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Abstract
Activation of the renin-angiotensin system (RAS), mediated by Angiotensin converting
enzyme/Angiotensin II/Angiotensin receptor-1 (ACE/Ang II/AT1 R) axis elicits amyloid pathology, induces
neurodegeneration and cognitive impairment leading to Alzheimer's disease (AD). On the contrary,
Angiotensin converting enzyme2 (ACE2) produces Ang -(1-7) which binds with the Mas receptor and
counters ACE/Ang II/AT1 axis. To date, the involvement of ACE2/Ang-(1–7)/MasR axis in etiology and
progression of AD largely remains to be elucidated. Hence, the present study is aimed to determine the
role of ACE2/Ang-(1–7)/MasR axis in STZ induced model of neurodegeneration using Diminazene
aceturate (DIZE), an ACE2 activator in both in vitro/in vivo experimental conditions. Interestingly, ROS
content and oxidative stress burden in N2A cells were found to be attenuated along with a decrease in
enzymatic activity of AChE following DIZE treatment. In contrast, activation of this axis led to altered
mitochondrial membrane potential (MMP) in addition to ablated intracellular Ca2+ in�ux. ACE2/Ang-(1–
7)/MasR axis activation further resulted in reduction of astrogliosis as indicated by decreased intensity
of NFκB and dwindled expression of its downstream NLRP3 cascade signaling molecules. These results
were con�rmed by using a selective inhibitor of ACE-2, MLN-4760, which reversed the protective effects of
ACE2 activation by DIZE. Subsequently, treatment with DIZE in STZ induced rat model of AD prevented
cognitive impairment and progression of amyloid pathology. Therefore, the involvement of ACE2/Ang-(1–
7)/Mas axis suggests that it could be further explored as a potential pathway in AD, owing to its
inhibitory effect on in�ammation/astrogliosis and restoring cognitive functions. 

Highlights
1. DIZE treatment improved spatial learning and memory impairment in STZ lesioned SD rats.

2. Activation of ACE2/ANG-(1-7)/Mas receptor Axis reduced NLRP3 in�ammasome mediated
neuroin�ammation in STZ lesioned SD rats.

3. Activation of ACE2/ANG-(1-7)/Mas Axis downregulated glial activation.

4. ACE2/ANG-(1-7)/Mas Axis activation improved mitochondrial functionality by ablating Ca2+ in�ux and
reduced MMP.

Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disorder accounting for 60 - 80 % of all
worldwide dementia cases [1]. It is characterized by a decline in learning and cognition, increased
amyloid β burden, tau hyperphosphorylation, altered neurotransmitter level, reduced neutrophils and
synaptotoxicity that �nally leads to neural atrophy [2, 3]. Neuroin�ammation is a primary barrier that
protects the brain by abolishing or restraining varied pathogens [4]. The released in�ammatory mediators
can have protective effects by regulating tissue repair and clearing out cellular debris [5]. The
neuroin�ammatory response is arbitrated by glial cells (astrocytes, microglia), neurons, mast cells, T-cells,
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neutrophils, and in�ammatory signals released from these cells [6]. Unlike other cells of the body, once
the neuronal cells get damaged or degenerated, they fail to regenerate in the CNS [7]. Apart from
transgenic models, Studies revealed that intracerebroventricular (ICV) streptozotocin (STZ) induced
preclinical sporadic Alzheimer’s disease (SAD) model leading to cognitive de�cits along with reduced
cholinergic neurotransmitter level, enhanced insulin resistance, altered glucose metabolism centrally
leading to generation of plaques, oxidative stress and glial cell activation in both mice and rats models
[8–11]. Another resemblance to AD patient is the enhanced reactive oxygen species (ROS) generation that
leads to mitochondrial anomaly ultimately causing neurodegeneration [12–14]. There is no cure available
yet for AD, while drug therapy for the disease is still in its infancy and has only been shown to improve
patient's quality of life at, prescribed dosages regimen and stage of the disease [15]. This underlines the
fact that complete understanding of AD pathophysiology is lacking.

A vast body of evidence have suggested the involvement of renin-angiotensin system (RAS) i.e.
Angiotensin Converting Enzyme / Angiotensin II / /Angiotensin Receptor Type-1 (ACE/Ang II/AT1R) axis
in AD progression [16]. Angiotensin II contributes to the development of AD and causes, enhanced β-
secretase activity and amyloid-β precursor protein, elevation in oxidative stress and neuroin�ammation,
reduced cerebral blood �ow, and cognitive impairment [17]. O’Connor and coworkers reported that
enhanced generation of Ang II, due to astrocyte activation, leads to neuroin�ammation and
neurodegeneration [18]. Another study revealed that oral ingestion of Perindopril (an ACE inhibitor)
improved cognitive memory via NFκB downregulation in SHRs, suggesting that decreasing level of Ang II
was neuroprotective [19]. These studies strengthened the �ndings of Bartus et al. (1982) and Barnes et al.
(1992), which showed decreased acetylcholine (Ach) level in the brain with respect to increased
angiotensin levels [20, 21]. Clinical as well as preclinical studies have revealed that RAS inhibition protect
against memory impairment, cholinergic dysfunction, oxidative stress, and β-amyloid deposition [22–25].
RAS triggers glial cells activation that leads to ROS generation and release of in�ammatory mediators
[26].

The aforementioned discussion shows that activation of ACE/Ang II/AT1R impinges on CNS and results
in neuroin�ammatory changes. However, the deleterious effect of ACE/Ang II/AT1R is countered by
another axis of RAS, that is Angiotensin converting enzyme2/Angiotensin (1-7)/ Mas Receptor
(ACE2/Ang-(1–7)/MasR) axis which is an important component of the brain. The presence of ACE2 has
been observed in diverse brain areas and cell types, including neurons [27], astrocytes [28], and
endothelial and smooth muscle cells of cerebral arteries [29]. ACE2 cleaves Ang II to produce Ang (1-7)
independently. The Ang (1-7) is found in different brain regions including the hypothalamus, cerebellar
cortex, hippocampus, substantia nigra, medulla oblongata, and amygdala [30]. It has been shown that
ACE2 counters Aβ mediated neurotoxic effect in APP transgenic mice as well as in vitro studies [31]. Xie
and group has shown improvement in cognition de�cits, that was mediated by Mas receptor in a rat
model of cerebral ischemia [32, 33]. Furthermore, ICV Ang (1-7) administration abates infarction and
neurodegeneration by reducing endothelin-1 in rodent MCAO model [34]. Jiang and colleagues (2012)
have successfully established the relationship between decreased expression and activity of ACE2 in post
mortem brain tissue and cerebrospinal �uid of AD patients. The role of oxidative stress has been reported
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in the progression of AD and found to be an effective target in both preclinical and clinical studies.
Increased NFκB expression and oxidative stress have been correlated with the decreased level of ACE2
and Ang-(1-7) [35, 33].

