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A B S T R A C T

Hypertension-induced brain renin-angiotensin system (RAS) activation and neuroinflammation are hallmark
neuropathological features of neurodegenerative diseases. Previous studies from our lab have shown that inhi-
bition of ACE/Ang II/AT1R axis (by AT1R blockers or ACE inhibitors) reduced neuroinflammation and
accompanied neurodegeneration via up-regulating adult hippocampal neurogenesis. Apart from this conven-
tional axis, another axis of RAS also exists i.e., ACE2/Ang (1–7)/MasR axis, reported as an anti-hypertensive and
anti-inflammatory. However, the role of this axis has not been explored in hypertension-induced glial activation
and hippocampal neurogenesis in rat models of hypertension. Hence, in the present study, we examined the
effect of ACE2 activator, Diminazene aceturate (DIZE) at 2 different doses of 10 mg/kg (non-antihypertensive)
and 15 mg/kg (antihypertensive dose) in renovascular hypertensive rats to explore whether their effect on glial
activation, neuroinflammation, and neurogenesis is either influenced by blood-pressure. The results of our study
revealed that hypertension induced significant glial activation (astrocyte and microglial), neuroinflammation,
and impaired hippocampal neurogenesis. However, ACE2 activation by DIZE, even at the low dose prevented
these hypertension-induced changes in the brain. Mechanistically, ACE2 activation inhibited Ang II levels,
TRAF6-NFκB mediated inflammatory signaling, NOX4-mediated ROS generation, and mitochondrial dysfunction
by upregulating ACE2/Ang (1–7)/MasR signaling. Moreover, DIZE-induced activation of the ACE2/Ang (1–7)/
MasR axis upregulated Wnt/β-catenin signaling, promoting hippocampal neurogenesis during the hypertensive
state. Therefore, our study demonstrates that ACE2 activation can effectively prevent glial activation and
enhance hippocampal neurogenesis in hypertensive conditions, regardless of its blood pressure-lowering effects.

1. Introduction

Clinical trials and experimental investigations have demonstrated
that hypertension is a significant risk factor for various CNS disorders,
including stroke and AD, the most common form of dementia (Iadecola
and Gottesman, 2019). Antihypertensive medications, such as
angiotensin-converting enzyme inhibitors (ACEIs) and AT1 receptor
blockers (ARBs), enhance memory functioning in hypertensive in-
dividuals, strengthening the link between hypertension and dementia
(Ouk et al., 2021; Ho et al., 2021). Hypertension-induced glial cell-
driven neuroinflammation is a hallmark neuropathological feature of

neurodegenerative diseases (Guzman-Martinez et al., 2019). When
activated, glial cells such as astrocytes and microglia trigger neuro-
inflammation by releasing inflammatory mediators like TNF-α, IL-1β, IL-
6, and ROS, contributing to neuronal injury which ultimately leads to
neurodegeneration (Kwon and Koh, 2020). Therefore, neuro-
inflammation, mediated by the activation of glia (microglia, astrocytes),
is closely linked to the pathophysiology of neurodegenerative diseases
like AD.

Further, neuroinflammation has been demonstrated to alter adult
neurogenesis by regulating neural stem cell survival, proliferation, and
maturation (Sung et al., 2020). Hence, neuroinflammation is one of the
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possible mechanisms associated with hypertension and neuro-
degeneration. Hippocampal neurogenesis in the adult brain is a widely
studied phenomenon due to its significant role in cognitive function.
Nevertheless, there is much controversy regarding the effect of hyper-
tension on adult hippocampal neurogenesis. Study conducted by Shih
et al. and others has demonstrated a potential impairment of hippo-
campal neurogenesis during hypertension (Shih et al., 2016; Bhat et al.,
2018; Pietranera et al., 2010). Apart from this, it has also been reported
that hypertension promoted hippocampal neurogenesis (Perfilieva et al.,
2001; Kronenberg et al., 2007). As a result, the impact of hypertension
on neurogenesis remains uncertain and requires further investigation.

The key pathological mechanism that connects hypertension to
neuroinflammation and subsequent neurodegeneration is the activation
of the pro-inflammatory arm of Renin Angiotensin System (RAS) in the
brain, specifically the Angiotensin Converting Enzyme/Angiotensin II/
Angiotensin Type 1 receptor (ACE/Ang II/AT1R) pathway. Several
studies have shown that inhibition of the ACE/Ang II/AT1R axis of RAS
(by ARBs or ACEIs) is neuroprotective in the models of hypertension and
neurodegeneration (Bhat et al., 2018; Goel et al., 2016; Tota et al.,
2012). Further, neurodegeneration has been associated with impaired
hippocampal neurogenesis. A previous study from our lab has reported
that inhibition of ACE/Ang II/AT1R axis by AT1R blocker, Candesartan,
independent of its BP-lowering property, reduced hypertension induced
neurodegeneration and impaired adult hippocampal neurogenesis (Bhat
et al., 2018). Apart from this conventional axis, another axis of RAS, i.e.,
Angiotensin Converting Enzyme 2/Angiotensin (1–7)/Mas receptor
(ACE2/Ang (1–7)/MasR) axis, is reported as an anti-hypertensive and
anti-inflammatory and hence imparted neuroprotection (Bennion et al.,
2015). However, the neuroprotective role of this axis, either dependent
or independent of their anti-hypertensive actions, in hypertension-
induced glial activation and hippocampal neurogenesis in a rat model
of chronic hypertension is still elusive and needs further exploration.

The discussion so far has demonstrated that hypertension-associated
activation of the pro-inflammatory arm (ACE/Ang II/AT1R) of the brain
RAS is the key pathogenetic mechanism linking hypertension to neu-
roinflammation and accompanying neurodegeneration, thereby
impairing neurogenesis. However, the effect of another RAS axis, ACE2/
Ang (1–7)/MasR, reported to be neuroprotective, has not been studied in
detail on glial activation and neurogenesis in rat-model of chronic hy-
pertension. Therefore, in this work, we studied the temporal activation
of the glia in response to an increase in BP and their respective modu-
lation by ACE2 activator, DIZE. Further, we dissected the involvement of
ACE2 in hippocampal neurogenesis by using DIZE at both non-
antihypertensive (10 mg/kg) and antihypertensive (15 mg/kg) doses.

