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Abstract

Microglia-induced reactive oxygen species (ROS) production and inflammation play an imperative role in neurodegenerative
diseases like Alzheimer’s disease (AD) and Parkinson’s disease (PD). It has been established that angiotensin II type-2 receptor
(AT2R) activation is neuroprotective in central nervous system diseases like stroke and AD. However, the involvement of AT2R in
NADPH oxidase (NOX)-mediated microglia activation is still elusive. Therefore, the present study investigated the role of AT2R in
angiotensin II (Ang II) or Phorbol 12-myristate 13-acetate (PMA)-induced microglia activation in BV2 cells, primary microglia,
p47°"°* knockout (p47KO) microglia, and in vivo. Treatment of microglia with Ang II or PMA induced a significant ROS
generation and promoted pro-inflammatory microglia in a NOX-dependent manner. In contrast, AT2R activation by
CGP42112A (CGP) inhibited NOX activation, ROS production, and pro-inflammatory microglia activation, while promoting the
immunoregulatory microglia. This inhibitory effect of AT2R on NOX and pro-inflammatory activation was attenuated by AT2R
antagonist, PD123319. Essentially, NOX inhibition (by DPI) or scavenging cellular ROS (by NAC) or p47KO microglia were
immune to Ang II- or PMA-induced pro-inflammatory microglia activation. Mechanistically, AT2R, via activation of protein
phosphatase-2A (PP2A), prevented the Ang II- or PMA-induced protein kinase C (PKC) activation and phosphorylation of p47°"°~,
an effect that was reversed by the addition of PP2A inhibitor, Okadaic acid (OA). Importantly, PKC inhibitor, Rottlerin, inhibited the
Ang II- or PMA-induced p47""** phosphorylation and ROS generation to the similar extent as AT2R activation. In addition, AT2R
activation or p47KO prevented ROS production, pro-inflammatory microglial activation, and sickness behavior in mice model of
neuroinflammation. Therefore, the present findings suggested that AT2R, via PP2A-mediated inhibition of PKC, prevents the NOX
activation, ROS generation, and subsequent pro-inflammatory activation of microglia.
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Introduction alternatively activated immunoregulatory/anti-inflammatory

activation states [2—4]. The pro-inflammatory state is charac-
Microglia, the brain-resident macrophages, show remarkable terized by high levels of MHC II, CD86, IFN-y, interleukin
heterogeneity [1] by displaying pro-inflammatory and the  (IL)-1f3, tumor necrosis factor-o« (TNF-«), iNOS, MCP-1,
and IL-12 [2-4] and increased oxidative stress [3-5].
However, immunoregulatory/anti-inflammatory state is asso-
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sis, and stroke [1, 2, 4, 6].

Oxidative stress, particularly, microglia-generated ROS,
has been well recognized in the pathogenesis of various neu-
rodegenerative diseases like AD and PD [7-9]. Importantly,
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microglial activation [11]. NOX-2 is a multi-subunit enzyme
complex and consists of cytoplasmic (p47P"°*, p67P"ox,
p40P"*and Rac2) and membrane proteins (gp91P"°* and
p22P"°%) [11]. The phosphorylation of p47°"°* by PKC drives
the activation of NOX-2 and ROS generation in microglia
[12—14]. Further, increased ROS production has also been
associated to mitochondrial dysfunction in microglia [6].
Therefore, it is likely that inhibition of ROS-mediated mito-
chondrial dysfunction can result in suppression of pro-
inflammatory activation of microglia [9, 15].

Central renin-angiotensin system (RAS) is known to mod-
ulate memory functions [16, 17], and its components are
expressed on both neurons and glial cells [13, 16, 18, 19].
In the brain, AT1R activation by Ang II, a potent RAS com-
ponent, is associated with different physiological or patholog-
ical outcomes like integrity of BBB, sympathetic activity,
stress, inflammation, behavior, and cognition [16]. In fact,
treatment with ATIR blockers (ARBs) prevented CNS sym-
pathetic activity, neuroinflammation, and cognitive decline
[16]. Importantly, Ang II via ATIR induces the PKC-
mediated activation of NOX-2 and ROS generation [13,
14]. Further, studies on co-culture of neurons and microglia
have shown that microglial ROS via Ang II/ATIR/NOX axis
resulted in neuronal death, because cultures lacking microglia
were protected from Ang IlI-induced cell death [13, 14]. In
addition, AT1R activation by Ang II has also been associated
with macrophage pro-inflammatory activation [20], mito-
chondrial dysfunction [21] and microglia pro-inflammatory
activation in brain [14]. On the other hand, Ang II also binds
to AT2Rs (although its expression is far low than AT1R) and
has since long been known to antagonize the actions of AT1R
activation [19, 22, 23]. Importantly, the role of AT2R in anti-
oxidative and anti-inflammatory activation of microglia
counteracting ATIR activation has recently been reviewed
[24]. However, how AT2R modulates NOX activation, ROS
generation, and pro-inflammatory activation of microglia is
still elusive.

We and others have demonstrated that activation of AT2R,
especially during AT1R blockade, becomes important for the
anti-inflammatory and neuroprotective effects of ARBs [19,
25]. Recently, the direct neuroprotective action of AT2R in
stroke has been extensively demonstrated [22, 23]. Further,
Iwai et al. [26] demonstrated that AT2R knockout mice fol-
lowing cerebral ischemia displayed larger infarcts primarily
due to aggravated inflammation and increased ROS produc-
tion. In addition, AT2R knockout mice exhibited impaired
cognitive functions [27], and in contrast, AT2R stimulation
promoted the neural differentiation and neuroprotection [28].
Similarly, the silencing of microglial AT2R exacerbated the
pro-inflammatory response to LPS in vitro [29]. However,
whether AT2R activation can prevent pro-inflammatory mi-
croglia activation or promote the anti-inflammatory microglia
has not been investigated.
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Therefore, the aim of the present study was to determine
the possible role of AT2R in NOX-2 mediated microglia acti-
vation in both in vitro and in vivo conditions. Results, obtain-
ed in this study, clearly show that Ang II- or PMA-induced
ROS generation resulted in pro-inflammatory activation of
microglia and mitochondrial dysfunction in a NOX-
dependent manner. Most importantly, we, for the first time
to our knowledge, demonstrated that AT2R via PP2A-
mediated inhibition of PKC prevented the NOX activation,
ROS generation, and subsequent pro-inflammatory activation
of microglia.

Materials and Methods
Reagents and Antibodies

MitoSOX red (Cat. No. M36008), antibiotic/antimycotic so-
lution (15240062), fetal bovine serum (10438026), and tryp-
sin (25200056) were purchased from Invitrogen (Carlsbad,
CA, USA). CGP (AT2R agonist; C160), N-acetylcysteine
(NAC; A7250), Dulbecco’s modified Eagle’s medium-F12
(DMEM-F12; D8900), diphenyliodonium (DPI; 43,088),
2',7'-ichlorofluorescin diacetate (DCF-DA; 35,845),
3,3",5,5'-tetramethylbenzidine (TMB; T2885), 5,5',6,6'-
tetrachloro-1,1',3,3'-tetracthylbenzimidazolecarbocyanine
Iodide (JC-1; 420,200), and other chemicals otherwise re-
vealed were from Sigma (St. Louis, MO, USA). Primary an-
tibodies to YM-1 (ab192029), Arg-1 (ab60176), iNOS
(ab15323), CD86 (ab112490), MHC II (ab180779),
phospho-S9-GSK-3 (ab131097), phospho-Y216-GSK-3
(ab75745), total-GSK-3 (ab32391), ATIR (ab18801), and
AT2R (ab19134) were from Abcam (USA), p-T638/641-
PKCa/f3 (9375) and p-T505-PKCS (9374) from Cell
Science and Technology (USA), p-S345-p47Phox
(SAB4504721), p-Y307-PP2A (SAB4503975), and f3-actin
(A5441) from Sigma (USA), gp91P"°* (sc-130,543), p22Phex
(sc-271,968), p47°"* (sc-17,844), NRF-2 (sc-722), and his-
tone H3 (sc-8654) from Santa Cruz (USA), and Alexa Fluor
594 and Alexa Fluor 488 IgG conjugate (Invitrogen) and sec-
ondary HRP-conjugated antibodies were purchased from
Santa Cruz Biotechnology (USA). ELISA kits for IL-10
(900-M53) and TNF-« (900-T54) were purchased from
Peprotech (USA).

