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Abstract

Introduction—We and others have shown that the angiotensin type 2 (AT2) receptor agonist,
compound 21 (C21), provides neuroprotection and enhances recovery in rodent stroke models yet
the mechanism involved is not known. Moreover, C21 treatment is associated with an anti-
inflammatory response. Here we tested the hypothesis that C21 mediates neuroprotection by
upregulating the neuroprotective and anti-inflammatory cytokine interleukin (1L)-10.

Methods—Wistar rats were subjected to 3 h MCA suture occlusion and treated at reperfusion
with C21 (0.03 mg/kg) + IL-10 neutralizing antibody (0.1 mg/kg) both given i.p. Infarct size,
behavioral outcomes, and molecular analysis were performed at 24 h post-injury. Primary rat
neurons were used to test the direct neuroprotective effect of C21 in vitro.

Results—C21 treatment reduced infarct size, improved functional outcome and decreased the
pro-inflammatory cytokine, tumor necrosis factor alpha (TNF-a.) in the ischemic hemisphere
compared to saline. Anti-IL-10 co-treatment blocked the C21 induced reduction in infarct size and
inflammation, and the improvement in behavioral outcome. In vitro, C21 treatment increased
neuron survival and reduced cell apoptosis after oxygen glucose deprivation (OGD) and OGD/
reoxygenation. These effects were mediated through AT2R stimulation.

Conclusion—C21 provides direct neuroprotection as well as indirect protection through IL-10.
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1. Introduction

Angiotensin type 2 (AT2R) receptor stimulation with the non-peptide agonist, compound 21
(C21), has been shown to provide neuroprotection and functional recovery after
experimental ischemic stroke in rodents (Alhusban et al., 2015; Joseph et al., 2014;
McCarthy et al., 2014; Min et al., 2014). C21 reduced infarct size after both permanent and
temporary middle cerebral artery occlusion (MCAO). In addition, C21 reduced neuronal
apoptosis and decreased mortality after stroke (Schwengel et al., 2016). Nevertheless, the
mechanism underlying C21-mediated neuroprotection is still not known. In our hands, we
reported an upregulation of the neuroprotective cytokine, interleukin (IL)-10 with C21
treatment at 24 h in the ischemic hemisphere after 3 h MCAO. Moreover, we reported an
increase in the number of IL-10 positive cells at 7 days with a single dose of C21 after 90-
min MCAQ (Alhusban et al., 2015). Whether the increased 1L-10 was causally related to the
improved outcome remained unknown.

IL-10 is an anti-inflammatory cytokine that mediates its actions through activation of the
JAK1-STAT3 (Janus Kinase 1 - Signal Transducer and Activator of Transcription 3)
signaling pathway (Sabat et al., 2010). IL-10 has been shown to provide direct
neuroprotection in vivo and in vitro. Administration of exogenous IL-10 centrally and
systemically decreases the infarct size in rats after permanent focal ischemia (Spera et al.,
1998), while IL-10 knockout mice show larger infarct volume following middle cerebral
artery occlusion (Grilli et al., 2000). Moreover, post-ischemic IL-10 gene transfer attenuates
brain infarction in rats subjected to focal and global ischemia (Ooboshi et al., 2005).
Interestingly, neuroprotection by systemic immune cells such as regulatory T and B cells
have also been shown to be mediated through IL-10 production (Bodhankar et al., 2013,
2014; Liesz et al., 2009; Liesz et al., 2013). In vitro, IL-10 protects murine cortical and
cerebellar neurons from excitotoxic damage and oxygen glucose deprivation (OGD) by
activating phosphatidylinositide 3-kinases (P1-3K) and signal transducer and activator of
transcription 3 (STAT-3) pathways (Bachis et al., 2001; Grilli et al., 2000; Sharma et al.,
2011).

Studies examining the protective role of AT2R stimulation using in vitro neuronal injury
models are inconclusive. The peptide AT2R agonist, CGP-42112, but not C21, protected
primary cortical neurons against glucose deprivation (Lee et al., 2012). In addition, Wu et al.
showed neuroprotection with angiotensin receptor blockers (ARBs) but not CGP-42112
pretreatment against OGD/reoxygenation injury (Wu et al., 2010); however, these effects
involved AT1R blockade and not indirect AT2R stimulation (Wang et al., 2014; Wu et al.,
2010).