2. Materials and methods

2.1. Reagents and antibodies

Diminazene Aceturate (DIZE) was purchased from Cayman Chem-
icals (USA). Primary antibodies, anti-β actin (Affinity biosciences), anti-
GFAP (Merck), anti-Iba-1 (Abcam), anti-p65NFкB (Elabsciences), anti-
IкB (Affinity biosciences), anti-TRAF6 (Abcam), anti-HO-1 (Santa-Cruz),
anti-NRF2 (Santa-Cruz), anti-NOX4 (Santa-Cruz), anti-DCX (Invi-
trogen), anti-NeuN (Invitrogen), anti-BrdU (Merck), anti-Wnt-3A (Invi-
trogen), anti-p-Y-216-GSK-3β (Cell signaling technology), anti-p-S9-
GSK-3β (Cell signaling technology), anti-β-catenin (Abcam), anti-p-
β-catenin (Abcam), Alexa Fluor 594 and Alexa Fluor 488 IgG conjugate
(Invitrogen) and secondary HRP-conjugated antibodies were purchased
from Santa Cruz Biotechnology (USA).

2.2. Animals

Adult male Sprague-Dawley (SD) rats (180–200 g) procured from the
Laboratory Animal Services Division of CSIR-Central Drug Research
Institute (CDRI), Lucknow, India, were used in this study (approval no.

IAEC/2019/17/REN). Experiments were performed according to inter-
nationally followed ethical standards and 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. Rats were maintained under standard housing condi-
tions (room temperature 24–27 ◦C and humidity 60–65 %) with a 12 h
light and dark cycle. Food and water were available ad libitum. Twenty-
eight rats were randomly divided into four groups (n = 7, for each):
sham-operation, renovascular hypertension (HTN), HTN plus DIZE (10
mg/kg), and HTN plus DIZE (15 mg/kg).

2.3. Model of chronic hypertension

Chronic hypertension was induced in male SD rats (180–200 g), by
partial occlusion of left renal artery, while in sham animals, renal artery
was only exposed but not occluded as described previously (Bhat et al.,
2018). Briefly, animals were anesthetized with pentobarbital (50 mg/kg
i.p.). After a midline abdominal incision, the left renal artery was
exposed and isolated over a short segment by a blunt dissection. After
isolation, renal artery was constricted by making the loop of folded-in-
two cotton thread tunneled through a plastic tube (0.5-mm internal
diameter, 1.5–2.0-mm long). The artery was slowly inserted into the
tube by pulling the ends of thread. The thread was tied in such away that
it did not constrict the artery but prevented its slippage from the plastic
tube. Sham control rats underwent the same surgical procedure without
the partial ligation of the renal artery. After surgery, Neosporin, an anti-
fungal powder, and Betadine, a topical antiseptic, were applied at the
site of the incision. The animals had access to food and water ad libitum.

2.4. Experimental plan and drug administration

After recovery of 1 week, animals were randomly distributed in
following experimental groups: Group 1- Sham (normotensive); Group
2- Hypertensive (HTN); Group 3- HTN+ DIZE (10 mg/kg, i.p.); Group 4-
HTN + DIZE (15 mg/kg, i.p.). DIZE, an ACE2 activator, was freshly
prepared daily in saline. DIZE at 10 and 15 mg/kg was administered
intraperitoneally daily for 28 days starting from the first day after re-
covery (Fig. 1).

2.5. Measurement of hemodynamic parameters

BP of the rats was measured at 0, 14 and 28 days of DIZE treatment.
Briefly, the rats were anesthetized with urethane (1.25 g/kg, i.p.) and
placed on an isothermal pad to maintain normal body temperature
during surgical procedures. The hemodynamic parameters like systolic
blood pressure (SBP), diastolic blood pressure (DBP), mean arterial
blood pressure (MAP), and heart rate (HR) were recorded by inserting
fluid-filled catheters in the carotid artery. The catheter was attached to
the pressure transducer coupled to the Data Acquisition System (Pow-
erlab, AD Instruments, Australia). All animals were allowed to stabilize
for 20 min before the final readings were taken. After taking hemody-
namic parameters, the animals were sacrificed by transcardiac perfusion
with ice-cold saline followed by 4 % paraformaldehyde in 0.1 M PBS.
The brain was quickly removed for immunohistochemical studies as
discussed below.

2.6. Cytokine estimation

The levels of cytokines TNF-α, and IL-10 were estimated using con-
ventional ELISA kits (Elabscience, USA) by strictly following the man-
ufacturer's guidelines. Cytokine level in brain tissues homogenate is
expressed as pg of cytokines/mg protein (Bhat et al., 2017). In brief,
hippocampus isolated from different groups were homogenized with
Teflon homogenizer in phosphate buffered saline (PBS) having 5 % (w/
v) protease inhibitor cocktail (Sigma). After homogenization, samples
were sonicated for 10 s using an ultrasonic processor (Heat Systems-
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Ultrasonic Inc.) at a setting of 20 duty cycles and then centrifuged at
20,000g for 15 min at 4 ◦C. The level of TNF-α and IL-10 were estimated
in the supernatant according to the manufacturer's instructions.

2.7. Estimation of Ang II, Ang (1–7), and ACE2

The levels of Ang II, Ang (1–7) and ACE2 were estimated using
conventional ELISA kits (Finetest, China) by strictly following the
manufacturer's guidelines. Ang II, Ang (1–7) and ACE2 levels were
estimated in hippocampal homogenate (Bhat et al., 2017). In brief, the
hippocampus region from different treatment groups was homogenized
in ice-cold PBS with 5 % (w/v) protease inhibitor cocktail (Sigma) fol-
lowed by sonication (10 s, 20 cycles) using an ultrasonic processor (Heat
Systems-Ultrasonic Inc.) and centrifugation at 20,000g (15 min) at 4 ◦C.
The equal amount of supernatant was used to measure the level of Ang
II, Ang (1–7) and ACE2. The data were expressed in the terms of pg/mg
for brain tissue homogenate.