Cell Culture

Murine microglial cell line (BV2) and neuronal cell line
Neuro2A were obtained from the National Centre for Cell
Sciences, Pune, India, and maintained in the tissue culture
facility of CSIR-Central Drug Research Institute (CSIR-
CDRI), Lucknow, India. BV2 cells were cultured in DMEM/
F12 medium supplemented with 10% heat-inactivated fetal
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bovine serum at 37 °C in a humidified atmosphere of 5% CO,.
For experiments, BV2 cells were seeded into 6/12-well tissue
culture plates at a density of 1-4 x 10°cells/well. After 24 h,
cells were washed with PBS, to remove the serum, and incu-
bated in serum-free media for an additional 24 h, prior to any
treatment. The involvement of AT2R in Ang II- (1-1000 nM)
or PMA-induced (10 ng/mL) [30] M1 polarization was stud-
ied by employing CGP (AT2R agonist) at different concentra-
tions (0.5 to 5 uM) or PD123319 (AT2R antagonist) (1 uM)
[13, 19]. The role of ROS was elucidated by using ROS scav-
enger, NAC (5 mM) [14] or NOX-2 inhibitor, DPI (1 uM)
[31]. The role of mitochondrial dysfunction and GSK-3{3 in
microglia polarization was elucidated by employing mito-
Tempo (200 uM) [32] and SB216763 (10 uM) [33], respec-
tively. The involvement of PKC and PP2A was revealed by
using their respective inhibitors: Rottlerin (5 uM) [34] and
Okadaic acid (500 nM) [12].

Primary Microglia Culture

The primary microglia were isolated from mixed glial cultures
as described previously [35, 36]. Briefly, cerebral hemi-
spheres, taken from 2- to 3-day-old wild-type (WT) or p47P"°*
knockout (p47KO) mice pups, were mechanically chopped
and single-cell suspension was obtained. The mixed glial cell
suspension from two brains were plated in a 75-cm? vented
cell culture flask with DMEM/F12 medium supplemented
with 10% FBS and 1% (v/v) penicillin-streptomycin solution
and grown in a humidified 5% CO, incubator at 37 °C. On
days 14 to 21 in vitro, microglia were detached using an or-
bital shaker (180 rpm, 5 h, 37 °C) and centrifuged (150xg,
15 min), and microglia number and viability were assessed by
trypan blue exclusion using hemocytometer. Depending on
the experiment, microglia were plated in either 96-well cell
culture plates or 6-well cell culture plates in DMEM/F12 sup-
plemented with 10% FBS and 1% (v/v) penicillin-
streptomycin and placed in a humidified 5% CO, incubator
at 37 °C. The purity of microglia was around 95-99% as
confirmed by Iba-1 immunostaining (Supplementary Fig.
1a). The primary or p47KO microglia were treated as above.

Cell Viability Assay

Cell viability was determined by the tetrazolium salt 3-[4,5-
dimethylthiazol-2-yl]-2,5- diphenyltetrazolium bromide
(MTT; Sigma, St. Louis, MO, USA) assay as described pre-
viously [19]. The optical density was measured spectrophoto-
metrically at 530 nM, and results are expressed as a percent-
age of surviving cells compared with the control. We do not
find any cellular toxicity of various treatments in microglia
(Supplementary Fig. 1b, c).

ROS Production

To measure level of ROS like H,O, and O, in BV2 and
primary microglia, DCF-DA and DHE dyes were respectively
used by employing flow cytometry and fluorescent microsco-
py. Cells grown in 12- or 6-well plates (1-2 x 10° cells/well,
respectively) were treated as specified and incubated for
30 min with DCF-DA (5 uM)/DHE (5 uM) at the end of the
treatment. Then, the cells were washed with phosphate-
buffered saline (PBS) twice and DCF/DHE-positive microg-
lia, 10,000 counts per condition, were quantified using the
FACS Calibur (BD) with the Cell Quest software [19]. For
imaging experiments, the DCF/DHE-positive BV2 cells after
the specified treatments, were first washed with PBS, and then
imaged using a fluorescent microscope (Lieca, Germany). The
mean fluorescence intensity of DCF/DHE positive cells was
calculated using ImagelJ software (NIH), and presented as per-
centage change from control.

MitoSOX red (5 uM) was used to examine the mitochon-
drial ROS (mtROS) level by using flow cytometry. After the
specified treatments, cells were incubated with MitoSOX red,
30 min before the finishing point of the treatment. Finally, the
cells were washed and data was acquired on a FACS Calibur
(BD) and quantified with the Cell Quest software.

Determination of Cellular ATP Levels

The ATP level in microglia was estimated using ATP assay kit
(Abcam, USA) by following the manufacturer’s instructions.
In brief, following the specified treatment, the microglia were
lysed in a reaction buffer and centrifugation was done at
15,000xg for 2 min to remove the debris. To 50 uL of
resulting supernatant, 50 uL of ATP reaction mix was added
in a 96-well plate. After 30 min incubation, absorbance was
measured at 570 nm in ELISA plate reader (BIOTEK) [17].
The concentration of ATP was calculated from ATP standard
curve and expressed in nanomoles per milligram of protein.

Mitochondrial Membrane Potential ({m)

The difference in the mitochondrial membrane potential
(Apm) was determined by flow cytometry using JC-1 dye
as described previously [37]. During physiological conditions,
the dye gets accumulated in the mitochondrial matrix and
forms J aggregates, owing to the mitochondrial membrane
potential, with a characteristic absorption and emission spectra
that can be determined by flow cytometry. In brief, BV2 mi-
croglia after different stimulations were incubated with JC-1
dye (2.5 uM) in culture medium for 30 min at 37 °C. The cells
were washed with PBS twice, and mitochondrial membrane
potential (Alm) was assessed using FACS Calibur (FACS
Calibur, Becton Dickinson, NJ, USA) and analyzed by Cell
Quest program (Becton Dickinson, NJ, USA).
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Extracellular Flux Assay

The effects of AT2R activation on cellular respiratory func-
tions in BV2 microglia were measured using a Seahorse XFP
flux analyzer (Seahorse Bioscience, Billerica, MA, USA) as
described previously [37]. Briefly, BV2 cells were grown onto
Seahorse assay plates (10,000 cells/well) and were treated
with Ang II in the presence or absence of AT2R agonist,
CGP. The medium was changed to XF assay medium
(HCO;-free modified DMEM; Seahorse Bioscience) supple-
mented with 4 mM L-glutamine and 1 mM pyruvate, pH 7.4,
and cells were maintained at 37 °C in a non-CO, incubator for
2 h. After baseline measurements of oxygen consumption rate
(OCR), a mitochondrial respiration test was carried out by
chronological addition of 0.5 uM oligomycin, 1 uM FCCP,
and 1 uM rotenone/antimycin A. The parameters determined
were basal respiration, maximal respiratory capacity, spare
respiratory capacity, proton leak, and non-mitochondrial res-
piration. In each case, the results were expressed as OCR in
picomoles per minute. An archetypal OCR tracing from mito-
chondrial respiratory function as measured by Seahorse XFP
flux analyzer (Seahorse Bioscience, Billerica, MA, USA) and
derivation of each parameter is shown in Supplementary
Fig. 4a. After the completion of the experiment, the cells were
lysed for measurement of protein content in order to normalize
the respiration data.

Immunocytochemistry and Confocal Microscopy

Immunocytochemical analysis was done in microglia as de-
scribed previously [19, 36]. In brief, cells grown on coverslips
were fixed with ice-cold 4% paraformaldehyde in PBS for
10 min. Cells were blocked using 1% BSA +0.3% (v/v)
Triton X-100+ 0.3 M glycine (1% BSA) in PBS for 45 min
at room temperature. The cells were incubated with primary
antibodies, goat Iba-1 (1:200), rabbit anti-AT1R (1:100), anti-
AT2R (1:100), goat anti-gp91°™**, and mouse anti-p47°"°*
diluted in 1% BSA at 4 °C overnight. Cells were washed with
PBS, followed by 2 h incubation with the secondary antibody,
Alexa Fluor 488 and 594 respective IgG conjugates
(Invitrogen, USA) at room temperature. Coverslips were
mounted with Prolong Gold antifade mounting medium
(Invitrogen, USA). Images were acquired with a confocal mi-
croscope (BX61WI, Olympus, Japan) and were processed by
using Image J software (NIH).