In this study, we aimed to determine the contribution of IL-10 to the neuroprotective effect
of C21 using temporary MCAO in vivo. In addition, we tested the direct neuroprotective
effect of C21 in vitro in an ischemia/reoxygenation injury model.
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2. Materials and methods

Experiments were approved by the Care of Experimental Animal Committee of Augusta
University/Institutional Animal Care and Use Committee (IACUC) of the Charlie Norwood
Veterans Affairs Medical Center, Augusta, GA.

2.1. Middle cerebral artery occlusion and treatment

Adult male Wistar rats (280-340 g) were subjected to 3 h middle cerebral artery occlusion
(MCAO) followed by reperfusion for 21 h to achieve ischemia/reperfusion injury in vivo as
previously described (Alhusban et al., 2015). Animals were treated according to a 2X2 study
design (Fig 1.A). C21 was administered intraperitoneal (i.p.) at a dose of 0.03 mg/kg, which
has previously shown AT2R mediated neuroprotection in our hands using the same stroke
model (Alhusban et al., 2015). Anti-1L-10 neutralizing antibody (Invitrogen) was given i.p.
in a separate syringe (to avoid physical interaction) at a dose of (0.1 mg/kg) to block the
effects of endogenous IL-10 (Cai et al., 2012). Immunoglobulin G (IgG) isotype control
antibody was given to the rats that did not receive anti-IL-10. Animals were killed at 24 h
and brains were collected. Behavioral outcome was assessed just before euthanasia. Sham
animals were subjected to the same surgical procedure without actual MCAQO occlusion.

2.2. Infarct size analysis

At 24 h, rats were killed after transcardial perfusion with ice cold PBS following ketamine/
xylazine anesthesia. Brains were removed and sliced into seven 2 mm-thick coronal sections
(A to G) and stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma Chemical
Co., Missouri, USA). Areas of the infarct, ischemic, and non-ischemic hemispheres were
measured using ImageJ software (NIH) in a blinded fashion and infarct size was calculated
with edema correction using the following formula: 100 X (non-stroked — (stroked —
infarct))/non-stroked.

2.3. Western blotting

Ischemic hemispheres of B, C, D, and E brain sections were homogenized using a hand
homogenizer. Protein was quantified using Pierce BCA protein assay kit (Thermo
Scientific), and 50 pg protein aliquots were run on SDS-PAGE as described previously
(Guan et al., 2011), transferred to nitrocellulose membranes and probed with mouse anti-
TNF-a (Abcam) and rabbit anti-cleaved caspase 3 (Cell Signaling) antibodies (Ishrat et al.,
2015). Rabbit anti-GAPDH (Cell Signaling) and mouse anti-p-actin (Sigma) were used as
loading controls depending on the molecular weight and species of the probed proteins.
Membranes were further probed with peroxidase-conjugated goat anti-rabbit and anti-mouse
secondary antibodies. Optical densities of bands were quantified using ImageJ software
(NIH), divided by the loading control, and normalized to the control group.

2.4. Behavioral testing

Motor behavior assessment was conducted in a blinded fashion.
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Bederson score—This test examines animal behavior in an open field. Rats were scored
from 0-3. One point is given for each of the following: forelimb flexion when suspended by
tail; decreased resistance to lateral push; and contralateral circling (Bederson et al., 1986).

Beam walk score—This test examines animal balance on a horizontal beam. Rats were
placed on a beam for 1 min and scored from 0 to 6 as follows: balances on the beam with a
steady posture = 0, grasps side of the beam = 1, hugs the beam with 1 limb falling = 2, hugs
the beam with 2 limbs falling = 3, falls off the beam within 40 to 60 s = 4, falls off the beam
within 20 to 40 s = 5; falls off the beam in less than 20 s = 6 (Watanabe et al., 2004).

2.5. Primary neurons isolation and culture

Primary rat cortical neurons were isolated from embryonic day 17 (E17) pregnant Wistar rat
embryos as described (Dhandapani and Brann, 2003). Brain cortices were dissected and
plated at 1 X 106 cells/ml on poly-D-lysine coated 24-well plates. Neurons were cultured in
neurobasal medium (GIBCO) containing 2% B27 (GIBCO) and 0.5 mM L-glutamine, to
select for neurons. Staining for Microtubule-associated protein 2 (MAP-2, a neuronal
marker, Abcam, dilution 1/300) and anti-glial fibrillary acidic protein (GFAP, a marker for
astrocytes, Sigma-Aldrich, dilution 1/300) showed that more than 90% of cells in our culture
were neurons with less than 10% glia. Neurons were maintained in growth medium at 37 °C
in a 95% air, and 5% CO, humidified atmosphere. Experiments were conducted between
days in vitro (DIV) 10-12, when neurons express mature neuronal markers as previously
characterized (Dhandapani and Brann, 2003).