2.8. Estimation of ACE2 activity

ACE2 activity was estimated by a fluorometric assay kit in hippo-
campal homogenate as described by the manufacturer's instruction
(AnaSpec, Sensolyte, USA). In brief, the hippocampus was homogenized
in the assay buffer provided in the kit, followed by centrifugation at
20,000g (10 min) at 4 ◦C. The supernatant was used to estimate the
ACE2 activity. Mca/Dnp fluorescence resonance energy transfer (FRET)
test was performed under the fluorescent reader (Biotek, USA). Relative
fluorescence unit (RFU), which was a ratio of fluorescence intensity at
excitation/emission = 330nm/390nm were measured after 30 min of
enzymatic activity. The results of ACE2 activity were calculated as RFU
(Evans et al., 2020).

2.9. Estimation of reactive oxygen species (ROS)

2.9.1. By dichlorodihydrofluorescein diacetate (DCFDA)
DCFDA is a fluorogenic dye that measures hydroxyl, peroxyl and

other reactive oxygen species (ROS) activity within the cell. Briefly, the
hippocampus was digested with collagenase in HEPES solution at room
temperature (RT). The obtained single-cell suspension was centrifuged
at 500g for 5min, and the resulting pellet was resuspended in HEPES and
incubated with 10 μM DCFDA for 30 min at 37 ◦C for the estimation of
cellular reactive oxygen species, using Fluorescence-activated cell sort-
ing (FACS) Calibur (FACS Calibur, BD Bioscience). The cell population of
interest was isolated with gating; data were analyzed and presented as
the percentage of DCFDA-positive stained cell populations. Cells were
treated with DMSO and 0.3 % H2O2 as negative and positive controls for
oxidative stress, respectively.

2.9.2. By dihydroethidium (DHE)
DHE is a fluorescent dye for the detection of ROS generation and is

specific for superoxide and hydrogen peroxide. The generation of

reactive oxygen species (ROS) was determined by fluorescent-labeled
dihydroethidium (DHE) in the cryosectioned brain hippocampus.
Frozen slices (15 μm thick) were incubated in 5 μM DHE for 30 min at
37 ◦C in a dark humidified chamber. The sections were rinsed three
times in PBS and were observed by using an inverted fluorescence mi-
croscope (Leica Microsystems, Germany) (Goel et al., 2016).

2.10. Estimation of mitochondrial membrane potential (MMP) and
mitochondrial ROS (mtROS)

Briefly, the hippocampus was digested with collagenase in HEPES
solution at RT. The obtained single-cell suspension was centrifuged at
500g for 5 min, and the resulting pellet was resuspended in HEPES and
used for further studies. A viability test was done with trypan blue and
90% of the viable population of cells was obtained. The difference in the
mitochondrial membrane potential (Δψm) was determined by flow
cytometry using JC-1 dye as described previously (Bhat et al., 2019). In
brief, digested tissue suspension from different groups were incubated
with JC-1 dye (2.5 μM) in a culture medium for 30min at 37 ◦C. The cells
were washed with PBS twice, and mitochondrial membrane potential
(Δψm) was assessed using FACS Calibur (FACS Calibur, Becton Dick-
inson, NJ, USA) and analyzed by the Cell Quest program (Becton
Dickinson, NJ, USA).

MitoSOX red (5 μM) was used to examine the mitochondrial ROS
(mtROS) level by using flow cytometry (Bhat et al., 2019). The digested
cells were incubated withMitoSOX red for 30min. Finally, the cells were
washed and data were acquired on a FACS Calibur (Becton Dickinson,
NJ, USA) and quantified with the Cell Quest software.

2.11. Estimation of ATP

ATP was estimated in lysates from hippocampus of rat brain using
ATP colorimetric/fluorometric assay kit (BioVision, Inc. California),
according to manufacturer's instructions. Briefly, the hippocampus were
lysed in 200 μl of ATP assay buffer and centrifuged at 15,000g for 2 min.
To 50 μl of resulting supernatant, 50 μl of ATP reaction mixture (44 μl
ATP assay buffer +2 μl ATP probe +2 μl ATP converter +2 μl developer
mix) was added in a 96 well plate. After 30 min incubation, absorbance
was measured at 570 nm in an ELISA reader (BIOTEK, USA). The con-
centration of ATP was calculated using ATP standard curve and
expressed in nmols/mg protein.

2.12. Immunoblotting

Proteins extracted from brain hippocampus were processed for
western blotting as described previously (Bhat et al., 2017). In brief, an
equal amount of protein was separated on 10 % SDS-PAGE and trans-
ferred to the PVDF membrane. Membranes were blocked with blocking
buffer (5 % BSA, 10 mM Tris pH 7.5, 100 mMNaCl, and 0.1 % tween-20)
for 2 h. After blocking, the membranes were incubated with primary
antibodies overnight at 4 ◦C. After washing, membranes were incubated

Fig. 1. Schematic representation of the experimental design.
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with respective HRP-conjugated secondary antibodies for 2 h at room
temperature. The images were captured by Chemidoc (LAS 4010, GE
Healthcare) and the band intensity was measured using spot densitom-
etry analysis by My Image Analysis TM software (Thermo Scientific).

2.13. RNA preparation and RT-PCR

Quantitative gene expression analysis was performed by using SYBR
Green technology as described previously. Briefly, the total RNA was
extracted from hippocampus using TRIzol (Sigma, USA) isolation pro-
cedure and complementary DNA (cDNA) was synthesized using Rever-
tAid™ H Minus first-strand cDNA synthesis kit following the
manufacturer's protocol (Invitrogen, USA). Messenger RNA (mRNA)
expression of MasR was quantified using the following primers: ACE2
(Forward- AATCGTAGGCTCTGGGCTTG and Reverse- GCTTCA-
TAATCCCCTCGCCA), MasR (Forward- GATCGACAATCAA-
CATCTAGGACTG and Reverse-AGACTGCATGTTTACCTGGCTG) and
β-actin (Forward- CCCGCGAGTACAACCTTCT and Reverse- CGTCATC-
CATGGCGAACT). RT-PCR was carried out in QuantStudio 12 K Flex
Real-Time PCR System (Applied Biosciences Indianapolis, USA). Rela-
tive mRNA expression was calculated by using comparative cycle
threshold (2-ΔΔCT) method using β-actin as an internal standard and the
relative amount of mRNA was presented in the form of fold change over
control.