Cytokine Levels

The cytokine level in the culture supernatant of BV2 microglia
or primary microglia were estimated by ELISA using specific
ELISA kits (Peprotech, USA), according to the manufac-
turer’s instructions as described previously [19, 36].
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Protein Extraction and Inmunoblotting

Proteins extracted from microglia were processed for western
blotting as described previously [19, 36]. Nuclear and cyto-
solic fractions were prepared using hypotonic and hypertonic
lysis buffer as previously described [19, 36]. In brief, an equal
amount of protein was separated on 10% SDS-PAGE and
transferred to PVDF membrane. Membranes were blocked
with blocking buffer (5% BSA, 10 mM Tris, pH 7.5,
100 mM NacCl, and 0.1% Tween-20) for 2 h. After blocking,
the membranes were incubated with respective primary anti-
bodies—rabbit anti-AT1R (1:1000), anti-AT2R (1:500), anti-
Arg-1 (1:1000), anti-YM1 (1:2000), anti-iNOS (1:500), anti-
p22PP°% (1:500), anti-histone H3 (1:1000), anti-p-S-9GSK-3f
(1:1000), mouse anti-MHC II (1:1000), anti-p-Y-216-GSK-
3B (1:1000), anti-p47°"°* (1:300), anti-B-actin (1:10,000),
and goat anti-GSK-3 (1:1000) and anti-gp91P"* (1:500)
overnight at 4 °C. After washing, membranes were incubated
with respective HRP-conjugated secondary antibodies
(1:5000) for 2 h at room temperature. The protein bands were
visualized by chemiluminescence reagents (Millipore, USA).
The band intensity was measured using spot densitometry
analysis by mylmageAnalysis™ software (Thermo
Scientific) [19, 36].

RNA Preparation and RT-PCR

Quantitative gene expression analysis was performed by using
SYBR Green technology as described previously [38].
Briefly, the total RNA was extracted from different groups
using TRIZOL (Sigma, USA) isolation procedure and
cDNA was synthesized using RevertAid™ H Minus first-
strand cDNA synthesis kit following the manufacturer’s pro-
tocol (Invitrogen, USA). mRNA expression of key genes as-
sociated with the phenotype change during microglia polari-
zation was quantified using specific primers (Supplementary
Table 1). Real-time RT-PCR was carried out in QuantStudio
12K Flex Real-Time PCR System (Applied Biosciences
Indianapolis, USA). Relative mRNA expression was calculat-
ed by using comparative cycle threshold (22 Ct) method
using GAPDH as an internal standard [38], and the relative
amount of mRNA was presented in the form of fold change
over control.

PP2A Activity

PP2A activity in cell lysate was measured by using p-
nitrophenyl phosphate (pNPP) as substrate as described pre-
viously [19, 39]. In brief, after various stimulations, the cell
lysate (20 puL) was incubated with 5 mM pNPP for 15 min
followed by the addition of Malachite green solution (50 puL),
and the color was allowed to develop for 30 min at room
temperature. Absorbance at 620 nM was measured, and
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phosphate release was quantified by comparison with inorgan-
ic phosphate standards as described previously [19].

Analysis of Apoptotic Cell Death

The conditioned media from microglia after various treat-
ments as indicated for 24 h was collected and centrifuged to
remove cell debris as described previously [19, 36]. In brief,
Neuro2A cells in a 12-well format (2 x 10° cells/well) were
treated with the conditioned media from microglia for 24 h
and were stained with Annexin V-FITC and PI according to
the manufacturer’s instructions (BD Biosciences) followed by
flow cytometric analysis. Data was acquired by using FACS
Calibur (BD Biosciences) collecting 10,000 events. The dif-
ferentiation of early apoptotic, late apoptotic, necroptotic, and
viable cells was made according to their phenotype: Annexin
V*/PI” were considered early apoptotic, Annexin V /PI*,
necroptotic, Annexin V*/PI* late apoptotic, and Annexin V/
PI' viable cells.

Assessment of Effect of AT2R Activation
on the Expression of M1 and M2 Markers in a Mouse
Model of Neuroinflammation

Eight-week-old male WT and p47KO mice both of C57BL/6
background (2225 g) were used in the present study. We car-
ried out all the experiments in the male mice. Knockout [B69
(Cg)-Ncf1™/7], and their littermate controls were procured
from Jackson Labs, USA. Mice were housed in IVC cages
(Tecniplast, Italy) and provided food and water ad libitum. All
the experiments were approved by the Institutional Animal
Ethics Committee (IAEC) of CSIR-CDRI and Committee for
the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), India. For LPS-induced neuroinflamma-
tion, dose of LPS (250 pug/kg, i.p.) was selected from the studies
of Lee et al. [40]. For the role of AT2R, CGP42112 at a dose of
1 mg/kg [41] was administered in mice intraperitonially 5 days
prior to the LPS administration. After acclimatization, the mice
were randomly distributed into five groups. Each group had a
minimum of four to six mice: control (group I, n=06), LPS
(250 pg/kg; group II, n=6), LPS + CGP (1 mg/kg; group III,
n=06), p47KO (group IV, n=4), and LPS + p47KO (group 1V,
n=4).

To assess LPS-induced sickness behavior (characterized by
the decrease in the locomotor activity), [42], open-field test
was performed [42] by Optovarimax (OptoM-3, Columbus
Instruments, USA) [43]. Mice were individually placed in
locomotor boxes (42.5 x42.5x35 cm) to evaluate
horizontal/ambulatory activity and rearing activity, respective-
ly [43]. Locomotor boxes consist of transparent Plexiglas with
a grid of fully automated infrared emitters and detectors to
measure the activity by the number of infrared beam crossed
by the animal [44]. As indexes of locomotor activity,

ambulatory counts (number of individual horizontal move-
ments recorded when the mice walked on all four feet) and
vertical counts (rearing counts registered when the body of
mice inclined vertically with hind paws on the floor and fore-
paws on the wall of the activity cage) were evaluated [44]. The
locomotor activity was monitored over a period of 10 min
[44]. The open-field arena was swabbed every time with
10% alcohol to avoid the odor interference of previous animal.

At the end of the behavioral assessment, the mice were
killed by transcardiac perfusion with saline under diethyl ether
anesthesia. Brains were collected and cortical region was sep-
arated on an ice-cold plate and immediately stored at — 80 °C
for western, qPCR, or ELISA analysis of M1- or M2-like
expression, as described earlier.

Statistical Analysis

Statistical analysis was performed with Prism software ver-
sion 5.0 (Graph Pad Software, San Diego, CA, USA).
Results are expressed as mean + SEM. Data in Fig. lc, d
was analyzed by repeated measure one-way analysis of vari-
ance (ANOVA) followed by Tukey’s multiple comparison
test. Rest, all the statistical significance was evaluated by
one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test, unless otherwise stated. A
value of p < 0.05 was considered to be statistically significant.

Results

AT2R Activation Prevents Ang ll-Induced RAS
Over-activation in Microglia

First, we confirmed the presence of angiotensin receptors, i.e.,
ATIR and AT2R in BV2 microglia by confocal microscopy
(Supplementary Fig. 2a) and qPCR (Supplementary Fig. 2b).
Stimulation of microglia with Ang II-induced RAS over-
activation as evident from increased protein expression of
ATI1R and decreased AT2R expression in microglia
(Supplementary Fig. 2d). However, activation of AT2R by
CGP in a concentration dependent manner, prevented the
Ang II-induced AT1R expression, while increased the AT2R
expression in microglia (Supplementary Fig. 2c, d). The in-
crease in the expression of AT2R following CGP treatment
was reversed by the pre-treatment with AT2R antagonist,
PD123319 (Supplementary Fig. 2c), confirming the specific-
ity of CGP for AT2R.

AT2R Activation Prevents Ang ll-Induced ROS
Generation in Microglia in a NOX-Dependent Manner

Treatment of BV2 microglia with Ang II (1 to 1000 nM)
in a concentration-dependent manner induced an increase
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Fig. 1 AT2R activation prevented
Ang Il-induced ROS production
in microglia. ROS (H,0, and
superoxide generation) was
determined by flow cytometric
analysis of DCF- and DHE-
positive BV2 microglia. Ang Il in
a a concentration- (1-1000 nM)
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100 nM concentration (a) after
24 h (b). However, AT2R
activation by CGP, an AT2R ag-
onist, in a concentration-
dependent (0.5-5 uM) manner
prevented Ang Il-induced ROS
generation in BV2 microglia. e, f
Maximum ROS suppression was
observed at 5 M concentration
of CGP. Data represent mean +
SEM of at least three independent
experiments, each with two to
three internal replicates (7 > 3);
*p <0.05 and ** p<0.01 versus
control group; *p <0.05 and #p
<0.01 versus Ang II group (one-
way ANOVA followed by post
hoc Tukey’s test)
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in ROS levels, with a significant increase at 100 and
1000 nM, as assessed by flow cytometric analysis and
fluorescent microscopic observation of DCF" and DHE™"
cells (Fig. la, b; Supplementary Fig. 3a). After 24 h in-
terval and at 100 nM concentration, Ang II induced a
maximum increase in ROS levels in BV2 microglia (Fig.
la—d; Supplementary Fig. 3a, b, p <0.05-0.01); therefore,
further experiments were carried out only at this time
point and concentration of Ang II (100 nM). Further,
AT2R activation by CGP (0.5 to 5 uM), in a
concentration-dependent manner deceased the Ang II-
induced ROS generation, as evident by the decrease in
the fluorescent intensity of DCF* and DHE* in BV2 mi-
croglia (Fig. le, f; Supplementary Fig. 3b). However, the
significant and maximum inhibition of ROS production
was achieved only at 5 uM; therefore, this concentration
was selected for further experiments (Fig. le, f). These
observations established that AT2R activation inhibits
Ang Il-induced ROS production in microglia.