2.6. OGD/reoxygenation protocol

To mimic in vivo ischemia/reperfusion conditions, cells were subjected to OGD for 3, 6 and
9 h followed by 6 h of reoxygenation. Durations of OGD and reoxygenation were based on
our preliminary experiments. For OGD, cells were switched to glucose free DMEM
(GIBCO) medium and incubated in a hypoxia chamber (ProOx C21, Biospherix, NY) (94%
N>, 5% CO», and <1% O, at 37 °C). Reoxygenation was achieved by replacing the DMEM
with the growth medium and further incubation under 95% air, 5% CO2 at 37 °C. In one
experiment, cells were treated with increasing concentrations of C21 from start of OGD. In
other experiments, cells were treated at reoxygenation with C21 £ PD123319 (AT2R
blocker, 1 uM) or anti-1L-10 neutralizing antibody (1 pg/ml). For Western blotting, medium
was removed and cells were washed twice with ice cold PBS then collected in RIPA lysis
buffer.

2.7. Cell viability (MTT assay)

The assay is based on the ability of living cells to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT, Sigma) into insoluble formazan (Dhandapani and
Brann, 2003). At the end of the experiment, MTT was added to each well to a final
concentration of 0.5 mg/ml for 4 h at 37°C. The medium was removed, and DMSO was
added to dissolve the formazan. After 5 min incubation, absorbance was measured at 540 nm
using a microplate reader (Synergy HT, BioTek, VT).
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2.8. Cytotoxicity detection (LDH assay)

Cell death was determined by measuring Lactate dehydrogenase (LDH) activity in the media
(culture supernatant) using a cytotoxicity detection kit (Roche, IN) according to the
manufacturer’s protocol.

2.9. Statistical analyses

3. Results

Statistical tests were carried out using GraphPad Prism software. Since a 2X2 study design
was conducted for the in vivo experiments, a two-way ANOVA followed by Tukey’s post-
hoc test for multiple comparisons was used. For in vitro experiments, one-way ANOVA or t-
tests were used. P value <0.05 was considered significant. Data is presented as mean +
S.E.M. In vitro experiments were repeated at least twice.

3.1. IL-10 is involved in C21 mediated neuroprotection in vivo

We have previously shown that C21 provides neuroprotection and IL-10 upregulation after
stroke (Alhusban et al., 2015). To examine the involvement of IL-10 in C21 mediated
neuroprotection, Wistar rats were subjected to experimental conditions outlined in (Fig 1.A)
as described in the methods section. As we have previously reported, C21 treated rats
showed a reduction in infarct size compared to saline treatment. IL-10 neutralization
abrogated the neuroprotective effect of C21 supporting the involvement of IL-10 in C21
mediated neuroprotection in vivo (Fig 1.B). Moreover, C21 treatment improved Bederson
and beam walk scores at 24 h. IL-10 neutralization partially blocked this behavioral recovery
(Fig 2.A, 2.B).

IL-10 has been shown to exert its anti-inflammatory action through inhibiting transcription
of specific pro-inflammatory genes including tumor necrosis factor alpha (TNF-a) (Murray,
2005). Stroke increased TNF-a in the ischemic hemisphere compared to sham animals. C21
treatment decreased TNF-a compared to saline treated group and co-administration of 1L-10
neutralizing antibody blocked this effect (Fig 2.C).

3.2. C21 provides direct neuroprotection in vitro

Next, we wanted to test if C21 has a direct neuroprotective effect in vitro. For this, we used
primary rat cortical neurons (Fig 3.A). We subjected the neuron culture to 3, 6 and 9 h of
OGD, which resulted in time dependent increased cell death as measured by LDH assay (Fig
3.B). 6 h OGD time point provided optimal cell death (>2-fold increase in LDH release).
Treating neurons at the beginning of 6 h OGD with C21 increased cell viability in the
different concentrations examined (10, 100, and 1000 nM) as measured by MTT assay (Fig
3.C). To mimic our in vivo ischemia/reperfusion injury model, neurons were subjected to 3,
6, or 9 h OGD followed by 6 h of reoxygenation, which resulted in >2-fold increase in LDH
release. C21 treatment at reoxygenation was not able to reduce the LDH release (Fig 4.A)
but significantly reduced cleaved caspase 3 at 100 and 1000 nM concentrations (Fig 4.B).
This anti-apoptotic effect of C21 was blocked with the AT2R antagonist, PD123319, but not
anti-1L-10 neutralizing antibody (Fig 4.C). Together, these results suggest that C21 exerts a
direct neuroprotective effect in vitro that is independent of 1L-10.
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4. Discussion