2.14. Bromodeoxyuridine (BrdU) injection

We used bromodeoxyuridine (BrdU) to label proliferating cells. On
the 28th day of treatment, all groups of rats were treated with four
intraperitoneal injections of BrdU (50 mg/kg in saline, Sigma-Aldrich,
St. Louise, MO, USA) in a 4 h intervals because the half-life of BrdU is
about 2 h and the number of BrdU+ cells peaks at about 15 h after BrdU
injection and decreases afterwards (Bhat et al., 2018). Two hours after
the last injection, the hemodynamic parameters were measured and rats
were transcardially perfused with ice-cold 0.1 M PBS (pH 7.4) followed
by 4 % paraformaldehyde in 0.1 M PBS. The brains were quickly
removed for immunohistochemical studies as discussed below.

2.15. Immunohistochemistry

Brains were isolated, fixed overnight in 4 % PFA, and were serially
incubated overnight in each 10 %, 20 % and 30 % sucrose solution at
4 ◦C. The serial coronal sections of hippocampal tissue of 15-μm thick-
ness were collected by using cryostat (Micron International, GmbH,
Germany) on the poly L-lysine coated slides. For BrdU staining, brains
sections were washed with tris buffer saline (TBS, pH -7.5) followed by
permeabilization with TBST (0.2 % Triton X-100) at room temperature
for 60 min. For BrdU labeling, sections were incubated in 1 N − HCl for
10 min at 4 ◦C followed by incubation with 2 N − HCl at 37 ◦C for 20min
in order to DNA denaturation. These sections were incubated with
borate buffer (0.1 M, pH 8.5) for 30 min in order to neutralize acidic
reaction. Sections were blocked with 2.5 % BSA in TBST for 2 h at RT.
The sections were incubated with primary antibodies, anti-mouse GFAP
(1:100; Merck, USA), anti-goat Iba-1 (1:200; Abcam, USA), anti-mouse
BrdU (1:200; Merck, USA), anti-rabbit DCX (1:300; Invitrogen, USA)
and anti-rabbit NeuN (1:300; Abcam, USA) overnight. After rinsing with
TBS, sections were incubated with Alexa Fluor 594 goat anti-mouse and
Alexa Fluor 488 donkey anti-goat IgG conjugate (1:400) for 2 h. Finally,
the sections were counterstained with DAPI and mounted with
mounting media (Invitrogen). Brain sections were visualized using a
fluorescence microscope (Leica Microsystems, Germany). The images
were processed using the free image analysis software ImageJ (NIH, MD,
USA) to measure the mean fluorescent intensity (Bhat et al., 2017).

2.16. Statistical analysis

Statistical analysis was performed with Prism software version 8.0
(Graph Pad Software, San Diego, CA, USA). All Results are expressed as
mean ± SEM. Statistical significance was evaluated by one-way/two-
way analysis of variance (ANOVA) followed by Tukey's multiple com-
parison test. A value of p < 0.05 was considered as statistically
significant.

3. Results

3.1. ACE2 activator, DIZE, prevented the increase in the BP in the
renovascular model of hypertension

Several studies have reported that renovascular hypertensive rats
develop a significant increase in BP between 3 to 5 weeks after surgery
(Campos et al., 2015; Bhat et al., 2018). Therefore, to study the effect of
ACE2 activation on BP, preventive dosing with DIZE for 28 days was
performed, after 1 week of recovery following surgery. Hemodynamic
parameters such as systolic blood pressure (SBP) and heart rate (HR)
were measured at 0, 14 and 28 days of treatment to monitor temporal
changes in BP in a rat model of renovascular hypertension. A significant
increase in SBP was observed on 14th day which remained raised until
the end of 28th day in renovascular hypertensive rats (Fig. 2A).
Furthermore, HR significantly increased at 28th days compared to that
in sham (normotensive) rats (Fig. 2B). In contrast, administration of
DIZE at an anti-hypertensive dose of 15 mg/kg prevented the rise of
blood pressure in rats with renovascular hypertension. However, a dose
of 10 mg/kg DIZE did not affect blood pressure, confirming that it was a
non-antihypertensive dose (Fig. 2A and B). Therefore, both doses of
DIZE were used for further studies to determine whether its beneficial
effects are dependent or independent of its BP-lowering effect.

3.2. ACE2 activation ameliorated hypertension-induced astrocyte and
microglial activation

To examine the time-dependent effect of ACE2 activator, DIZE on BP-
induced glial activation markers, we performed immunohistochemical
analysis of the hippocampus at 0, 14th and 28th days of treatment. The
hippocampal region of the brain, which is associated with memory,
shows increased activation of glial cells in response to hypertension, as
evidenced by higher immunostaining levels of GFAP (an astroglia
marker) and Iba-1 (a microglia marker) (Fig. 3A and B). Further, as-
trocytes had thin and fine processes with small cell body in normoten-
sive sham rats; however, at 14th and 28th days after surgery, in the
hippocampus of renovascular hypertensive rats, the astrocytes became
hypertrophied (thick and dense processes and enlarged cell body) with
intense GFAP immunostaining (Fig. 3A). In contrast to sham rats, where
microglia have a non-activated/resting ramified shape with profusely
branched processes, hypertensive rats showed activated microglia with
an amoeboid shape and decreased branch length in the hippocampus
region on 14th and 28th days of hypertension (Fig. 3B). The most
noticeable changes in astrocyte and microglial morphology were
observed after 28 days of hypertension. Treatment with DIZE at either a
non-antihypertensive dose (10 mg/kg) or an anti-hypertensive dose (15
mg/kg) prevented astrocytic and microglial activation, as evidenced by
decreased GFAP/Iba-1 immunostaining and reversed their respective
morphological changes, such as increased hypertrophy in astroglia and
decreased ramification in microglia in the hippocampus of hypertensive
rats in a time-dependent manner (Fig. 3A and B).