Since NOX-2 is the major source of ROS in microglia [4],
we therefore assessed the involvement of NOX in ROS pro-
duction following Ang II treatment of BV2 microglia. Ang II
induced NOX activation, as apparent from the increased
gp91P% p22PhOX and pd7Pho% expressions in the membrane
fraction (Fig. 2a, b), resulting in ROS production in microglia
(Fig. 2¢, d). On the contrary, AT2R activation by CGP
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significantly reversed the Ang II-induced NOX activation
(as evident from decreased expression of gp9 1P, p22Phox,
and p47°"°*) and ROS production in microglia (Fig. 2a—d).
More relevantly, AT2R-mediated NOX suppression, as indi-
cated by p47°"°* translocation to plasma membrane and mit-
igation of ROS (Fig. 2a—d) was remarkably blunted by
PD123319, a well-established AT2R inhibitor (Fig. 2a—d).
Further, as expected, inhibition of NOX by DPI or scavenging
cellular ROS by NAC prevented Ang Il-induced NOX acti-
vation and ROS production in microglia (Fig. 2a—d),
confirming the role of NOX-2 in Ang II-mediated ROS
production.

To further validate that AT2R prevented NOX-mediated
ROS generation, the BV2 microglia were stimulated with
the PMA in the presence or absence of CGP (Fig. 2e). As
expected, PMA induced significant NOX activation (in-
creased gp91P"°* and translocation of p47 to membrane)
(Fig. 2e) and ROS generation in the microglia
(Supplementary Fig. 3¢, d). On the contrary, AT2R activation
by CGP prevented the PMA-induced NOX activation (Fig.
2e) and ROS generation in microglia (Supplementary Fig.
3¢, d). However, CGP alone had no effect on either basal
ROS levels or p47°"* and p22P™* expression in microglia
cells (Supplementary Fig. 4a—c). These results firmly validate
that AT2R, by suppression of NOX activation, prevents ROS
generation in microglia.
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Fig. 2 AT2R activation inhibited NOX-2 activation and ROS generation
in Ang II- and PMA-stimulated BV2 microglia. a Representative
confocal images showing overlay of p47°"°* and gp91P"°* (NOX-2
subunits) in different treatment groups. b Representative immunoblots
of gp91PhoX pa7Phox and p22Ph°* expression, normalized by B-actin
expression. ¢ ROS generation represented as DCF and DHE
fluorescence percentage change in BV2 microglia pre-treated with
AT2R agonist (CGP), CGP and PD (AT2R antagonist), NADPH
oxidase inhibitor (DPI), and ROS scavenger treatment (NAC) 30 min
prior to Ang II stimulation (100 nM). Ang II, angiotensin II (100 nM);
Ang 11+ CGP, Ang Il + CGP (5 uM); Ang 11 + CGP + PD, Ang 11 + CGP

AT2R Activation Prevents ROS-Mediated
Pro-inflammatory Microglial Activation

Microglia activation state is generally characterized by the
expression of signature genes/proteins associated with the
pro-inflammatory- or anti-inflammatory-like phenotype. To
confirm the role of NOX in mediating Ang II-induced
microglial activation, we stimulated the BV2 cells with Ang
II. The treatment of BV2 microglia with Ang II induced the
mRNA or protein expression of pro-inflammatory markers
MHC II, iNOS, MCP-1, IL-1f3, IL-6, and TNF-« (Fig. 3a—e,
i, and k) and decreased gene or protein expression of immu-
nomodulatory markers Arg-1, YM-1, IL-10, and TGF-{3 (Fig.
3f—j). In contrast, treatment with NAC (ROS scavenger) and
inhibition of the NOX-2 by DPI prevented the Ang II-induced
microglial pro-inflammatory activation, validating the

Ang II + NAC, Ang Il + N-acetylcysteine (5 mM). d Representative
confocal microscopy images showing overlay of p47°"** and gp91P"*
in AT2R pre-treated and PMA-stimulated BV2 microglia. PMA, phorbol
12-myristate 13-acetate (10 ng/mL); PMA + CGP, PMA + CGP (5 uM).
Data represent mean + SEM of at least three independent experiments,
each with two to three internal replicates (n>3); **p <0.01 and ***p <
0.001 versus control group; #p <0.01 and **p <0.01 versus Ang II
group; “p<0.05 and ©©p<0.01 versus Ang + CGP group (one-way
ANOVA followed by post hoc Tukey’s test)

involvement of ROS in shaping the microglial pro-
inflammatory activation (Fig. 3a-k). These results demon-
strated that Ang II, through activation of NOX-2, promotes
ROS generation and pro-inflammatory microglia activation.
We next confirmed the role of AT2R in microglial ac-
tivation. Ang II via AT1R-induced microglial pro-
inflammatory activation as evident from increased expres-
sion of iNOS and MHC II expression and decreased ex-
pression of Arg-1 in microglial cells (Supplementary Fig.
4d-g). ATIR blockade by Candesartan or AT2R activa-
tion by CGP prevented the Ang Il-induced upregulation
of iNOS and MHC II expression and increased expression
of Arg-1 (Supplementary Fig. 4d—g). To verify whether
AT2R activation after AT1R blockade by Candesartan
inhibited the pro-inflammatory microglial activation, we
hypothesized that blockade of AT2R would reverse the
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Fig. 3 AT2R activation prevented microglia M 1-like polarization, while
it promoted M2-like polarization in Ang II-stimulated BV2 microglia. a—
e qPCR measurement of mRNA expression of pro-inflammatory
signature genes (iNOS, MCP-1, TNF-«, IL-6, and IL-13) in BV2 cells
pre-treated with CGP, CGP and PD, DPI, and NAC following Ang II
stimulation. f, g qPCR analysis of immunoregulatory signature genes
(Arg-1, YM-1, and TGF-f3) in BV2 microglia. i Representative
immunoblots of pro-inflammatory (MHC I I , iNOS) and
immunoregulatory (YM1, Arg-1) protein expression that were
normalized by f-actin expression. ELISA estimation of protein
concentrations of j immunoregulatory mediator IL-10 and k pro-
inflammatory mediator TNF-« in culture media of BV2 microglia at

protective effect of Candesartan in microglia. Importantly,
the suppression of the protective effect of ATIR blockade
by Candesartan on Ang Il-induced pro-inflammatory
microglial activation was blunted by the concomitant in-
hibition of AT2R with PD123319 in microglia as evident
from the increased expression of pro-inflammatory iNOS
and MHC II and decreased expression of anti-
inflammatory Arg-1 in microglia (Supplementary Fig.
4d—g). However, CGP per se had no effect on the expres-
sion of either pro-inflammatory iNOS and MHC II or
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MHC-11 (29 kDa)

iNOS (130 kDa)

YM1 (45 kDa)

Arg-1(35 kDa)

B-actin (42 kDa)

24 h after various treatments. AT2R activation by CGP suppressed Ang
II-induced M1-like marker expression and promoted M2-like marker
expression in BV2 microglia, which were markedly inhibited by PD
(AT2R antagonist). Ang II, angiotensin II (100 nM); Ang II + CGP,
Ang II + CGP (5 uM); Ang II+CGP + PD, Ang Il + CGP + PD123319
(1 uM); Ang I+ DPI, Ang I1 + diphenyliodinium (1 pM); Ang II + NAC,
Ang II + N-acetylcysteine (5 mM). Data represent mean + SEM of at least
three independent experiments, each with two to three internal replicates
(n>3); *p<0.05 and **p < 0.01 versus control group; *p < 0.05 and ™p
<0.01 versus Ang II group; ®p<0.05 and ®“p<0.01 versus Ang +
CGP group (one-way ANOVA followed by post hoc Tukey’s test)

anti-inflammatory Arg-1 in microglia (Supplementary
Fig. 4d—g). These results advocate the role of AT2R in
microglial activation.

Notably, we earlier observed that AT2R, by suppression of
NOX-2 activation, prevented ROS generation in microglia.
Therefore, we studied the role of AT2R in Ang Il-induced pro-
inflammatory microglial activation. AT2R activation by CGP
prevented the ROS-mediated pro-inflammatory activation of mi-
croglia, apparent from the decreased mRNA or protein expres-
sion of pro-inflammatory markers like MHC II, iNOS, MCP-1,
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IL-13, IL-6, and TNF-« (Fig. 3a—e, i, and k) and increased
mRNA or protein expression of anti-inflammatory markers
Arg-1, YM-1, IL-10 and TGF-f3 (Fig. 3f—j). In contrast,
PD123319, an AT2R antagonist, blunted the AT2R-mediated
anti-inflammatory activation of BV2 microglia (Fig. 3a—k).
These results confirmed that the beneficial effects of CGP are
mediated by AT2R activation.