However, the role of ACE2 / Ang (1-7) / MasR axis in the progression and pathophysiology of AD in
relation to in�ammation is still unclear. Therefore, we hypothesized that there might be an association
between activation of ACE2 / Ang (1-7) / MasR axis and in�ammatory cascade involved in AD. Moreover,
a USFDA approved small molecule and an ACE2 activator, Diminazene aceturate (DIZE), is generally
prescribed for the treatment of animal trypanosomiasis [36]. Pharmacologically, DIZE activates the
protective axis of RAS by activating ACE2 leading to generation of Ang (1-7). It is also found to be
cardioprotective by inducing angiogenesis in rat model of pulmonary hypertension [37]. Furthermore, in
the present study, DIZE owing to its ACE2 activating potency, has been harnessed to activate ACE2.

Materials And Methods
DIZE was purchased from Santa-Cruz Biotechnology (cat no. sc-205651) and freshly prepared daily. STZ
was procured from Calbiochem (catalog no. 572201). All other rats received equivalent volumes of
vehicle (saline) injections.

A competitive ACE2 antagonist, MLN4760 was procured from Merck Millipore (CAS 305335-31-3). It
shows high binding a�nity towards ACE2 enzymatic active site and signi�cantly alters the ACE2 protein
conformation [38]. The MLN4760 was administered concomitantly with DIZE using a similar vehicle, at
10µM concentration. This dose was selected on the basis of previously done studies using MLN-4760
studies [39, 38]. All other chemicals and reagents were of analytical grade.

2.1. Cell culture and treatment

Mouse neuroblastoma cell line (Neuro-2A/N2A cell) was procured from National Centre for Cell Sciences,
Pune, India, and supplemented with DMEM encompassing 10% FBS at 37℃ in a controlled atmosphere
(5% CO2/95% air). STZ was freshly prepared in serum free media at the time of administration in serum-
free media. N2A cells were incubated with STZ (2.5 mM, optimized using MTT assay; Supplementary
Fig. 1A and B ) [40, 41] in absence or presence of DIZE (25 µM, lowest effect dose standardized using
MTT assay; Supplementary Fig. 1C and D) and DIZE alone for 24 h. Cells were treated with DIZE after 30
min of STZ addition.

2.1.1. Primary Astrocyte culture

Astrocyte culture media (30 ml) was pre-warmed (DMEM F-12 + 10% heat-inactivated fetal bovine serum
+ 1% Penicillin/Streptomycin) to 37 0C. T-75 �ask was coated with 10 ml of poly-D-lysine (PDL) (50
µg/ml) dissolved in cell culture grade water and placed at 37 0C in CO2 incubator for 2 hr. For the
dissection procedure, HBSS media was prepared and pH was adjusted between 7.2 to 7.4. Pups were
sacri�ced following the decapitation process and brain was isolated and minced under sterile conditions
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with the addition of HBSS buffer. After removing HBSS buffer, and 2.5% trypsin was added for tissue
dissociation and placed in incubator at 37 0C for 30 min. The mixture was centrifuged (5 min at 300 x g)
and the pellet was carefully collected. Tissue was triturated in astrocyte plating medium (10 ml) with the
help of a 1 ml and 10 µl pipette. The pellet was passed through a 70-micron �lter to obtain single-cell
suspension and the cells were subsequently plated in a �ask. After achieving approximately 70-80%
con�uece the �asks were placed on an orbital shaker (180 rpm for 30 min) to remove the supernatant
containing microglia. To further remove oligodendrocyte precursor cells (OPC), fresh medium (20 ml) was
added to the astrocyte culture and �ask remained in shaking condition at 240 rpm for 6 hr. Finally, the
con�uent astrocyte cell layer was washed twice with PBS and incubated with fresh medium in CO2

incubator at 37 0C for further experimentation.

2.1.2. Estimation of Ang-(1-7) level

The Ang (1-7) level was estimated in isolated brain tissue of treated and untreated rats/N2A cells using
conventional ELISA kit (Fine Test, China) according to the manufacturer’s protocol. In brief, the evacuated
brain tissue of treated and untreated rats/harvested N2A cells were homogenized in ice-cold PBS with 5%
(w/v) protease inhibitor cocktail (Sigma) followed by sonication (10 secs; 20 cycles) using an ultrasonic
processor (Heat Systems-Ultrasonic inc.) and centrifugation at 20,000 g (15 min) at 4 0C. The data was
expressed in the terms of pg/ml and pg/mg for culture supernatants and brain tissue, respectively [42].

2..1.3. Oxidative stress marker

2.1.3.1. Estimation of mitochondrial ROS

Mitochondrial ROS was estimated using Mito SOX Red (Invitrogen, USA), which is a live-cell permeant
that rapidly and selectively targets mitochondria [43]. Once in the mitochondria, Mito SOX Red reagent
gets oxidized by superoxide and imparts red colored �uorescence (with excitation at 510 nm and
emission at 580 nm). N2A cells were seeded in 6-well plates (2 × 105 cells/well), and treated with STZ
(2.5 mM), with or without DIZE for 24 h. After 24h of treatment cells were incubated with 5 µM Mito SOX
Red for 10 min at 37 0C, and washed twice with PBS., Fluorescence signal was detected using a laser
system (FACS calibur; BD bioscience, USA) with 510 nm excitation and 580 nm emission �lters.

2.1.3.2. Estimation of reduced Glutathione (GSH) level

Reduced glutathione was estimated by 5, 5-dithiobis (2-nitrobenzoicacid) [DTNB, Ellman's reagent that
yields a yellow colored product. N2A cells were plated (4X105 cells/well). Following treatment, cells were
scraped by adding 100 µl of PBS (ice cold). Cells were lysed by ultra-sonication, and centrifuged at
10,000 g for 5 min at 4 0C. Subsequently 10% trichloroacetic acid (100 µl) was added to this lysate for
protein precipitation and suspension was kept on ice for 1 hr. Samples were re-centrifuged at 5000 g for 5
min and supernatant was collected. Further supernatants (75 µl) was mixed with 25 µl of distilled water
followed by 100 µl of buffer and DTNB (50 µl). Reaction mixture was incubated for 10 min and read at
412 nm. [41].
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2.1.4. Acetylcholinesterase Activity Estimation

AChE activity was estimated by the method described by Ellman et al. [44] with a few minor changes.
After treatment, the cells were scraped and lysed in 0.1 M sodium phosphate buffer (PB, pH 8.0) with
Triton-X 100 (0.1 %) followed by centrifugation at 10,000× rpm for 20 min at 4 0C subsequently
supernatant was mixed with 100 µM of 5,5′-dithio-bis (2-nitrobenzoic acid (DTNB) and 0.1 M PB. After 10
min incubation at 37 0C, 20 mM acetylthiocholine iodide was added to initiate the enzymatic reaction.
The enzymatic activity was measured at 412 nm for 2 min at a 15 sec interval by spectrophotometer and
speci�c activity of AChE was presented in µmoles / min / mg of protein.