3.3. ACE2 activation prevented hypertension-induced imbalance in
inflammatory cytokines

In the hippocampus of hypertensive rats, levels of pro-inflammatory
TNF-α increased over time while the level of the anti-inflammatory
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cytokine IL-10 decreased in a time-dependent manner (Fig. 4A and B),
similar to the markers of glial activation. Treatment with DIZE, either at
non-antihypertensive (10 mg/kg) or an antihypertensive (15 mg/kg)
dose, prevented the imbalance of inflammatory cytokines in the hip-
pocampus region of the rat brain in a time-dependent manner, as evi-
denced by decreased levels of TNF-α and increased levels of IL-10
(Fig. 4A and B).

3.4. ACE2 activator, DIZE, up regulates ACE2/Ang (1–7)/MasR axis

Since we observed a significant and robust activation of glia and
inflammatory imbalance at 28th day, therefore, the further estimations
were done at this time point to elucidate the mechanism of glial acti-
vation by modulation of ACE2/Ang (1–7)/MasR axis in the rat model of
renovascular hypertension. We found that ACE2 activator DIZE signifi-
cantly blunted the effect of hypertension on ACE2 mRNA expression and
activity and increased both of them (Fig. 5A and B). Further, treatment
with DIZE also significantly up regulated MasR mRNA expression
(Fig. 5C) and Ang (1–7) level (Fig. 5D) while reduced the Ang II level
(Fig. 5E), hence increasing Ang (1–7)/Ang II ratio (Fig. 5F) in hippo-
campus region of the brain.

3.5. ACE2 activation prevented hypertension induced TRAF6-NFкB
inflammatory signaling

Hypertension induced neuroinflammatory signaling is responsible
for neuronal damage, synaptic dysfunction, and cognitive impairment
(Ungvari et al., 2021). TRAF6-NFκB signaling plays a crucial role in
neuroinflammation by inducing several pro-inflammatory responses in
the brain (Dou et al., 2018). TRAF6 is a protein that functions as an E3
ubiquitin ligase and is involved in the activation of the NFκB signaling
pathway. The activation of NFкB, which regulates the expression of
various inflammatory mediators, is central to astrocyte and microglial
activation (Bhat et al., 2017). This activation is typically prevented by
IκB-α, which acts as a physiological inhibitor of NFкB and keeps it in an
inactive state. In the present study, hypertension induced TRAF6

expression (Fig. 6A), resulting in the degradation of IκB-α (Fig. 6B) and
the subsequent release of NFкB (increased expression of p65-NFkB
expression) (Fig. 6C) in the hippocampus. Treatment with DIZE at
both doses (10 mg/kg and 15 mg/kg) prevented the activation of the
TRAF6-NFкB signaling cascade, as evidenced by reduced expression of
TRAF6, stabilized IκB-α, and suppressed NFкB expression in the brain
(Fig. 6A–C).

3.6. Activation of ACE2 prevented the increased oxidative stress burden in
hypertension

Oxidative stress is one of the key fundamental mechanisms respon-
sible for the development of hypertension (Dou et al., 2018). NADPH
oxidase 4 (NOX4) is a major source of ROS generation, leading to
increased production of hydroxyl and superoxide ROS in the brains of
hypertensive rats. Hence, the effect of ACE2 on these markers were
studied. Hypertension resulted in a significant up regulation of NOX4
(Fig. 7A) and DHE (Fig. 7D) expressions as well as increased number of
DCFDA+ cells (Fig. 7E) in hippocampus region of the brain. However,
DIZE at both doses attenuated the hypertension-induced ROS generation
as evident by reduced DHE expression and DCFDA+ cell number in brain
of hypertensive rats (Fig. 7D and E). Hypertension cause significant
down regulation of anti-oxidative defense mechanism (Tarafdar and
Pula, 2018) as evident from reduced expression of NRF2 (Fig. 7B) and
HO-1 (Fig. 7C) in the brain, as compared to the sham group. On the
contrary, DIZE at both non-antihypertensive (10 mg/kg) as well as anti-
hypertensive (15 mg/kg) doses reversed the effect of hypertension on
NOX4, NRF2, and HO-1 in the hippocampus (Fig. 7A–C).

3.7. ACE2 activation improved mitochondrial dysfunction

Mitochondrial dysfunction has been implicated in various neuro-
generative diseases. Therefore, we examined the mitochondrial func-
tions following DIZE treatment in hypertensive rats. Our findings
indicate that hypertensive rats exhibited impaired mitochondrial func-
tions, as evidenced by an increase in depolarized mitochondria (Fig. 8A

Fig. 2. ACE2 activator, DIZE, prevented the increase in BP in the established model of hypertension. The bar graphs show the quantification of relative hemodynamic
parameters after treatment with DIZE in renovascular hypertensive rats. (A) Systolic blood pressure (B) Heart rate. Data are expressed as mean ± SEM of n = 8. Data
were analyzed by two-way ANOVA, followed by Tukey's test (*P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001) *Sham vs HTN, #HTN vs
HTN + DIZE.
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and C), an increase in mitochondrial ROS (as indicated by increased
MitoSOX Red fluorescence) (Fig. 8B and D), and a decrease in cellular
ATP levels (Fig. 8E). On the other hand, treatment with DIZE prevented
hypertension-induced mitochondrial dysfunction in the hippocampus

region of the brain, as shown by an increase in ATP levels, a high
mitochondrial membrane potential, and suppression of mitochondrial
ROS (Fig. 8A–E).