We further validated the role of AT2R suppressed ROS gen-
eration in microglia activation by treating the BV2 cells with
PMA in the presence or absence of AT2R agonist, CGP.
Treatment of microglia with PMA induced the mRNA or protein
expression of pro-inflammatory markers MHC 11, iNOS, MCP-
1, IL-1p3, IL-6, and TNF-«x (Fig. 4a—e, i, and k) and decreased
mRNA or protein expression of anti-inflammatory markers Arg-

1, YM-1, IL-10, and TGF-f3 (Fig. 4f). In contrast, AT2R acti-
vation by CGP prevented the PMA-induced pro-inflammatory
activation of microglia as evident from the suppression of pro-
inflammatory markers and increase in anti-inflammatory markers
(Fig. 4a—j) in BV2 microglia. These observations strongly sug-
gest that AT2R, by decreasing ROS production, prevents Ang II-
induced pro-inflammatory microglial activation.

AT2R Activation Inhibited ROS-Mediated
Mitochondrial Dysfunction and Associated
Pro-inflammatory Microglial Activation

Since ROS impairs mitochondrial functions, known to play a
key role in microglial activation, therefore, we examined the
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Fig. 4 AT2R activation suppressed pro-inflammatory microglia M 1-like
polarization, while it promoted immunoregulatory M2-like phenotype in
PMA-stimulated BV2 microglia. a—e qPCR measurement of mRNA
expression of M1 genes (iNOS, MCP-1, TNF-«, IL-6, and IL-1§3) in
BV2 cells pre-treated with CGP and NAC following PMA stimulation.
f, g qPCR analysis of M2 genes (Arg-1, YM-1, and TGF-f3) in BV2
microglia. i Representative immunoblots of M1 (MHC II, iNOS) and
M2 (YM1, Arg-1) protein expression that were normalized by (3-actin
expression. ELISA estimation of protein concentrations of j M2 mediator

IL-10 and k M1 mediator TNF-« in culture media of BV2 microglia at
24 h after various treatments. PMA, phorbol 12-myristate 13-acetate;
PMA + CGP, PMA + CGP (5 uM); PMA + NAC, PMA + N-
acetylcysteine (5 mM). Data represent mean = SEM of at least three
independent experiments, each with two to three internal replicates (1>
3); *p <0.05 and **p <0.01 versus control group; *p <0.05 and *p <
0.01 versus PMA group (one-way ANOVA followed by post hoc Tukey’s
test)
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mitochondrial functions following Ang II treatment in BV2
microglia. Treatment of BV2 microglia with Ang II impaired
mitochondrial functions as apparent from the loss of mito-
chondrial membrane potential (increased depolarized mito-
chondria) (Fig. 5a, b), increase in the mitochondrial ROS (in-
creased MitoSOX Red fluorescence) (Fig. 5c¢) and decrease in
the cellular ATP level (Fig. 5d). To determine the effects of
AT2R activation on energy metabolism in BV2 microglia,
cells were treated with Ang II in the presence of AT2R agonist,

CGP for 24 h, followed by measurement of mitochondrial
respiration. Treatment with Ang II or CGP had no significant
effect on basal respiration or non-mitochondrial respiration of
the microglia (Supplementary Fig. 5b, c¢). However, Ang II
impaired maximal respiration and spare reserve capacity of
BV2 microglia (Fig. Se—g). In contrast, AT2R activation by
CGP prevented mitochondrial dysfunction (evident from in-
crease in the ATP level, high mitochondrial membrane poten-
tial, suppression of mitochondrial ROS, and improved

a '
Ang I+
Control Ang Il Ang II+CGP Ang I1+DPI .
- mito-Tempo
T < < - -
o |® ; e * 2 2
4 :
TI; © ,.-""."‘“ L) © . )
3| ; ’ﬁ 2 2 21 2
‘G‘-v; o~ . 'p-;_’._?‘. o~ o ~ o~
[9) 21 ol 21 2 -3 3
-
)
& | 2 21 ® ® 2
- - R1 - ] RI =1 R1 1 R1
o N
i S — ° S 2 e % S — e R —
T109 10! 102 103 10¢ T10° 10! 102 10% 10t 1% o' w02 10 w0t Tyed gt 102 10 10t T100 10! 102 10°  10%
JC1 monomers (green)
b c d
s JC1 £
@ 80- 150- 2 6
£ wox 8 s i
i S5 *k% 2 44
S 60 29 =)
£ e 100- £
o 2 D = = 39
Sw # 2842 2
£ Ec& £,
3 = £§3 ™ # 4
20
e w22 |—T—|  owm 3N
= 2 — I_-_LI 2
g. 0- = ° &I & QI \I i E . Q N
3 S N gr NI < £ & & & & & &K
® & \\5’0 N € & © &F Q\"p 48 T E &\p
o v?q & ‘Sq vg &\o ?59 é\o vg
v. X X
5 N N
Y‘QQ v? V‘Q
e 70 4-Control ~—Angll ~—Ang I1+CGP f
ontrol ne e Maximum Respiration Spare Reserve Capacity
80 200-
T £
—_ £ 604 E 150
c b -
E > T
£ g | = T 3 T
S © 40 [<] i
E £ g =
s s S
= &
o o 204 4
3 ) 20 5 50
o o
0 T T 0 T T
A o4 S R
& ® ° & O O
| ° L 8 0°° 5 ¥
0 20 40 60 80 vg\" &
TIME (minutes) v

Fig. 5 AT2R activation prevented Ang Il-induced mitochondrial
dysfunction in BV2 microglia. a Flow cytometric analysis of JC-1
aggregates following different stimulations in BV2 microglia. Cells
after different stimulations were incubated with JC-1 dye for 30 min at
37 °C. Bar graphs representing b percent depolarized mitochondria, ¢
MitoSOX fluorescence intensity, and d ATP level following different
stimulations in BV2 microglia. e-g AT2R activation improved
mitochondrial respiration in BV2 microglia as determined by the real-
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time analysis of OCR. Ang, angiotensin II (100 nM); Ang II + CGP, Ang
I+ CGP (5 uM); A + DPI, Ang II + diphenyliodinium (1 uM); A + mito-
Tempo, Ang II + Mito-Tempo (200 uM). Data represent mean + SEM of
at least three independent experiments, each with two to three internal
replicates (n > 3); ***p < 0.001 versus control group; #p <0.01 and **p

<0.001 versus Ang II group (one-way ANOVA followed by post hoc
Tukey’s test)
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mitochondrial respiration) (Fig. Sa—g) following Ang II treat-
ment. NOX inhibition by DPI inhibited the Ang II-induced
mitochondrial dysfunction in BV2 microglia (Fig. 5a—d),
confirming the role of NOX-2-derived ROS in the mitochon-
drial dysfunction. These observations provide the evidence
that AT2R activation improves mitochondrial functions.
Involvement of mitochondrial dysfunction in microglial pro-
inflammatory activation became apparent when treatment with
Mito-Tempo (which suppresses mitochondrial ROS) reversed
the Ang II-induced mitochondrial dysfunction and pro-
inflammatory microglia activation, as evident from the signifi-
cant decrease in mRNA or protein expression of pro-
inflammatory markers MHC 11, iNOS, MCP-1, IFN-y, IL-1f3,
IL-6, and TNF-« (Fig. 6a—e¢, i, and k) and increase in mRNA or
protein expression of anti-inflammatory markers Arg-1, YM-1,

IL-10, and TGF-b (Fig. 6f—j). Equally, AT2R activation by CGP
improved mitochondrial functions and prevented pro-
inflammatory activation of microglia following Ang Il treatment
(Fig. 6a—j). These data strongly suggest that ROS-mediated mi-
tochondrial dysfunction by NOX-2 activation is central to mi-
croglia pro-inflammatory activation and AT2R, via NOX-2 inhi-
bition, improves mitochondrial functions and, thereby, prevents
pro-inflammatory microglia activation.