Our data prove a causal role of IL-10 in the neuroprotective and anti-inflammatory effects of
C21 after temporary MCAQ in vivo. In addition, the current results show direct
neuroprotection with C21 treatment after OGD/reoxygenation injury in vitro.

Recent reports have pointed out the involvement of 1L-10 in C21-mediated beneficial effects
in renal inflammation, and myocardial ischemia models through AT2R stimulation (Curato
et al., 2010; Dhande et al., 2013; Namsolleck et al., 2013). C21 has been shown to provide
renoprotection by directly increasing the levels of 1L-10 in the kidney via nitric oxide (NO)
signaling (Dhande et al., 2013). Similarly, C21 exerts anti-inflammatory response in
lipopolysaccharide-activated THP-1 macrophages via increased IL-10 production (Dhande
et al., 2015). Furthermore, C21 protects against myocardial ischemia through increasing
IL-10 production by CD8(+)AT2R(+) T cells (Curato et al., 2010). We have previously
reported C21 mediated IL-10 upregulation, which correlated with neuroprotection after
experimental stroke (Alhusban et al., 2015). In the current study, we aimed to determine
whether I1L-10 upregulation was causally related to the neuroprotective effect of C21. IL-10
neutralization blocked the C21-mediated neuroprotection and anti-inflammatory effect after
ischemia/reperfusion injury in vivo. Other agents have also been shown to mediate 1L-10
upregulation and neuroprotection. For example, the endogenous peptides, melanocortins
have been shown to induce IL-10 production and reduce tissue damage after cerebral
ischemia and traumatic brain injury (Bitto et al., 2012; Spaccapelo et al., 2013).

C21 could be increasing I1L-10 production from different cellular sources. C21 has poor
penetration into the brain through the intact blood brain barrier (BBB) (Shraim et al., 2011).
However, BBB is disrupted in our in vivo ischemia/reperfusion injury model of 3 h
temporary MCAO as previously characterized (Fagan et al., 2006; Kozak et al., 2008).
Therefore, it is possible that C21 can penetrate to the ischemic brain tissue and stimulate
IL-10 production by resident brain cells. We have previously shown that IL-10 co-localizes
with neurons after ischemic stroke (Fouda et al., 2013). Moreover, C21 is speculated to
stimulate an IL-10 producing, anti-inflammatory microglia phenotype (McCarthy et al.,
2013). C21 may also increase IL-10 production from systemic immune cells. Anti-1L-10
neutralizing antibody was given in this study via the i.p. route and thus it can neutralize the
IL-10 produced by resident brain cells as well as systemic immune cells. Many publications
have shown that IL-10 is involved in the systemic immune cells neuroprotective actions,
mainly regulatory B- and T-lymphocytes (Bodhankar et al., 2013, 2014; Liesz et al., 2009;
Liesz et al., 2013). Recent studies have identified immunomodulatory AT2R* T cells that
exert protection against myocardial infarction through I1L-10 (Skorska et al., 2015). In
accordance, preliminary studies from our lab show increased regulatory T-cells in rat blood
and brain after stroke with C21 treatment (data not shown). Cellular sources of C21
mediated IL-10 upregulation post-stroke are to be examined in future studies.

In our study, IL-10 blockade did not appear to completely reverse the improvement in
functional outcome at the 24 h time point examined, suggesting that other mediators could
be involved in C21 mediated functional recovery. One of the potential mediators is brain
derived neurotrophic factor (BDNF). We have previously published that BDNF is involved
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in the proangiogneic effect of C21. In addition, knocking down of BDNF abrogated the
behavioral recovery mediated through AT1R blockade with candesartan treatment (Fouda et
al., 2016). Long-term studies are warranted to examine the mechanism of C21-induced
functional recovery after stroke.