Fig. 3. ACE2 activation ameliorated hypertension-induced astrocyte and microglial activation. Representative photomicrographs show immunostaining of (A) GFAP
and, (B) Iba1 in hippocampus region of rat brain at 0, 14 and 28 days of treatment. The bar graph shows quantification of immunofluorescence of GFAP and Iba1 in
hippocampus. Scale bar, 50 μm. Data are expressed as mean ± SEM of n = 4–5. Data were analyzed by two-way ANOVA, followed by Tukey's test (*P < 0.05, **P <

0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001). *Sham vs HTN, #HTN vs HTN + DIZE.
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3.8. ACE2 activation promoted hippocampal neurogenesis in the
hypertensive rats

In the hippocampus of hypertensive rats, the double-immunostaining
of BrdU (a marker of cell proliferation) and DCX (a marker of immature
neurons) revealed a notable decrease in the number of BrdU+/DCX+ co-
labeled cells compared to the sham group (Fig. 9A). Interestingly, DIZE
was found to increase the expression of BrdU+/DCX+ co-labeled cells
and the number of DCX+ cells in the hippocampus of hypertensive rats,
independent of its blood pressure-regulating action (Fig. 9A). Further,
the double-immunostaining of BrdU with NeuN, a marker of mature
neurons showed that the number of BrdU+/NeuN+ co-labeled cells was
significantly reduced in the hippocampus of hypertensive rats as
compared to sham (Fig. 9B). However, DIZE treatment significantly up
regulated BrdU+/NeuN+ co-labeled cells in the hippocampus of hyper-
tensive rats (Fig. 9B). Taken together, these data clearly indicate that
activation of ACE2 promotes hippocampal neurogenesis in hypertensive
rats.

3.9. ACE2 activation promoted the Wnt/β-Catenin signaling in the
hypertensive rats

The Wnt/β-Catenin pathway has been found to involved in the sur-
vival, proliferation, and differentiation of neuronal precursors
(Maguschak and Ressler, 2012). This signaling pathway functions by
inhibiting GSK-3β, thereby stabilizing cytosolic β-catenin and prevent-
ing its ubiquitination and subsequent proteasome degradation. There-
fore, the potential link between hypertension and Wnt signaling has
been studied. We observed that the expression of Wnt-3A decreased in
response to hypertension, indicating impaired Wnt/β-catenin signaling
(Fig. 10A). In the hippocampus of hypertensive rats, it was observed that
there was an increase in the expression of GSK-3β, as indicated by an
increase in the phospho-Y216/phospho-S9 GSK-3β ratio (Fig. 10B–D),
which resulted in the degradation of β-catenin, indicated by an increase
in its phosphorylation (Fig. 10E). Furthermore, there was a reduction in
the nuclear translocation of β-catenin (Fig. 10F). In contrast, even at a
low dosage (10 mg/kg), DIZE facilitated the activation of Wnt-3A,
suppressed GSK-3β activation, and enhanced the stabilization and
increased nuclear translocation of β-catenin in the hippocampus of

hypertensive rats (Fig. 10A–F).

4. Discussion

Hypertension is reported to increase the susceptibility to neuro-
degeneration (Ben-Shabat et al., 2023). The ACE/Ang II/AT1R axis of
RAS plays a critical role in hypertension induced neuroinflammatory
and neurodegenerative changes (Abiodun and Ola, 2020). Previous
studies from our lab and by others showed that inhibition of ACE/Ang
II/AT1R axis imparted neuroprotection by attenuating glial activation
and neuroinflammation and enhanced hippocampal neurogenesis in
model of hypertension and neurodegeneration (Bhat et al., 2018; Goel
et al., 2015; Kuber et al., 2023). However, the involvement of the
counter regulatory axis of RAS, i.e. ACE2/Ang (1–7)/MasR has not been
explored in hypertension-induced glial activation and impaired hippo-
campal neurogenesis. The findings of our study suggest that DIZE, an
ACE2 activator, can activate the ACE2/Ang (1–7)/MasR pathway and
mitigate the adverse effects of hypertension on the brain, including
neuroinflammation, astrocytes and microglial activation, and impaired
hippocampal neurogenesis, independent of its BP-lowering action.
Mechanistically, ACE2 activation prevented the NOX4-induced oxida-
tive stress, TRAF6-NFкB induced inflammation and mitochondrial
dysfunction while promoting the Wnt/β-catenin signaling in hyperten-
sive rats.

The ACE2/Ang (1–7)/MasR axis of RAS is known for its anti-
hypertensive property (Liao and Wu, 2021). Hence, we studied the ef-
fect of ACE2 activator, DIZE on hemodynamic parameters in renovas-
cular model of hypertension. Results showed that rats undergone
renovascular surgery started showing a rise in BP from 3rd week of
surgery as reported by Bhat et al. (Bhat et al., 2018, 2017). Also,
treatment of hypertensive rats with lower dose of ACE2 activator, DIZE
(10 mg/kg) did not affect any of the hemodynamic parameter following
renovascular surgery but significantly decreased the same at 15 mg/kg
dose of DIZE. Therefore, the dose of 10 mg/kg and 15 mg/kg DIZE were
chosen to study if the beneficial effects of ACE2 activator, DIZE are
either dependent or independent of its BP-lowering property. Earlier
studies have also reported anti-hypertensive effect of DIZE in other
models of hypertension (Sartorio et al., 2020; De Maria et al., 2016).

It is important to note that the brain is a significant target organ

Fig. 4. ACE2 activation prevented hypertension-induced imbalance in inflammatory cytokines. The bar graphs show quantification of relative level of (A) TNF-α and,
(B) IL-10 in hippocampus region of rat brain at 0, 14 and 28 days of treatment. Data are expressed as mean ± SEM of n = 4–5. Data were analyzed by two-way
ANOVA, followed by Tukey's test (*P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001). *Sham vs HTN, #HTN vs HTN + DIZE.
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affected by high blood pressure, despite often being overlooked (Goel
et al., 2015). Numerous studies have demonstrated that hypertension
can contribute to the onset and progression of cognitive impairment by
triggering neuroinflammatory processes in the brain (Ungvari et al.,
2021; Bajwa and Klegeris, 2022; Santisteban et al., 2023). Hypertension
induced inflammatory responses in brain are mainly orchestrated by the
activation of astrocytes and microglia (Bhat et al., 2018). On similar
lines, we found increased glial activation (astrocyte and microglial
activation along with the morphological transformation) in hippocam-
pus region of hypertensive rat brain which was significantly down
regulated following DIZE treatment, independent of BP lowering effect.
Similarly, the previous studies have demonstrated that activation of
ACE2/Ang (1–7)/MasR axis is associated with reduced activation of
astrocytes and microglia in model of LPS-induced neuroinflammation
and 6-OHDA induced neurodegeneration (P. Tiwari et al., 2023; Gupta
et al., 2022).