2.1.5. Intracellular Ca2+  level estimation

Intracellular Ca2+ level was studied using the manufacturer's protocol. In brief, N2A cells (5x104) were
�rstly incubated with 5 µM Fluo4-AM at 37°C for 30 min in dark. Cells were washed with PBS to remove
the extracellular Fluo4-AM and resuspended in PBS. The �uorescence signal was detected using a laser
system (FACS calibur; BD bioscience, USA). An argon laser was used to excite Fluo4 at 494 nm, and the
emission was measured at 506 nm. The �uorescence intensity for each sample was determined by using
Cell Quest software (BD bioscience, USA)

2.1.6. Mitochondrial membrane potential (MMP/ΔΨm) measurement

Mitochondrial membrane potential (MMP/ΔΨm) was assessed using mitochondrial membrane potential
sensitive carbocyanine dye JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl benzamidazolocarbocyanine
iodide, Sigma Aldrich, USA) in N2A cells [45, 46]. After treatment cells were incubated with JC-1 dye (2.5
µg/ml, Sigma Aldrich, USA) in dark for 30 min at 37 0C. After incubation, the cells were washed with PBS
and Fluorescence signal was detected using a laser system (FACS calibur; BD bioscience, USA) with 488
nm excitation and 590 nm emission �lters [47].

2.1.7. Western blot analysis

Freshly extracted treated cells and brain tissues were lysed using cold RIPA lysis buffer in the presence of
1X protein inhibitor cocktail (Sigma, USA) and dithiothreitol (DTT, 1mM) as per manufacturer’s instruction
to extract protein. [48, 49]. Protein was separated on 10-15% SDS-PAGE subsequently transferred onto the
PVDF membrane (Millipore, Bedford, MA, USA). The membrane was probed with bovine serum albumin
(BSA, 5%) for 2 hr at room temperature and subsequently incubated overnight at 4 0C with primary
antibodies; rabbit anti-ACE2 (1:1000, catalogue no.: AF5165; A�nity biotech Cincinnati, USA), rabbit anti-
MasR (1:500, catalogue no. NBP1-78444; Thermo �sher scienti�c, USA), rabbit anti-NFκB (1:500,
catalogue no.: sc-109; Santa Cruz Biotechnology CA, USA), rabbit anti- NLRP3 (1:1000, catalogue no.
DF7438; A�nity biotech Cincinnati, USA), rabbit anti-caspae-1 (1:1000, catalogue no. AB1871; Sigma
Aldrich, USA), rabbit anti-IL-1β (1:1000, catalogue no. PA5-95455;Thermo �sher scienti�c, USA), mouse
anti-Aβ42 (1:1000, catalogue no. NBP2-13075; Novus Biologicals, LLC, USA), rabbit anti p- TAU (1:1000,
catalogue no. NBP2-20574; Novus Biologicals, LLC, USA), rabbit anti-TAU (1:500, catalogue no. sc-32274;
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Santa Cruz Biotechnology CA, USA), mouse anti- β-actin (1:2000, catalogue no. A5316; Sigma Aldrich,
USA). Following the incubation, the membrane was washed with washing buffer (pH 7.6, TBS, 0.1%
Tween 20) and probed with horseradish peroxidase (HRP) conjugated secondary antibody (anti-mouse
IgG/anti-rabbit IgG, 1:5000, GeNei, India) for 2 h at room temperature. Signal intensity was estimated by
using ECL (enhanced chemiluminescence) Millipore MA, USA) and quanti�ed by myImage analysis
software (Thermo Scienti�c, USA).

2.1.8. Immunocytochemistry (ICC)

ICC study was performed as per the protocol described earlier with minor modi�cation [50]. Cells were
incubated with primary antibodies; rabbit anti-ACE2 (1:1000, catalogue no.: AF5165; Cincinnati, USA),
rabbit anti-MasR (1:500, catalogue no. NBP1-78444; Thermo �sher scienti�c, USA), rabbit anti-NFκB
(1:200, catalogue no.: sc-109; Santa Cruz Biotechnology CA, USA), mouse anti-GFAP (1:500, catalogue
no.: MAB360; Millipore, MA, USA) were incubated for 8-12 hr at 4 0C. Subsequently the cells were kept
with respective Alexa Fluor-conjugated secondary antibodies (1:400) for 1 hr. After washing with PBS,
cells were mounted �rmly on slides followed by counterstaining with DAPI (Sigma Aldrich, USA). Images
were taken under Leica inverted �uorescent microscope (DMI 6000) equipped with a digital CCD camera
(Leica, Wetzlar, Germany) and quanti�ed by ImageJ software (NIH, USA).

2.2. Animals

Adult male Sprague-Dawley (SD) rats (180-200 g) were obtained from National Laboratory Animal Centre
(NLAC) of Central Drug Research Institute, Lucknow India. It is well documented that estrogens impart
many bene�cial effects in the brain including enhanced neuronal viability and reduced Aβ accumulation.
It is also reported that mitochondria from young females are less vulnerable for Aβ toxicity, generate
lesser ROS, as well as release of lower apoptotic signals compared to those of males [51, 52]. Therefore,
the male SD rats were the choice of animals in the present investigation targeting STZ induced. Animals
were kept in a pathogen-free cages (dimension 435 x 290 x 150 mm) in groups of n=3 per cage and
controlled environment condition (23-25 0C and 60-65% humidity), under 12 hr light/dark cycles along
with free access to food (normal chow diet) and water. Experimental procedures were approved by
institutional animal ethics committee and met the guidelines of Committee for the Purpose of Control
and Supervision of Experiment on Animals (CPCSEA); (approval no. (IAEC/2019/55/REN).

2.2.1. Streptozotocin administration and DIZE treatment

2.2.1.1. Stereotaxic injection of streptozotocin

SD rats were anesthetized by intraperitoneal administration of pentobarbitone sodium (40 mg/kg, Sigma-
Aldrich USA). Rats were carefully mounted on stereotaxic apparatus (Stoelting Co. USA) and their ears
were �xed with the ear bars in the apparatus frame. The skin on the skull was sterilized and a longitudinal
cut was precisely made to expose the skull, followed by careful wiping for bregma visualization. Two
small burr holes were made in skull laterally and STZ (10 µl of 1 mg/kg in arti�cial cerebrospinal �uid
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(aCSF) was infused in each lateral ventricles at following coordinates: -0.8 mm anteroposterior (AP), ±1.5
mediolateral (ML), -3.6mm dorsoventrally (DV) measured from bregma (Hamilton company, Switzerland)
at a �ow rate of 0.5 µl/min [53–55]. Lingered the syringe at aforementioned place for some time to
reduce seepage. Likewise, the control group was administered same amount of aCSF in each ventricle.