AT2R Activation Prevented Oxidative Stress-Mediated
GSK-3 Activation, NRF2 Degradation,
and Pro-inflammatory Microglial Activation

Increased oxidative stress is associated with the activation of
GSK-3f3, a well-known inducer of pro-inflammatory
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Fig. 6 AT2R activation promoted the immunoregulatory microglia by
improving mitochondrial functions in BV2 microglia. a—e qPCR
measurement of mRNA expression of M1-like markers (iNOS, MCP-1,
TNF-«, IL-6, and IL-13) in BV2 cells pre-treated with CGP, mito-
Tempo, and DPI following Ang II stimulation. f, g qPCR analysis of
M2-like markers (Arg-1, YM-1, and TGF-f3) in BV2 microglia. i
Representative immunoblots of M1 (MHC II, iNOS) and M2 (YMI,
Arg-1) protein expression after various treatment regimens. The release
of inflammatory cytokines j M2 mediator IL-10 and k M1 mediator TNF-

« in culture media of BV2 microglia at 24 h after various treatments was
estimated by ELISA. Ang, angiotensin II (100 nM); Ang Il + CGP, Ang I1
+ CGP (5 uM); A + DPI, Ang II + diphenyliodinium (1 uM); A + mito-
Tempo, Ang I + Mito-Tempo (200 uM).). Data represent mean + SEM of
at least three independent experiments, each with two to three internal
replicates (1> 3); *p<0.05 and **p <0.01 versus control group; *p <
0.05 and *» <0.01 versus Ang II group (one-way ANOVA followed
by post hoc Tukey’s test)
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microglial activation [45], which in turn degrades the NRF2
which is vital for the antioxidant protection of microglia [45].
Therefore, we investigated the involvement of ROS in activa-
tion of GSK-33 and NRF2 nuclear expression in the BV2
microglia cells. Treatment with Ang II induced GSK-3f3 acti-
vation as evident from the increased phosphorylation of Y-216
residue (Supplementary Fig. 6a) and decreased phosphoryla-
tion of S-9 residue of GSK-3f3 (Supplementary Fig. 6a), with
a significant decrease in the nuclear expression of NRF2
(Supplementary Fig. 6b), anti-oxidant GSH and HO-1 expres-
sion (Supplementary Fig. 6¢, d), and pro-inflammatory acti-
vation of microglia (Supplementary Figs. 6e and 7a—d).
However, GSK-3f3 inhibition by SB216763 prevented GSK-
33 activation (Supplementary Fig. 6a), reduction in the nucle-
ar expression of NRF2 (Supplementary Fig. 6b), GSH, and
HO-1 expression (Supplementary Fig. 6¢, d) and associated
pro-inflammatory microglia activation (decreased pro-
inflammatory markers like iNOS, MHC II, TNF, IL-6;
Supplementary Figs. 6e and 7a—d). These results underlined
the involvement of GSK-3f3 in microglial pro-inflammatory
activation.

The involvement of ROS in the GSK-3f3 activation in BV2
microglia was established by treatment with antioxidant NAC.
NAC prevented the Ang II-induced GSK-3[3 activation
(Supplementary Fig. 6a), increased the nuclear NRF2 expres-
sion (Supplementary Fig. 6b), and prevented pro-
inflammatory microglia activation (Supplementary Fig. 7a—i)
in BV2 microglia. Likewise, AT2R activation by CGP
prevented GSK-3f3 activation (significant decrease in phos-
phor-Y-216/phospho-S-9 GSK-3f3 ratio) (Supplementary
Fig. 6a) and increased the nuclear NRF2 expression
(Supplementary Fig. 6b) with subsequent increase in the
GSH and HO-1 expression (Supplementary Fig. 6c¢, d).
Further, AT2R activation by CGP prevented pro-
inflammatory microglia activation (decrease in pro-
inflammatory markers MHC II, iNOS, CD86, IFN-y, IL-1f3,
IL-6, and TNF-x) and increase in anti-inflammatory markers
(Arg-1, YM-1, IL-10, and TGF) in microglia following Ang II
treatment (Supplementary Figs. 6e and 7a—i). These results
demonstrated AT2R as a potent inhibitor of oxidative stress-
induced GSK-3[3 activation and NRF2 degradation and asso-
ciated pro-inflammatory M1-like microglia.

AT2R Prevented NOX-2 Activation
and Pro-inflammatory Polarization of Microglia
byPP2A-Mediated Inhibition of PKC

Since, Ang II via AT1R and PMA by direct activation of PKC
induces NOX-2 activation (by phosphorylation of p47°"°¥)
and ROS generation [12—14], therefore, we investigated the
effects of AT2R on PKC activation (PKC 6 and o/f3 the major
PKC isoforms that are responsible for PKC-mediated
microglial activation) [34] in BV2 microglia. Ang II or
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PMA treatment induced the PKC activation as evident from
increased of major PKC isoforms, p-PKCo/f3 and p-PKC$ in
microglia. However, we observed a robust activation of p-
PKC5 isoform during Ang II or PMA treatment in microglia
cells (Fig. 7a). Further, activation of PKC was associated with
the increased phosphorylation of p47°"* and ROS production
in these cells (Fig. 7a). In order to examine whether PKC-
was involved in Ang II- or PMA-induced p47°"°* phosphor-
ylation, NOX activation, and ROS generation, BV2 microglia
were treated with Rottlerin, a specific inhibitor of PKC-9,
stimulated with Ang II or PMA. AT2R activation by CGP or
PKC-3 inhibitor, Rottlerin prevented Ang II- or PMA-induced
p47°"°* phosphorylation, NOX activation, and ROS genera-
tion (Fig. 7a—e). These data clearly suggested that AT2R me-
diated inhibition of PKC, prevented the NOX activation and
ROS generation in microglia.

Further, PKC activation is known to inhibit the PP2A, a
phosphatase, responsible for the dephosphorylation and inac-
tivation of PKC, during NOX activation [12]. Importantly, we
and others have reported that AT2R induces the PP2A activa-
tion in different cell types including BV2 microglia [19, 25].
Therefore, we hypothesized that AT2R might prevent NOX-2
activation and pro-inflammatory polarization of microglia via
PP2A-mediated inhibition of PKC and dephosphorylation of
p47Ph% We investigated the effect of PP2A inhibition on
AT2R-mediated suppression of PKC, NOX-2, ROS genera-
tion and pro-inflammatory induction in BV2 microglia.
Importantly, AT2R activation by CGP or PKC inhibition by
Rottlerin prevented the Ang II- or PMA-induced inhibition the
activity of PP2A (Fig. 7b); however, OA abolished the CGP-
or Rottlerin-mediated increase in PP2A activity (Fig. 7b).
Further, AT2R activation by CGP induced PP2A activation
(decreased p-Y307-PP2A expression) and prevented the
NOX-2 activation (suppression of p-S345-p47°"°* expres-
sion), ROS generation (decreased DCF* and DHE" cells),
and subsequent pro-inflammatory activation of microglia (de-
creased iNOS while increasing the Arg-1 expression), which
were abolished by the PP2A inhibitor, OA in BV2 cells (Fig.
7a—f). These results indicate that AT2R via PP2A activation
prevents NOX activation, ROS generation, and pro-
inflammatory activation in microglia.

AT2R Activation or p47KO Promoted M2-Like
Polarization of Primary Microglia

To validate the data obtained from the BV2 cell line, we fur-
ther investigated whether the AT2R activation by CGP
prevented pro-inflammatory activation in primary microglia
via inhibition of NOX-2 mediated ROS generation and asso-
ciated mitochondrial dysfunction. CGP treatment not only
prevented the Ang II-suppressed AT2R expression but also
increased it in primary microglia (Fig. 8a). In the presence of
Ang II, AT2R activation significantly prevented ROS
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Fig. 7 AT2R prevented NOX-2 activation and pro-inflammatory
polarization of microglia by PP2A-mediated inhibition of PKC and
dephosphorylation of p47°"°*. a Representative immunoblots of p-
Y307-PP2A, p-T505-PKCS, p-T638/641-PKCxf, and p-S345-p47Phe
protein expression after various treatment regimens in Ang Il or PMA-
stimulated BV2 microglia. AT2R via PP2A prevented Ang II- or PMA-
induced PKC activation and p-47°"* phosphorylation in BV2 microglia,
which was reversed by the AT2R inhibitor, PD123319 (PD). b PP2A
activity. ¢, d Overlay of DHE and DCF fluorescence in microglia pre-
treated with AT2R agonist (CGP), CGP along with OA (PP2A inhibitor),

generation (Fig. 8b, ¢) and mitochondrial dysfunction in pri-
mary microglia (Fig. 8d—f). Moreover, in primary microglia,
CGP or NAC or SB or mito-Tempo remarkably attenuated
Ang II-induced expression of pro-inflammatory markers
(INOS, TNF-«, IL-6, and MHC II) (Fig. 8g, h, k, m, and n)
but enhanced immunoregulatory markers (Arg-1, YMI, and
IL-10) (Fig. 8 and I-n). Both effects of AT2R activation by
CGP, that is, attenuation of ROS generation and pro-
inflammatory markers or enhancement of immunoregulatory
markers in Ang Il-stimulated primary microglia, were
abolished by the AT2R inhibitor PD123319 (Fig. 8b-m).