To mediate the inflammatory responses in brain, the activated glial
cells can release various pro-inflammatory cytokines, including TNF-α,
IL-1β, and IL-18 (P. Tiwari et al., 2023). Further, cytokines, particularly
pro-inflammatory cytokines, also found to be involved in the develop-
ment and progression of hypertension (Wen and Crowley, 2018).
Therefore, in line with the temporal activation of astrocytes and
microglia, we observed an increase in pro-inflammatory TNF-α and a
decrease in anti-inflammatory IL-10 in the hippocampus of hypertensive
rats. Further, activation of ACE2 by DIZE, even at the low dose (non-
antihypertensive), reverted the effect of hypertension on these markers.
Similarly, other studies have also reported that ACE2 activation by DIZE,
prevented astrocyte and microglial activation and subsequent imbalance
in inflammatory cytokines in models of hypertension and neuro-
degeneration (P. Tiwari et al., 2023; Sun et al., 2023). These results
indicate that the anti-inflammatory action of ACE2 activation is inde-
pendent of its blood pressure-lowering effect.

Fig. 5. ACE2 activator, DIZE upregulates ACE2/Ang (1–7)/MasR axis. The bar graphs show quantification of the relative level of (A) ACE2 mRNA expression, (B)
ACE2 activity, (C) MasR mRNA expression, (D) Ang (1–7) level, (E) Ang II level, (F) Ang (1–7)/Ang II ratio in hippocampus region of rat brain. Data are expressed as
mean ± SEM of n = 4–5. Data were analyzed by one-way ANOVA, followed by Tukey's test (*P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P <

0.001). *Sham vs HTN, #HTN vs HTN + DIZE.
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Renin angiotensin system (RAS) plays a vital role in maintaining
physiological homeostasis in the brain (P. Tiwari et al., 2023). There is
strong evidence to suggest that hypertension causes an over-activation
of the ACE/Ang II/AT1R axis while simultaneously suppressing the
ACE2/Ang (1–7)/MasR axis (Yim and Yoo, 2008; Ibrahim, 2006). In line
with these findings, we also observed a reduction in the mRNA expres-
sion of ACE2 and MasR, as well as a decrease in Ang (1–7) level and
ACE2 activity in the hippocampus of hypertensive rats. However,
treatment with DIZE, the ACE2 activator, increased these parameters,
even at non-antihypertensive doses, indicating its potential to modulate
the RAS axis in the brain. Other studies are also in sync with our findings
and reported that ACE2 activation can restore ACE2 and MasR expres-
sion, as well as Ang (1–7) levels thereby exhibiting a protective effect
against neuroinflammatory changes in various models of neurological
disorders, including hypertension, cerebral ischemia, stroke, and Alz-
heimer's disease (Bennion et al., 2015; P. Tiwari et al., 2023; V. Tiwari
et al., 2023; Jiang et al., 2012).

Ang II, which belongs to the pro-inflammatory branch of the renin-
angiotensin system (RAS) known as ACE/Ang II/AT1R axis, counter-
acts the effects of the ACE2/Ang (1–7)/MasR axis and contributes to
neural injury, neuroinflammation, and cognitive impairment (P. Tiwari
et al., 2023). Elevated levels of Ang II have been observed in hyper-
tension and neurodegeneration models (Abiodun and Ola, 2020). Like-
wise, we found an increased level of Ang II in hippocampus of
hypertensive rat brain which was significantly down regulated after
DIZE treatment. Previous studies have also supported this observation
by showing a decrease in Ang II levels after DIZE treatment in mouse
models of AD, as well as in cases of LPS-induced neuroinflammation
(Evans et al., 2020; P. Tiwari et al., 2023).

Glial activation is always associated with inflammatory signaling

which plays a critical role in hypertension induced neurodegenerative
changes (Bajwa and Klegeris, 2022). One of the primary pathways that
contributes to inflammation is the activation of TRAF6, which regulates
the expression of various cytokines, chemokines, and other factors that
are involved in mediating and regulating the inflammatory process
(Abdullah et al., 2018). Furthermore, there is also evidence showing that
TRAF6 can mediate the inflammatory response through NF-κB signaling
pathway (Dou et al., 2018). In concurrence with this, we found
increased TRAF6 and NF-κB and reduced IκB expressions, inhibitor of
NF-κB, in hippocampus of hypertensive rat brain which were reversed
by ACE2 activation following DIZE treatment. In line with this, other
studies have also reported that ACE2 activation reduced TRAF6 and NF-
κB expressions in macrophages and model of AD, respectively (V. Tiwari
et al., 2023; Shang and Wu, 2020).

Neuroinflammation leads to oxidative stress, resulting in reduced
cellular antioxidant capacity and ultimately contributing to neuro-
degeneration (Uttara et al., 2009). Several reports have suggested that
the activation of NADPH oxidase 4 (NOX4) mediated ROS generation
and down-regulation of NRF2/HO-1 signaling are pathological hall-
marks of glial activation during neuroinflammatory or neurodegenera-
tive diseases such as AD and PD (Boonpraman et al., 2023). In the
present study, we observed an association between hypertension-
induced astrocyte and microglial activation and increased activation
of NOX4, leading to elevated levels of ROS production (including su-
peroxide and peroxynitrite). We also noted a reduction in NRF2 and HO-
1 expression levels. However, even at a low dose of 10 mg/kg, ACE2
activation by DIZE prevented hypertension-induced NOX4 activation,
ROS generation, and reductions in NRF2 and HO-1 levels in the brains of
hypertensive rats. Similarly, previous studies have reported that ACE2
activation by DIZE resulted in reduced oxidative stress in rodent models

Fig. 6. ACE2 activation prevented hypertension induced TRAF6-NFкB inflammatory signaling. Representative immunoblot of (A) TRAF6, (B) IκB and, (C) NFκB in
hippocampus region of rat brain. Data are expressed as mean ± SEM of n = 3–4. Data were analyzed by one-way ANOVA, followed by Tukey's test (*P < 0.05, **P <

0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001). *Sham vs HTN, #HTN vs HTN + DIZE.
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of dementia as well as in vitro cultures of astrocytes and microglia (P.
Tiwari et al., 2023; V. Tiwari et al., 2023). Conclusively, these results
suggest that ACE2 activation, independent of its BP lowering effect,
possesses anti-oxidative property.