While Lee et al. showed no neuroprotection with C21 treatment in vitro (Lee et al., 2012),
we have seen a direct neuroprotective effect with C21 treatment on rat primary neurons. This
was manifested by increased cell survival and reduction in apoptosis. Interestingly, C21
provided neuroprotection under both OGD and OGD/reoxygenation. The discrepancy
between our results and the previous report could be due to the different in vitro stroke
model used. While Lee et al. used only glucose deprivation, we used a more clinically
relevant model combining both oxygen and glucose deprivation in addition to the
reoxygenation insult. The mechanism of this direct neuroprotection is still to be elucidated.
Interestingly, a recent report described AT2R expression in neurons mitochondria. Treatment
of neurons with oxidative stress inducers increased AT2R expression, which decreased
mitochondrial respiration (Valenzuela et al., 2016). This suggests a neuroprotective effect of
AT2R through regulation of mitochondrial respiration.

In conclusion, our results show that IL-10 is involved in C21 neuroprotective action in vivo.
In addition C21 elicited direct neuroprotection on primary neurons in vitro.
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Fig 1. IL-10 is involved in C21 mediated neuroprotection after ischemia/reperfusion injury in

vivo
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A: Schematic diagram representing the study outline and treatment groups. Wistar rats were
subjected to 3 h MCAQ using the suture model followed by reperfusion for 21 h. Treatments
were administered i.p. at reperfusion in separate syringes. Animals were assigned to one of
four treatment groups in a 2X2 study design as outlined in the table.

B: Representative TTC stained brain sections and quantification of infarct size from the four
treatment groups. C21 treatment reduced infarct size at 24 h after 3 h MCAOQ. Co-treatment
with anti-1L-10 neutralizing antibody abrogated the neuroprotective effect of C21 treatment.
N=7-9 per group. *P<0.05 vs other groups (Two-way ANOVA).
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Fig 2. IL-10 neutralization does not prevent the C21 mediated functional outcome improvement
A & B: C21 treatment improved Bederson and beam walk scores compared to saline control

group, while IL-10 neutralization partially blocked this functional improvement. N=7-9 per
group. *P<0.05 vs Sal+1gG and Sal+IL-10_Ab (Two-way ANOVA).

C: Measuring the pro-inflammatory cytokine, TNF-a, using Western blotting showed a band
at 52 kDa corresponding to the homotrimeric secreted protein and a band at 26 kDa
corresponding to the membrane bound form. Both bands showed similar trend. Stroke lead
to an increase in the pro-inflammatory cytokine, TNF-a, in the ischemic hemisphere
compared to the sham group. C21 ablated the increase in TNF-a. in ischemic hemisphere
compared to saline and this was reversed by Anti-1L-10. *P<0.05 vs Sal+IgG and
C21+1L-10_Ab. ¥P<0.05 vs C21+IL-10_Ab group. $P<0.05 vs other groups. n=5-7 per

group
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Fig 3. C21 provides neuroprotection against OGD
A: Immunostaining of the primary neurons culture for the neuronal marker MAP2 at day 10

in vitro (DIV 10).

B: Time dependent increased cell death with OGD. Lactate dehydrogenase (LDH) release
into the supernatant increased in a time dependent manner after 3, 6, and 9 h of OGD. N=6.
One-way ANOVA: *P<0.05 vs control and 3 h OGD, #P<0.05 vs 6 h OGD

C: C21 in different concentrations increased cell survival after 6 h OGD as measured by
MTT assay. N=3-4. *P<0.05 vs OGD control
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Fig 4. C21 provides neuroprotection against OGD/reperfusion
A: Neurons were subjected to 3, 6 and 9 h of OGD followed by 6 h of reoxygenation which

lead to >2 fold increase in LDH assay. C21 did not affect LDH release into the supernatant.
N=3. *P<0.05 vs Normoxic control.

B: C21 in 100 and 1000 nM concentrations decreased cleaved caspase 3 as measured by
western blotting in cell lysate. N=3. *P<0.05 vs respective 100, 1000 nM groups and
normoxic control. #P<0.05 vs respective 100, 1000 nM groups and normoxic control.

C: C21 anti-apoptotic effect is mediated through AT2R stimulation. C21 anti-apoptotic
effect was blocked by PD123319 but not anti-I1L-10 neutralizing antibody. N=3. *P<0.05 vs
normoxic control, 100 nM, 100 nM, and 100nM+IL-10_Ab.
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