2.2.1.2. DIZE treatment

Animals were randomly divided into 5 groups with 6 rats in each group. Group I that served as control
was stereotaxically administered with 10 µl of aCSF in each lateral ventricle (Box:1). The rats of group II
(Neurotoxin) were stereotaxically administered with 10 µl of STZ (1 mg/kg) in each ventricle. Group III
and IV were together considered as the treatment group in which rats were treated with different doses of
DIZE (10 mg/kg and 15 mg/kg, i.p.) respectively 3-day post STZ administration for 21 days [16, 56–58].
The group V was treated with 15 mg/kg (i.p.) of DIZE for 21 days and served as per se group. Doses of 10
and 15 mg/kg were equally effective in improving memory functions (refer to section 3.2) with no effect
on hemodynamic parameters (Supplementary Fig. 3). For subsequent in vivo experimentation, a
minimum effective dose (10 mg/kg, i.p.) of DIZE was used.

2.2.2. Behavioral parameter

2.2.2.1. Morris water maze test

Morris water maze test was performed to assess the spatial learning and memory after DIZE treatment
according to a previously published protocol [59, 54, 55]. The test was executed using a round pool (132
cm  75cm) having a platform submerged below the water meniscus and maintained at a temperature of
25±0.5°C. Spatial and learning memory performance was conducted on day 18-20 post DIZE treatment
accompanied by probe trial on day 21. On day 1 rats were allowed to swim in pool and the trial ended
either by animal �nds the platform or trial ends (2 min). Similarly, trials were conducted on day 2 and day
3 for proper acquisition of memory, and escape latency was calculated. On day 21 Probe trial was done in
which the platform was removed and animal was allowed to swim for 1 minute. Data was recorded and
analyzed using Anymaze software.

2.2.3. Acetylcholine level estimation

Acetylcholine level in brain tissue of treated and untreated rats was measured by using LC-MS/MS
(ABSciex 4000, Toronto, Canada) equipped with an API electro-spray ionization (ESI) source. The
instrument and compound parameters were optimized and set as follows: curtain gas, auxillary gas, and
collision gas, were set at 30, 35, and 30 and declustering potential (DP), collision energy (CE), entrance
potential (EP), and collision exit potential (CXP) were set at 135, 12, 10 and 30 V. respectively. The ion
spray voltage was set at 5500V and zero air was used as source gas whilst the nitrogen was used as
both curtain and collision gas. The mass spectrometer was operated at ESI positive ion mode and the
ions were detected in the multiple reaction monitoring (MRM) mode, monitoring the transition of m/z
146.20 precursor ion [M + H]+ to the m/z 87.10. Separation was done through phenomenex Luna HILIC (3
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µm, 150 x 4.6 mm) column with a mobile phase consisting of acidi�ed acetonitrile: 0.1% formic acid in
the ratio of 90:10 (v/v) at a �ow rate of 0.5 ml/min. Data acquisition and quantitation were performed
using analyst software version 1.4.1 (Applied Biosystems, MDS Sciex Toronto, Canada).

For extraction of acetylcholine from brain tissue, a simple protein precipitation technique was followed as
described in previous literature [60]. In brief, cold acetonitrile (extracting solvent) was added to the
homogenized brain tissue (3:1). The mixture was vortexed (10 min) and further centrifuged at 10,000 rpm
for 10 min. Supernatant was separated and injected into column for LC-MS/MS analysis.

2.2.4. Immunohistochemistry

Rats were euthanized using high dose of sodium pentobarbital (50 mg/kg, i.p.) followed by perfusion
with ice-cold paraformaldehyde (PFA, 4%). The whole brain was �xed by preserving in PFA overnight at 4
0C and dehydrated serially with varying concentrations of sucrose (10%, 20%, and 30%) for 24 hr each.
Free-�oating slices across the cortex and hippocampus (30 µm thick) were treated with primary antibody,
mouse anti-GFAP (1:500, Millipore, CA, USA)as mentioned in our prior publication [49]. Slices were �rmly
�xed on slides and counterstained with DAPI (Sigma Aldrich, USA). Fluorescent images were collected
using Leica inverted �uorescence microscope (DMI 6000, Leica, Wetzlar, Germany) and quanti�ed by
ImageJ software (NIH, USA).

2.4. Statistical Analysis

All data were expressed as mean±SEM and statistical analysis was done by using Graph Pad Prism
software (San Diego, CA, USA) by applying One way/two-way analysis of variance (ANOVA) followed by
bonferroni post hoc test and P < 0.05 was considered as statistically signi�cant.

Results
3.1. Activation of ACE2/Ang-(1-7)/MasR axis with DIZE treatment

N2A cells were pretreated with DIZE followed by exposure to STZ for examining the involvement of
ACE2/Ang-(1-7)/MasR axis in neuroin�ammation. Immunoblotting result revealed comparatively low
ACE2 and MasR expression after STZ treatment (Fig. 1A). The treatment of N2A cells with DIZE (25 µM;
Supplementary Fig. 1C and D) increased cellular ACE2 (Fig. 1B, p<0.01, F (3,8) = 18.69) and MasR (Fig.
1C, p<0.01, F (3,4) = 28.32) expression in STZ treated N2Acells. DIZE per se treatment showed no change
as compared to control.

For validation of above results, N2A cells were exposed to MLN-4760 for 24 hr which resulted in a
signi�cant dose-dependent decrease of cell viability in comparison to the STZ+DIZE treated cells
(Supplementary Fig. 2). Protective effect was checked upon treatment with DIZE (25 µM) along with
MLN-4760 (10 µM), and immunoblotting was performed (Fig. 1D). Treated cells showed enhanced
expression of ACE2 (Fig. 1E, p<0.01, F (3,8) =16.92) and MasR (Fig. 1F, p<0.05, F (3,7) = 12.20). On the



Page 11/33

contrary, MLN-4760 treatment in STZ+DIZE treated cells reduced the expression of ACE2 and MasR,
suggesting the subsequent activation of ACE2/Ang-(1-7)/MasR axis on DIZE treatment.

3.2. Evaluation of the role of Ang-(1-7) in neuroprotective effects of ACE2/Ang-(1-7)/MasR axis activation

The involvement of Ang (1-7) in mediating the cytoprotective effects of DIZE against STZ induced toxicity
was also investigated. The levels of active peptide Ang-(1-7) comparatively decreased following STZ
treatment (Fig. 2A, p<0.01). However, cells treated with DIZE had higher level of Ang-(1-7) (Fig. 2A, p<0.05,
F (3,4) = 30.62) than cells treated with STZ but DIZE per se treatment did not alter the levels of Ang-(1-7).
Antagonizing this effect by MLN-4760 signi�cantly reduced the Ang-(1-7) level (Fig. 2B, p<0.01, F (3,4) =
141.9) after the STZ and DIZE treatment. Similar results of modulation of Ang (1-7) level in vivo were
observed in both brain regions showing increased levels of Ang (1-7) in STZ administered rats upon DIZE
treatment (Fig. 2C, p<0.01, F (3,8) = 118.92).