To confirm the involvement of NOX in mediating pro-
inflammatory activation of microglia, studies on p47KO mi-
croglia in the presence or absence of Ang II or PMA were
conducted. Stimulation of p47KO microglia with Ang II or

l_ — — D —— --| p-T638/641-PKC o (78 kDa)

- —— —— ——'l p-S345-p47phox (45 kDa)

4

Angll
+CGP

Ang i Ang i
+Rottlerin  +CGP+OA

PMA

PMA
+Rottlerin

and Rottlerin, 30 min prior to Ang Il or PMA stimulation as analyzed by
flow cytometrically. e Representative co-immunostained images of pro-
inflammatory iNOS and immunoregulatory Arg-1 protein expression in
BV2 microglia after various treatments. Scale bar, 50 pM. Data represent
mean = SEM of at least three independent experiments (n>3). Data
represent mean = SEM of at least three independent experiments, each
with two to three internal replicates (n>3); *p <0.05 versus control
group; "p <0.05, #p <0.01, and *p <0.001 versus Ang II group; “p
<0.05 versus Ang II + CGP group (one-way ANOVA followed by post
hoc Tukey’s test)

PMA failed to induce ROS generation (Fig. 9a, b) and pro-
inflammatory activation of microglia (Fig. 9c—f). Taken to-
gether, these results strongly indicate that AT2R mediated im-
munoregulatory activation of primary microglia is dependent
on suppression of NOX-mediated ROS generation.

AT2R Activation Prevented Neuronal Cell Death
Induced by Conditioned Media
from Pro-inflammatory-Activated Microglia

Since pro-inflammatory-activated microglia is categorized as
neurotoxic, and immunoregulatory as neuroprotective, there-
fore neurons (Neuro-2A cells) were exposed to conditioned
media (CM), from pro-inflammatory-activated microglia
stimulated with Ang II in the absence or presence of CGP or

@ Springer



Mol Neurobiol (2019) 56:3005-3023

a b c d
> - S g oo 400 o 100 *%
N N - -9 « 9
S S5 _ S o £ *
§F & HF 233 253w 28
¢ & v6 gEEm i £
s $88 §25m 5§53 #
N AT2R £%5 £8¢ £2s
- sz 23 + -
(41kpa) 2% gece g2 = =
3] o e
—— RS o
S N ® O L O S N 8 O &
< 0o & £ g K
— (43 kD'a) & & LS &\,9 3 & v@@o éz,s & g‘;&&‘@
[ —— p-ctin il R 0
O
(a2kDa) \*“ « &
e ¥
\ f
Ang i
Control Ang Il Ang lI+CGP C(;iPll') I INOS
3 1 3 3 &
i I N 5o = 80 g §
% 3 2 2 P ® S
g NI AP £
: r e Rl b ° ; /60 o
=1 : & ? ® [*] j=
o . & b4
g o % % 20 &
4 BRI AT e e TN S i QT [ ﬁ
H Ang l1+ 34 k-]
£ Ang 11+DPI Angll+NAC  mito-Tempo o i
; ® % % 5
g 3 P I 5| % g o
- . . o4 ! ) S N 2 O QY O
b33 i % _! i T o L r &
3 % 3 & v \\’p & \\’9 \\ﬁ ;&%
o " : n ; » RRNER \’5& &.9
" N A O g Ca TR e Qe caan o © N
o 0% A A N
> sr“Q
JC1monomers (green)
h i Arg-1 J Ym1

o

 snd
°

-~

-
o

@

-

Fold change
~N

Fold change

o »
o °

Fold change
>

o
o

S N R O O PO
& @ F AN F S
< N <& NG
R 3 &
& &
¥ S
v.(‘
(9]
©
G} *G \\“QQ *ev
3 & N |
IL-10 & S S &S P
| w m & & & T8 & n R 6" 5 \*&\
3 > N o
- S | MHCHI (29 kDa & & S & &
30 ‘__‘ g ( ) § & *z?% & v,&@
E - | :
) Nosisolon] . ‘ — — MHC-11 (29 kDa)
£ b... B-actin (42 kDa) '
' —_ — ; YM1 (45 kDa)
0 - - ;f' q Args
rg-1 (35 kDa)
oo@ ,s@\\ & Q‘o # \\:"*’&@‘P S S — | (-actin (42 kDa)
e & \\,pc’ o o - — N~ d YM1 (45 kDa) _ -actin a
LI &
kg S
w M B-actin (42 kDa)

Fig. 8 AT2R activation inhibited ROS production and mitochondrial
dysfunction and promoted M2 polarization in primary microglia. a
CGP treatment increased AT2R expression in primary microglia. ROS
generation represented as b DCF and ¢ DHE fluorescence percentage
change in primary microglia pre-treated with AT2R agonist (CGP),
CGP and PD (AT2R antagonist), NADPH oxidase inhibitor (DPI), and
ROS scavenger treatment (NAC) 30 min prior to Ang II stimulation
(100 nM) as analyzed by flow cytometrically. Flow cytometric analysis
of d MitoSOX and e JC-1 aggregates following different stimulations in
primary microglia. f Quantification of (e). g, j PCR measurement of
mRNA expression of M1 (iNOS, IL-6) and M2 (Arg-1 and YM-1)
marker genes in primary microglia pre-treated with CGP or NAC or SB
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or mito-Tempo following Ang II stimulation. The release of k M1
mediator TNF-« and 1 M2 mediator IL-10 in culture media of primary
microglia at 24 h after various treatments was estimated by ELISA. m, n
Representative immunoblots of M1 (MHC II, iNOS) and M2 (YM1, Arg-
1) protein expression after various treatment regimens in primary
microglia. AT2R suppressed Ang Il-induced expression of M1 markers
and promoted expression of M2 markers in primary microglia was
reversed by the AT2R inhibitor, PD. Data represent mean = SEM of at
least three independent experiments, each with two to three internal
replicates (1> 3); *p <0.05 and **p <0.01 versus control group; *p <
0.05, ##p<0.01, and ###p<0.001 versus Ang II group (one-way
ANOVA followed by post hoc Tukey’s test)
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Fig. 9 p47KO microglia were immune to Ang II/PMA-induced ROS
generation and M1 polarization. ROS generation in a superoxide and b
H,0, was determined by flow cytometric analysis of DHE- and DCF-
positive p47KO microglia stimulated with Ang II or PMA. ¢, d
Representative immunoblots of protein expression of M1 markers
(MHC 11, iNOS) and M2 markers (YM1, Arg-1) in p47KO microglia
stimulated with Ang II or PMA. (3-Actin was used as an internal

NAC, for a period of 24 h. CM from un-stimulated cells
served as control. CM from Ang Il-stimulated microglia in-
duced the apoptosis of Neuro2A cells as evident from in-
creased Annexin V-Pl-positive cells (Supplementary Fig. 8).
On the contrary, CM from microglia pre-treated with CGP
(AT2R agonist) prevented the apoptosis (decrease in the num-
ber of Annexin V-Pl-positive cells) in Neuro2A cells that was
reversed by AT2R antagonist, PD123319 (Supplementary
Fig. 8). Likewise, CM from microglia pre-treated with antiox-
idant, NAC or NOX inhibitor, DPI mitigated the apoptotic cell
death in Neuro2A cells. These results functionally demon-
strate that AT2R activation prevents the polarization of mi-
croglia to neurotoxic one.

AT2R Activation or p47KO Prevented LPS-Induced
Sickness Behavior and M1-Like Polarization in Mice
Model of Neuroinflammation

To investigate whether our in vitro findings could be translat-
ed in vivo, microglial polarization markers were assessed in
the cortex in LPS-induced neuroinflammation model (a

