured by western blot, respectively.
Data is expressed as mean == SEM. Samples were collected from three independent experiments, each performed in duplicate.

*P<0.05, ¥P<0.01, **P<0.001, one-way ANOVA followed by Bonferroni post hoc test.

clear. Several transcriptional regulators have been
identified to participate in regulating microglia
polarization toward M1 phenotype such as activator
protein-1 family (AP-1), NF-xB family, STAT1.!
TLR4/NF-«B signaling pathway is one of the most
widely recognized intracellular signaling pathways
in inflammatory responses, which is demonstrated
to participate in shifting microglial polarization
toward M1.!'® Curcumin was reported to alleviate

neuroinflammation responses through promoting
microglia phenotype shift toward M2, which may
be associated with the suppression of the TLR4-
mediated NF-kB signaling pathway.*? Pinocembrin
reduced hemorrhagic brain injury and suppressed
M1 phenotype microglia through inhibiting TLR4.33
In agreement with the above observation, candesar-
tan markedly inhibited the protein expression of
TLR4 and the phosphorylation of IKBa and p65 in
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Figure 7. Candesartan reduces the neurotoxic effect of M| microglia in co-cultured neurons. BV2 cells in transwell were exposed
to regular microglia media (resting phenotype), or LPS (100 ng/mL) + IFN-y (20ng/mL) (M| phenotype) for 24h in the absence or
presence of candesartan (I uM). Neuronal N2a cells were subjected to OGD for 3 h. BV2 cells in transwell was applied over the
non-OGD or post-OGD N2a cultures for 24 h. (a) N2a viability was quantified by MTT assay. (b) Cytotoxicity was quantified by

LDH release.

Data is expressed as mean = SEM. Samples were collected from three independent experiments, each performed in duplicate.
*P<0.05, ¥*¥P<0.01, ***P<0.001, one-way ANOVA followed by Bonferroni post hoc test.

LPS + IFN-y treated BV-2 cells. Besides, candesar-
tan markedly reversed the nuclear translocation of
p65 in LPS + IFN-y stimulated BV2 cells. The
inhibitory effect of candesartan on NF-kB pathway
was further aggravated by the NF-kB inhibitor, BAY
11-7085. These results further illustrate that cande-
sartan regulates microglia polarization at least par-
tially through TLR4-mediated NF-kB pathways.
Meisoindigo protected against focal cerebral
ischemia-reperfusion injury by regulating micro-
glia/macrophage polarization via NF-kB signaling
pathway.>* Candesartan was reported to reduce
infarct volume and improve behavior after stroke
via reducing of the TLR signaling cascade.*’ In our
co-culture system, candesartan ameliorated the neu-
rotoxic effect of M1 microglia to OGD neurons via
regulating microglia polarization toward M2 pheno-
type. The data indicate that candesartan may allevi-
ate stoke-induced neuronal damage through
suppressing inflammatory response and modulating
microglia polarization through inhibiting TLR4/
NF-kB signaling pathway. However, both the in
vivo and primary cell experiments are still required
to confirm the underlying mechanism.

Conclusion

This present study demonstrates that candesartan
inhibited LPS + IFN-y induced pro-inflammatory
response and increased anti-inflammatory response.
Candesartan has a significant regulatory effect on the

balance of microglia polarization, shifting microglia
to M2 phenotype and inhibiting the polarization of
M1 microglia phenotype. The inhibitory effects of
candesartan on the neurotoxic effect of M1 microglia
to OGD neurons may be associated with modulating
inflammatory response and microglia polarization in
a TLR4-mediated NF-xB dependent manner. Our
findings suggest that candesartan can indirectly
reduce neuronal damage via modulating microglial
polarization, providing new evidence that candesar-
tan might be a promising therapeutic strategy for
stoke.
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