3.3. Activation of ACE2/Ang-(1-7)/MasR axis ameliorate oxidative stress burden and mitochondrial
abnormalities

To investigate the in�uence of ACE2/Ang-(1-7)/MasR axis activation on oxidative stress burden,
intracellular ROS was measured by FACS analysis (Fig. 3A). Treatment of N2A cells with STZ enhanced
total ROS, which was decreased owing to DIZE induced activation of ACE2/Ang-(1-7)/MasR axis (Fig. 3B,
p<0.001, F (3,8) = 81.75). STZ treatment also reduced the glutathione level which was reversed by
treatment with DIZE (Fig. 3C, p<0.01)

For determination of potential role of ACE2/Ang-(1-7)/MasR axis activation on mitochondrial
functionality, mitochondrial ROS (mtROS) was estimated in N2A cells by FACS analysis. As shown in Fig.
3D STZ treatment for 24 hr augmented mtROS generation whereas treatment with DIZE (25 µM) inhibited
this effect in N2A cells (Fig. 3E, p<0.01, F (3,8) = 31.48).

JC-1 was used to detect the mitochondrial membrane potential (MMP/ΔΨm) to evaluate the effect of
ACE2/Ang-(1-7)/MasR axis activation on mitochondrial functionality in N2A cells (Fig. 3F). Flow
cytometric analysis showed reduction in MMP in STZ treated N2A cells (Fig. 3G, p<0.001, F (3,8) = 327.4),
which was inhibited by treatment with DIZE. The DIZE alone exposed cells didn't show any signi�cant
modulation in MMP.

Intracellular calcium ions (Ca2+), essential to mitochondrial function, were estimated using Fluo-4AM kit.
STZ exposure to N2A cells increased Ca2+ level, while treatment with DIZE abolished the increase in Ca2+

level (Fig. 3H-I, p<0.001, F (3,8) = 71.13) DIZE per se group showed no difference from untreated cells.

3.4. ACE2/Ang-(1-7)/MasR axis activation down regulates NLRP3 in�ammasome mediated
neuroin�ammation

To determine mechanisms underpinning the induction of neuroin�ammation, immunocytochemical
analysis (Fig. 4A) was performed to evaluate the effect of activation of ACE2/Ang-(1-7)/MasR axis by
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DIZE on NF-κB p65. NF-κB activation by STZ upregulated p65 protein expression in N2A cells which was
inhibited by DIZE treatment (Fig. 4B, p<0.001, F (3,35) = 601.1) at 24 hr. DIZE per se treated cells showed
diminished expression of NF-κB p65 similar control cells (Fig. 4B, p>0.05).

Further we checked NLRP3 in�ammasome expression downstream to activation of priming signals in
vitro (Fig. 4C), STZ exposed N2A cells were treated with or without DIZE (25 µM) for 24 hr. Western
blotting showed that STZ treatment increased levels of NLRP3, caspase-1 and IL-1β (Fig. 4D-F).
Subsequent DIZE treatment reduced the levels of NLRP3 (Fig. 4D, p<0.01, F (3,8) =9.193), caspase-1 (Fig.
4E, p<0.05, F (3,8) = 7.26) and IL-1β (Fig. 4F, p<0.05, F (3,8) = 10.44) in N2A cells. Treatment with DIZE per
se did not alter the expression of NLRP3, caspase-1 and IL-1β (Fig. 4D-F).

To delve deeper into mechanism of the protective effect of DIZE in STZ exposed N2A cells, cells were
treated with DIZE (25µM) along with MLN-4760 (10 µM), and immunoblotting was performed (Fig. 4G).
Decreased expression of NLRP3, caspase-1 and IL-1 β was observed after DIZE treatment in STZ exposed
N2A cells (Fig. 4H-J). In contrast, MLN-4760 treatment in cells reversed the effect of DIZE by increasing of
expression of NLRP3 (Fig. 4H, p<0.01, F (3,8) = 16.85), caspase-1(Fig. 4I, p<0.05, F (3,8) = 38.47) and IL-1
β (Fig. 4J, p<0.05, F (3,8) = 11.29) suggesting involvement of ACE2/Ang-(1-7)/Mas receptor axis in the
regulation of NLRP3 in�ammasome activation.

We next examined the effect of ACE2/Ang-(1-7)/Mas receptor axis activation on NLRP3 in�ammasome
modulation in vivo. Immunoblotting study in both cortex (Fig. 4K) and hippocampus (Fig. 4L) brain
regions suggested that administering DIZE (10 mg/kg, i.p.) in ICV STZ treated rats reduced the expression
of NLRP3 (Fig. 4M, p<0.001, p<0.01, F (3,16) = 24.62), caspase-1 (Fig. 4N, p<0.05, p<0.05, F (3,8) = 40.73)
and IL-1β (Fig. 4O, p<0.01, p<0.05, F (3,12) = 17.98). Therefore, activation of ACE2/Ang-(1-7)/Mas
receptor axis might protect against NLRP3 in�ammasome mediated neuroin�ammation

3.5. ACE2/Ang-(1-7)/MasR axis activation reduces astrogliosis after STZ treatment

GFAP immunostaining was performed to examine the effect of DIZE treatment on astrogliosis due to STZ
administration in the cortex (Fig. 5A) and hippocampal (Fig. 5B) brain sections. We observed signi�cantly
enhanced GFAP+ cells in both cortex and hippocampus brain regions in STZ lesioned rats whilst
treatment with DIZE in STZ lesioned rats reduced GFAP+ cells in both the brain regions (Fig. 5C, p<0.001,
F (3,39 = 43.52)), suggesting that DIZE attenuates reactive astrogliosis alleviating STZ induced
neurotoxicity.