= -ye control
p47KO

e p47KO+Angll

e p47KO+PMA

IL-10

TNF-a

control. ELISA estimation of protein concentrations of e pro-
inflammatory mediator TNF-x and f immunomodulatory mediator IL-
10 in culture media of p47KO microglia at 24 h after various
treatments. Ang II, angiotensin II; PMA, phorbol 12-myristate 13-
acetate; p47KO, p47°"°*”~ Data represent mean + SEM of at least
three independent experiments, each with two to three internal
replicates (n > 3; one-way ANOVA followed by post hoc Tukey’s test)

widely accepted model of microglial activation and polariza-
tion) [42]. Since LPS induces the sickness behavior, therefore
we also evaluated the sickness behavior in the open-field test.
We found that LPS-induced sickness behavior in mice as ev-
ident from reduced locomotion (Fig. 10a, b), which was
prevented by AT2R activation by CGP (1 mg/kg Fig. 10a,
b). Importantly, p47KO mice were immune to the LPS-
induced sickness behavior (Fig. 10a, b) and interestingly, were
found to be more active than wild-type mice (Fig. 10a, b).
Further, LPS-induced ROS generation (increased DHE"
cells) (Fig. 10i) and pro-inflammatory activation of microglia
as evidenced by the significant increase in iNOS, MCP-1, IL-
13, TNF-«, and MHC II and reduced immunoregulatory
markers YM1, Arg-1, and IL-10 in the cerebral cortex
(Fig. 10c—j). Conversely, AT2R activation by CGP (1 mg/
kg) or p47KO significantly prevented the LPS-induced ROS
generation and pro-inflammatory activation of microglia (de-
crease in iNOS, MCP-1, IL-13, TNF-«, and MHC II), while
promoting the immunoregulatory activation of microglia (in-
crease in YMI, Arg-1, and IL-10) (Fig. 10c—j). Taken togeth-
er, these results strongly indicate that AT2R activation or
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Fig. 10 AT2R activation or la
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behavior in an in vivo microglia- 0
mediated neuroinflammation
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ameliorated LPS-induced
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level in the cortex of LPS-
challenged mice. g, h CGP (1 mg/
kg) treatment or p47KO enhanced
the mRNA expression of M2
markers YM1 and Arg-1 and i *
increased the anti-inflammatory
IL-10 levels in the cortex of LPS-
injected mice. j Representative
immunoblots of M1 (MHC 11,
iNOS) and M2 (YM1, Arg-1)
protein expression in the cortex of
CGP (1 mg/kg) treated or p47KO
mice at 24 h after LPS-injection.
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NOX inhibition attenuates ROS generation, pro-inflammatory
activation of microglia, and sickness behavior in vivo.

Discussion

Microglia-induced inflammation plays an imperative role in
several CNS disorders [1, 2, 4, 6]. First advocated for macro-
phages, the notion of alternative activation states, pro-
inflammatory M1-like and immunoregulatory M2-like activa-
tion, was also extended for microglia [1, 11]. The
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immunoregulatory M2-like microglia are categorized as anti-
inflammatory and neuroprotective, while pro-inflammatory
MI-like microglia are classified as neurotoxic [4, 15]. The
increased ROS production (oxidative stress), especially from
microglia, has been demonstrated to contribute in the devel-
opment of several neurodegenerative diseases like AD and PD
[9, 46]. On the other hand, AT2R, one of the components of
RAS, has been established to play a role in neuroprotection;
however, the involvement of AT2R in NOX-mediated pro-
inflammatory microglia activation is still elusive. Our results
show that Ang II or PMA significantly induced NOX
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activation, ROS production, and pro-inflammatory microglia
activation. On the other hand, for the first time to our knowl-
edge, we showed that AT2R via PP2A prevented PKC-
induced NOX activation, ROS production, and pro-
inflammatory microglia activation.

Increased ROS production by NOX activation is
unswervingly related to oxidative stress that contributes to
the impaired cellular functions and development of several
neurodegenerative diseases [4, 10, 47]. On the other hand,
NOX-2, the most predominant source for ROS in microglia,
induces inflammatory activation in microglia [4, 10] during
neurodegenerative diseases [48, 49]. In addition, mitochondri-
al dysfunction has been established as a foremost physiolog-
ical disturbance in neurodegenerative diseases like AD and
PD [11, 50] and NOX-mediated ROS has been associated
with the mitochondrial dysfunction [14]. Similarly, we also
observed that Ang II or PMA induced NOX-2 activation (in-
creased expression of gp91P"°* p47P"* and p22P'°¥), ROS
generation, mitochondrial dysfunction (increased mitochon-
drial ROS, membrane depolarization and mitochondrial respi-
ration), and polarization of microglia toward cytotoxic pro-
inflammatory phenotype. On the contrary, stimulation of
AT2R prevented NOX activation, ROS generation, mitochon-
drial dysfunction, and polarization of microglia toward cyto-
toxic pro-inflammatory phenotype in Ang II- or PMA-
stimulated microglia. The inhibitory effect of AT2R was of
as much magnitude as DPI (NOX inhibitor), NAC (ROS scav-
enger), and mito-Tempo (mitochondrial ROS inhibitor), indi-
cating the strong anti-oxidant effect due to AT2R activation.
Similarly, previous reports have demonstrated that pharmaco-
logical or genetic modulation of NOX-2 attenuated pro-
inflammatory activation of microglia [4, 11] and mitochondri-
al dysfunction with pro-inflammatory phenotype [51, 52].
These observations strongly suggest that AT2R activation,
by inhibiting NOX-induced ROS generation and mitochondri-
al dysfunction prevents Ang II- or PMA-induced pro-inflam-
matory microglia activation. Further, we identify the AT2R as
a novel target for improving mitochondrial functions in
microglia.

The previous studies have demonstrated that Ang II- or
PMA-induced PKC activation is the pivotal mechanism of
NOX activation (by phosphorylation of p47°"°*) and ROS
generation [12—14]. In addition, PP2A, a major serine/
threonine phosphatase, is known to inactivate PKC and
p47P"°* by dephosphorylation [12, 53]. Our study also re-
vealed that stimulation of AT2R induced PP2A activation
resulting in the inhibition of PKC, dephosphorylation of
p47°"°* and NOX suppression in Ang II- or PMA-
stimulated microglia, the effect which was promoted by
PKC inhibitor, Rottlerin and reversed by PP2A inhibitor,
OA. Likewise, it has previously been reported that PP2A
might result in the dephosphorylation of p47°"°* [54]
preventing its translocation and activation of NOX [54].

Therefore, the robust anti-oxidant effect of AT2R activation
in this study might be due to the dual inhibition of NOX
activation, either by dephosphorylation of p47”"°* or PKC
inactivation in microglia. Importantly, we observed that
p47KO microglia were immune to Ang II or PMA induced
NOX activation and ROS generation indicating the pivotal
role of p47°™* in inducing Ang II or PMA mediated NOX
activation and pro-inflammatory microglia activation.
Therefore our results suggested that AT2R via PP2A activa-
tion results in PKC inactivation, p47°"* dephosphorylation,
attenuation of NOX-mediated ROS generation and pro-
inflammatory microglia activation.

Pro-inflammatory microglia-mediated inflammation, a ma-
jor contributor of neuronal injury and death, is presumably
due to the production of elevated levels of cytotoxic factors
and decrease in the neurotrophic levels [55, 56]. In the present
study, we also observed that CM from Ang Il-activated mi-
croglia induced apoptosis in the neuronal cells (Neuro-2A
cells). However, CM from AT2R-activated microglia
prevented the neuronal death. Similarly, earlier reports dem-
onstrated that CM from LPS-activated microglia induced cell
death in SH-SY5Y neuronal cells and loss of TH-positive cells
in primary mesencephalic cultures [57]. These observations
functionally confirmed the prevention of neurotoxic pheno-
type in Ang Il-stimulated microglia by AT2R activation.

The systemic administration of LPS is associated with sick-
ness behavior, resulting in decreased locomotor activity and
pro-inflammatory microglia activation [42]. We also observed
the sickness behavior in LPS-injected mice. However, AT2R
activation by CGP inhibited the LPS-induced sickness behav-
ior. Importantly, LPS-induced sickness behavior was
completely prevented in p47KO mice. This indicates that
AT2R activation or NOX inhibition is central to the ameliora-
tion of sickness behavior in LPS-treated mice. Similar effects
were reported earlier after NOX inhibition in LPS-injected
mice/rats [58]. Of note, AT2R activation or p47KO prevented
the LPS-induced ROS generation, pro-inflammatory microg-
lia activation, while promoting the immunoregulatory pheno-
type. The beneficial effects of AT2R activation in our study
might be, at least in part, due to the polarization of microglia to
anti-inflammatory phenotype and suppression of NOX activa-
tion. However, we do not exclude the CGP effects in other
target cells, like neurons and brain endothelium [22, 23].
Taken together, these results strongly indicate that AT2R ac-
tivation or NOX inhibition attenuates pro-inflammatory mi-
croglia activation and sickness behavior in vivo.

In conclusion, our data revealed, for the first time to our
knowledge, that AT2R via PP2A activation prevented the Ang
II- or PMA-induced PKC activation, phosphorylation of
p47°"°* and pro-inflammatory activation of microglia, an ef-
fect that was promoted by PKC-inhibitor Rottlerin and re-
versed by the PP2A inhibitor, Okadaic acid. p47KO microglia
were resistant/immune to Ang II- or PMA-induced NOX
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activation and pro-inflammatory microglial activation. Of
note, LPS treatment in p47KO mice or AT2R activation
prevented ROS generation, pro-inflammatory microglial acti-
vation, and sickness behavior in vivo. Thus, we have identi-
fied AT2R as a novel therapeutic target for inflammatory brain
diseases by preventing pro-inflammatory activation of
microglia.
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