Oxidative stress has a detrimental effect on mitochondrial health,
serving as a mechanism that links inflammation to cellular damage in
both neuroinflammatory and neurodegenerative diseases (Picca et al.,
2020). Studies indicate that hypertension is linked to increased mito-
chondrial membrane depolarization (i.e., a decrease in MMP), the gen-
eration of mitochondrial ROS (mtROS), and decreased ATP levels (Eirin
et al., 2014). In line with this, we observed increased mitochondrial

depolarization, mtROS as well as reduced ATP level during hyperten-
sion. Activation of ACE2 by DIZE restored the MMP, mtROS, and ATP
level, indicating an improvement in mitochondrial function. These
findings are consistent with previous studies that have reported
improved mitochondrial function in endothelial cells and pancreatic β
cells following exosomal-mediated ACE2 transfer (Wang et al., 2020; Shi
et al., 2018).

In addition to neuroinflammatory changes, hypertension has also
been shown to be responsible for impaired neurogenesis, which has been
implicated in the pathogenesis of Alzheimer's disease (Bhat et al., 2018).
In this study, we found evidence suggesting that hypertension has a

Fig. 7. Activation of ACE2 prevented the increased oxidative stress burden in hypertension. Representative immunoblot of (A) NOX4, (B) NRF2 and, (C) HO-1 in
hippocampus region of rat brain. (D) Representative photomicrographs show DHE stained cells in the hippocampus region of the rat brain. The bar graph shows the
fluorescence intensity of DHE stained cells. (E) Representative photomicrographs show ROS positive cells in the hippocampus region of the rat brain. The bar graph
shows the fluorescence intensity of DCFDA stained cells. Scale bar- 50 μm. Data are expressed as mean ± SEM of n = 3–4. Data were analyzed by one-way ANOVA,
followed by Tukey's test (*P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001). *Sham vs HTN, #HTN vs HTN + DIZE.

P. Tiwari et al.



Molecular and Cellular Neuroscience 130 (2024) 103953

11

negative impact on adult hippocampal neurogenesis, as indicated by a
reduction in the number of DCX+ and NeuN+ cells (markers of imma-
ture and mature neurons, respectively) that colocalized with BrdU (a
marker of cell proliferation). ACE2 activation by DIZE reversed
hypertension-induced impaired neurogenesis markers by increasing the
number of cells positive for DCX and NeuN that were also positive for
BrdU, indicating improved proliferation and differentiation of new
neurons in the hippocampus. Similarly, previous report demonstrated
decreased expression of neurogenesis markers in the brain of ACE2
deficient rat brain hippocampus (Klempin et al., 2018). Therefore, we
conclude that ACE2 promotes neurogenesis in a hypertensive state.

In addition to neurogenic factors, the Wnt/β-catenin signaling
pathway also plays a crucial role in neurogenesis (Zhang et al., 2011).
Hypertension and neurodegeneration have been reported to impair
hippocampal neurogenesis (Vallee et al., 2022). In our current investi-
gation, we also observed a decline in the expression of Wnt-3A, a gene
specific to the Wnt signaling pathway, within the hippocampus of hy-
pertensive rats. Furthermore, we noted an elevation in the activation of
GSK-3β (indicated by an increased p-Y216-GSK-3β/GSK-3β ratio and a
decreased p-S9-GSK-3β/GSK-3β ratio), a pivotal component of the Wnt/

β-catenin pathway responsible for promoting the degradation of β-cat-
enin in the hippocampus of hypertensive rats. In contrast, ACE2 acti-
vation by DIZE even at a low dose of 10 mg/kg, promoted the expression
of Wnt-3A, attenuated GSK-3β activation, and promoted the stabiliza-
tion of cytosolic β-catenin in the hypertensive rats. Similar to us, a study
by Zhang et al. (2020) has also reported an inverse relation between
ACE2 expression and Wnt signaling in cancer progression (Li et al.,
2020). Based on the observed results, it can be conferred that activation
of the Wnt/β-catenin pathway by ACE2 activation improves hippo-
campal neurogenesis in hypertension.

To summarize, our study demonstrates that hypertension leads to a
significant activation of astrocytes and microglia, resulting in neuro-
inflammation and impairment of neurogenesis in the brain. It is note-
worthy that in hypertensive rats, ACE2 activation by DIZE prevented
astrocyte and microglial activation, and the resultant neuro-
inflammation, independent of its effect on lowering blood pressure.
ACE2 activation prevented the activation of NOX4, TRAF6 and NFкB,
and promoted hippocampal neurogenesis in hypertension by activating
Wnt/β-catenin signaling. This provides evidence that ACE2 activation
has a dual effect of preventing neuroinflammation while promoting

Fig. 8. ACE2 activation improved mitochondrial dysfunction. Representative photomicrographs show (A) MMP and, (B) mtROS in the hippocampus region of the rat
brain as quantified using flow cytometry. The representative bar graph shows quantification of (C) MMP, (D) mtROS and, (E) ATP level in hippocampus. Data are
expressed as mean ± SEM of n = 3–4. Data were analyzed by one-way ANOVA, followed by Tukey's test (*P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01,
###P < 0.001). *Sham vs HTN, #HTN vs HTN + DIZE.
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neurogenesis in hypertensive rats and can be a target of therapeutic
potential for neurodegeneration/neuroinflammation.
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