In addition to enhanced astrogliosis in vivo, we examined the possible effect of activation of ACE2/Ang-
(1-7)/MasR axis upon enhanced astrogliosis by double immunostaining using primary astrocytes. We
observed decreased expression of ACE2 (Fig. 5D-F) and MasR (Fig. 5G-I) in primary astrocytes showing
increased expression of GFAP as seen in STZ administered group. On activation of ACE2/Ang-(1-
7)/MasR axis with DIZE after STZ treatment, cells showed enhanced expression of ACE2 (Fig. 5F,
p<0.001, F (3,17) = 22.53) and MasR (Fig. 5I, p<0.001, F (3,17) = 22.52) while a decreased GFAP
expression.
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3.6. ACE2/Ang-(1-7)/MasR activation rescued spatial recognition memory de�cits

Reports have established that ICV STZ administration leads to cognitive loss [55]. Morris water maze test
was employed to assess spatial learning and memory task with two doses of DIZE (10 and 15 mg/kg,
i.p.) based on previous work [16, 58, 61]. Upon ICV STZ administration, there was negligible improvement
in escape latency time in the 2nd and 3rd session as compared to their respective 1st session indicating a
de�cit in spatial learning. Treatment with DIZE comparatively decreased the escape latency time (Fig. 6A,
p<0.001, F (4,87) = 57.19) and path length (Fig. 6B, p<0.001, F (4,87) = 9.84) in the 2nd and 3rd session,
indicating reversal of spatial learning de�cit in ICV STZ treated rats. However, we observed no signi�cant
change in swim speed (Fig. 6C, F (4,86) = 2.21) of rats, suggesting that the aforementioned alteration
depends upon STZ induced neuronal degeneration. A reduced time spent in the target quadrant in the ICV
STZ group indicated a de�cit in retention memory, which was reversed by DIZE treatment (Fig. 6D,
p<0.001). Representative track plot of the path traced by an animal of each group during one of the trials
in 3rd session (Fig. 6E) indicated that ICV STZ treated animals took comparatively longer time to reach
the platform; suggesting that DIZE a signi�cantly attenuated g spatial learning and caused retention
de�cits in STZ lesioned rats. Doses of 10 and 15 mg/kg were equally effective in improving memory
functions with no effect on hemodynamic parameters (Supplementary Fig. 3). For subsequent in vivo
experimentation, a minimum effective dose (10 mg/kg, i.p.) of DIZE was used.

3.7. Reduced ACE2/Ang-(1-7)/MasR activation in brain of ICV STZ induced Aβ load and tau pathology

To further understand the role of ACE2/Ang-(1-7)/MasR activation on Aβ production and tau
hyperphosphorylation in both cortex (Fig. 7A) and hippocampus (Fig. 7B) brain regions, we performed
western blotting in ICV STZ administered rats. A signi�cant increase in the expression of Aβ-42 level (Fig.
7C, p<0.05, p<0.01, F (3,12 = 11.49)) and tau hyperphosphorylation (Fig. 7D, p<0.001, p<0.01, F (3,16) =
58.16) in both the brain regions of ICV STZ treated rats was observed. Treatment with DIZE decreased
augmentation in these proteins of amyloid pathology.

3.8. ACE2/Ang-(1-7)/MasR axis activation improved cholinergic activity

The effect of ACE2/Ang- (1-7)/MasR axis activation on AChE enzyme activity was determined. STZ
treated N2A cells showed increased AChE activity (Fig. 8A, p<0.001) whereas treatment with DIZE
decreased AChE in the STZ+DIZE (25µM) treated N2A cells (Fig. 8A, p<0.05, F (3,8) = 10.92), however, no
difference (Fig. 8A) was detected in the DIZE per se treated cells.

ACh levels in the cortex and hippocampal brain region of STZ lesioned rats decreased as detected by LC-
MS/MS (ABSciex 4000, Toronto, Canada) equipped with an API electro-spray ionization (ESI) source.
ACE2/Ang-(1-7)/MasR axis activation by treatment with DIZE (10 mg/kg, i.p.) increased (Fig. 8B, p<0.001,
F (3,40) = 48.71) ACh level in STZ treated rats in both brain regions however, no signi�cant difference
(Fig. 8B) was detected between the DIZE per se treated rats as compared to aCSF treated rats.

Discussion
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The ACE2/Ang-(1–7)/MasR axis is known to counter the ACE /Ang II/AT1 receptor axis and in brain it
acts as a neuroprotective component by reducing cerebral infarct size and neuronal apoptosis [62].
However, the potential role of ACE2/Ang-(1–7)/MasR axis in STZ induced AD model has not been yet
elucidated. Our study demonstrates that activation of ACE2/Ang-(1–7)/MasR axis improves cognitive
decline and memory loss through inhibition of neuroin�ammatory cascades.

The ACE/Ang II/AT1R axis of RAS activation is traditionally known for progression of in�ammatory
changes in brain. Moreover, activation of another axis, ACE2/Ang-(1–7)/MasR of RAS could play a vital
role in modulation of neuroin�ammatory alterations as has been demonstrated in the present study using
an ACE2 activator (DIZE) and its inhibitor (MLN-4760). The present investigation showed that STZ
caused neuroin�ammation which induced down regulation of ACE2/Ang-(1–7)/MasR axis that was
signi�cantly upregulated after exposure of DIZE in neuronal cells. The results were further strengthened
with the application of an ACE2/Ang-(1–7)/MasR axis inhibitor where a remarkable decline in protein
expression of ACE2 and MasR was observed along with a notable reduction in Ang-(1–7) levels. Previous
studies have also demonstrated that ACE2 activation by DIZE restored MasR expression and Ang-(1-7)
content in brain thereby exhibiting protection against neuroin�ammatory changes during neurological
de�cits [63, 31, 58]. Consistent with the association between oxidative stress and neuroin�ammation, we
noticed generation of ROS and suppressed reduced glutathione, post STZ induced in�ammation which
was further balanced after exposure of DIZE to neuronal cells. Similarly, previous literature has also
reported increased free radical generation after STZ induced neuronal in�ammation as evidenced in both
in vitro and in vivo experimental conditions [64]. Glutathione, a naturally-existing antioxidant in the
brain/other body cells, scavenges the generated free radicals thus providing cellular protection. Thereby,
the up surged levels of GSH after DIZE exposure to in�ammatory cells manifests the protective e�cacy
of ACE2 activation in neuroin�ammation that is in line with previous �nding [65].

Further, oxidative stress burden owing to in�ammatory responses relates to mitochondrial dysfunction
too. The higher comparison quotient of JC-1 agglomerates to monomers signi�es increased membrane
depolarization in cells indicating optimum health of the concerned cells. This correlation, mediated by
mitochondrial ROS functioning as a second messenger molecule, suggests the role of mtROS in
neurodegeneration. However, negligible work has focused on the effect of regulation of mitochondrial
functionality targeting the ACE2/Ang-(1–7)/MasR axis. A recent report suggested that ACE2 exerts a
conspicuous effect on intramuscular fat regulation by enhancing endoplasmic reticulum and
mitochondrial functionality. Likewise, we observed an enhanced Δψm in STZ induced neuroin�ammatory
cells which was signi�cantly abated by DIZE treatment [66–68]. Mitochondrial dysfunction further leads
to Ca2+ imbalance through impaired regulation of calcium channels in neurological de�cits. We observed
augmented Ca2+ levels due to STZ exposure that was remarkably subsided after DIZE treatment,
suggesting the role of ACE2/Ang-(1–7)/MasR axis activation in synchronizing the calcium channels
during neurodegeneration and neuroin�ammation, which is in line with studies suggesting an enhanced
level of intracellular Ca2+ in neurons during AD progression [69]
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Recently, several investigations have reported ROS mediated upregulation of NF-κB/ NLRP3 signaling as
a pathological hallmark for neuroin�ammation/neurodegenerative diseases. Furthermore, several
emerging evidences have reported that ROS induced NF-κB activation directly initiating NLRP3
in�ammasome cascade [70, 71]. In the present study, we observed that STZ induced neuroin�ammation
and neurodegeneration was directly correlated with increased production of NF-κB/ NLRP3 as evident
with enhanced protein expression of NF-κB/NLRP3 and its downstream signaling molecules in neuronal
cells. However, activation of ACE2/Ang-(1–7)/MasR axis after DIZE treatment averted ROS mediated NF-
κB/ NLRP3 activation in neuronal cells. Likewise, a previous study has shown ACE2/Ang-(1–7)/Mas
receptor axis mediated protection against NF-κB in STZ treated N2A cells which was mediated via
activation of the MyD88 adaptor protein [72]. We found that ACE2/Ang-(1–7)/Mas receptor axis
activation by DIZE inhibited NLRP3 in�ammasome and subsequently led to caspase-1 deactivation and
marked decrease in IL-1β expression both in in vitro and in vivo. Furthermore, blocking ACE2 activity by
MLN-4760 activated the NLRP3 in�ammasome pathway mediated by enhanced expression of caspase-1
and IL-1β consequently. Our �nding is backed by a previous report indicating the inhibitory effect of Ang
(1–7) on AngII-induced NLRP3 in�ammasome activation regulated via Spry1 in lung �broblasts[73].

In the present study an increased expression of GFAP has been observed in both the cortex and
hippocampal brain regions of ICV-STZ induced neurodegeneration in rats. On contrary, the activation of
ACE2/Ang-(1–7)/Mas receptor axis by DIZE treatment notably reduced the activation of GFAP in both
cortex and hippocampal brain regions of ICV-STZ induced neurodegeneration in rats. For the a�rmation
of this phenomenon, we performed colocalization of GFAP with ACE2/MasR using primary astrocytic
culture and observed enhanced intensity of ACE-2/MasR after DIZE treatment. The aforementioned
�ndings are in accordance with previous literature in which an increase in GFAP has been observed in a
triple transgenic (3x-Tg) mouse model of AD followed by loss of glial somata volume [74] in the
hippocampus indicating an interlink between astrogliosis and AD pathogenesis.

Neuroin�ammation, one of the major consequences of central nervous system (CNS) response to insults
such as a Aβ burden, tau hyperphosphorylation [75], gliosis (reviewed in [76]) and trauma [77], which are
known mediators of the neuroin�ammatory response that occurs following neurodegeneration. Emerging
evidence suggest the relationship between accumulation of Aβ in glial cells and NLRP3 in�ammasome
activation resulting in release of IL-1β in experimental AD model [72]. In support, we have assessed the
protective role of ACE2/Ang-(1–7)/Mas receptor axis in cognitive impairment in a rat model of STZ
induced AD-like phenotype, as demonstrated by a decreased escape latency time after DIZE treatment in
STZ lesioned rats on day 2nd and 3rd session compared the 1st session. Our results suggested higher
time spent in the target quadrant after DIZE treatment as compared to STZ administration indicating
improvement in spatial cognition following DIZE treatment, which could be a consequence of the
attenuated synaptic and neuronal loss in brain. It was supported by studies which showed that DIZE
attenuated the cognitive impairment in transgenic mouse model [78, 58]. Further, the hallmark
pathological markers were also investigated for their expression after DIZE treatment in ICV-STZ induced
AD like phenotypic model. Expectedly, increased expression of Aβ-42 and p-tau was observed after STZ
administration in rats. This was reversed after activation of ACE2/Ang-(1–7)/Mas receptor axis in a
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signi�cant manner. The �ndings suggest the plausible involvement of activation of ACE2/Ang-(1–7)/Mas
receptor axis against ICV-STZ induced AD pathology.

Lastly, we also observed a signi�cant increase in AChE activity, a rate-limiting enzyme after STZ exposure
which was diminished after DIZE treatment suggesting that activation of ACE2/Ang-(1-7)/Mas receptor
axis might have a bene�cial effect against STZ induced neurotoxicity. A supporting study showed
enhanced parasympathetic modulation by DIZE, that was mediated by inhibition of AChE [79]. ACh is
considered to be an anti-in�ammatory molecule and has also been correlated with enhanced AChE
activity leading to increased ILs and other in�ammatory markers [80]. Moreover, our study further showed
enhanced acetylcholine level after activation of the ACE2/Ang-(1–7)/Mas receptor axis by DIZE treatment
in STZ lesioned rats. Acetylcholine neurotransmitter play a vital role in cognitive functions Hence, a
marked decrease in cholinergic activity might lead to aging-related disorders [81]. A study showed that
Ang (1-7) restored acetylcholine mediated vasodilation in high salt fed animals [82].

In summary, we demonstrated the protective effect of ACE2/Ang-(1–7)/Mas receptor axis activation
against STZ induced neurodegenerative model through the regulation of canonical and non-canonical
signaling as a consequence of NLRP3 in�ammasome activation. Our study, in congruence with previous
studies establish ACE2/Ang-(1–7)/Mas receptor axis as a protective axis in neurodegeneration.

Abbreviations
ACE2 Angiotensin converting enzyme2

aCSF arti�cial Cerebrospinal �uid
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GFAP Glial �brillary acidic protein

GSH Glutathione

ICV Intracerebroventricular

MMP (ΔΨm) Mitochondrial membrane potential
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NFT Neuro�brillary tangle

ROS Reactive oxygen species
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Activation of ACE2/Ang-(1-7)/MasR axis upon DIZE treatment in N2A cells. A. Representative
immunoblots show expression of ACE2 and MasR in STZ administered N2A cells. The bar graphs show
quanti�cation of relative protein density of B. ACE2 and C. MasR after DIZE treatment in STZ exposed
N2A cells. D. The immunoblots shows antagonistic effect of MLN-4760, an ACE2 selective inhibitor on
activation of ACE2/Ang-(1-7)/MasR after treatment with DIZE in N2A cells exposed to STZ. The bar graph
represents quanti�cation of protein densities of E. ACE2, F. MasR, after normalization with β-actin. Data
are expressed as mean ± SEM of n = 3-4. Data were analyzed by one-way ANOVA, followed by bonferroni
post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001; $P < 0.05,

$P < 0.001). *Control vs STZ; #STZ vs STZ+ DIZE, $STZ vs STZ+ DIZE+MLN-4760.

P < 0.01,
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Figure 2

Evaluation of role of Ang-(1-7) in ACE2/Ang-(1-7)/MasR axis activation mediated neuroprotection. A. The
bar graphs show quanti�cation of relative level of Ang-(1-7) after treatment with DIZE in N2A cells
exposed to STZ. B. Bar graph shows pharmacological antagonism of DIZE mediated Ang (1-7) activation
in N2A cells following treatment with MLN-4760. C. representative bar graph shows Ang (1-7) level after
DIZE treatment (10 mg/kg i.p.) after STZ lesioning. Data are expressed as mean ± SEM of n = 3-4. Data
were analyzed by one-way ANOVA/two-way ANOVA, followed by bonferroni post hoc test (*P < 0.05, **P <
0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001; $P < 0.05,

$P < 0.001). *Control vs STZ; #STZ vs STZ+ DIZE, $STZ vs STZ+ DIZE+MLN-4760.

Figure 3

Activation of ACE2/Ang-(1-7)/MasR axis attenuated oxidative stress burden and improved mitochondrial
abnormality in STZ exposed N2A cells A. Flowcytometric image of ROS detection following 2′,7′-
dichlorodihydro�uorescein diacetate addition. B. representative bar graph expressed as mean ± SEM in
triplicate. C. reduced glutathione level after DIZE treatment in STZ exposed N2A cells. D. representative
dot plot show attenuation of mtROS generated by STZ exposure in N2A cells, as quanti�ed using �ow

P < 0.01,
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cytometry. E. Histogram show �uorescence intensity of N2A cells. Data are presented as mean of three
independent experiments. F. Mitochondrial membrane potential (MMP). Graphical representation of MMP
G. quantitative analysis of red/green cells ratio assessed using JC-1dye through �ow cytometry after
DIZE treatment in STZ exposed N2A cells. H. The detection of Fluo-4AM �uorescence (Ca2+ changes) in
N2Acells after exposure to 2.5 mM STZ for 24 h. Representative FACS dot plot with Fluo-4AM
�uorescence. I. Quantitative evaluation of speci�c �uorescence probe. Data are expressed as mean ±
SEM of n = 3-4. Data were analyzed by one-way ANOVA, followed by bonferroni post hoc test (*P < 0.05,
**P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001). *Control vs STZ; #STZ vs STZ+ DIZE.

Figure 4



Page 29/33

ACE2/Ang-(1-7)/MasR axis activation downregulate NF-κB induced NLRP3 in�ammasome activation in
STZ exposed N2A cells . A. Representative photomicrographs show immunostaining of NF-κB (red)/DAPI
cells (Blue) after treatment with DIZE in STZ exposed N2Acells. B. The bar graph show quantitative
analysis of �uorescence intensity of NF-κB protein. Scale bar, 50 μm. C. The immunoblots shows protein
expression of NLRP3 in�ammasome downstream to in�ammatory signal NF-κB after treatment with
DIZE in N2A cells exposed to STZ. The bar graph represents quanti�cation of protein densities of D.
NLRP3, E. Capase-1, F. IL-1β after normalization with β-actin. Pharmacological inhibition of ACE2/Ang-(1-
7)/MasR axis by MLN-4760 enhances NLRP3 in�ammasome activation. G. The immunoblots show
protein expression of NLRP3 in�ammasome after treatment with MLN-4760 along with DIZE in N2A cells
exposed to STZ. The bar graph represents quanti�cation of protein densities of H. NLRP3, I. Capase-1, J.
IL-1β after normalization with β-actin. Representative immunoblots shows expression of NLRP3
in�ammasome in K. Cortex and L. Hippocampal brain regions. The bar graph represents quanti�cation of
protein densities of M. NLRP3, N. Capase-1, O. IL-1β after normalization with β-actin in both brain regions.
Data are expressed as mean ± SEM of n = 3-4. Data were analyzed by one-way/two-way ANOVA, followed
by Bonferroni post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001).
*Control vs STZ; #STZ vs STZ+ DIZE; $STZ vs STZ+ DIZE+MLN-4760.

Figure 5

DIZE mediated activation of ACE2/Ang-(1-7)/MasR ameliorates STZ-induced astroglial activation.
Representative photomicrographs show immunostaining of GFAP+ cells (green) in A. cortex B.
hippocampus region. Scale bar, 50 μm. The bar graph shows quantitative analysis of GFAP+ cells in C.
cortex and hippocampus region. D. represent immuno�uorescence staining of GFAP (red) and ACE2
(green) in primary astrocyte culture. The dot plot shows quanti�cation of immuno�uorescence of E. GFAP
F. ACE2. G. represent immuno�uorescence staining of GFAP (red) and MasR (green) in primary astrocyte
culture. The dot plot shows quanti�cation of immuno�uorescence of H. GFAP I. MasR. Data are
expressed as mean ± SEM of n = 3-4. Data were analyzed by one-way/two-way ANOVA, followed by
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bonferroni post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001).
*Control vs STZ; #STZ vs STZ+ DIZE.

Figure 6

ACE2/Ang-(1-7)/MasR activation rescue spatial recognition memory de�cits in ICV STZ induced AD like
phenotype in rats. Spatial learning and memory functions were assessed by Morris water maze test. A.
The bar graph show escape latency (in sec), i.e., latency to reach the hidden platform. B. The bar graph
shows mean path length (in cm). C. Average swim speed of the rats in each session. D. Probe trial was
performed to evaluate the time spent by rats in target quadrant E. Representative track plot of the path
traced by an animal from each group. Data are expressed as mean ± SEM of n = 6 rats/group. Data were
analyzed by repeated-measures two-way ANOVA, followed by Newman keuls multiple comparison post
hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. #p < 0.05, ##p < 0.01, ###p < 0.001, * Session 1 vs Session 2,
# Session 1 vs Session 3; *Control vs STZ; #STZ vs STZ+ DIZE; $ STZ vs DIZE.
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Figure 7

ACE2/Ang-(1-7)/MasR activation reduce Aβ pathology in ICV STZ induced AD like phenotype in rats.
Representative immunoblots show expression of Aβ42, p-Tau, Tau and β-actin after treatment with DIZE
in STZ lesioned rats in A. cortex B. hippocampus region. The bar graphs show quanti�cation of relative
protein density of C. Aβ42 and D. p-Tau. Data are expressed as mean ± SEM of n = 3-4. Data were
analyzed by two-way ANOVA, followed by bonferroni post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001; #P
< 0.05, ##P < 0.01, ###P < 0.001). *Control vs STZ; #STZ vs STZ+ DIZE



Page 32/33

Figure 8

ACE2/Ang-(1-7)/MasR axis activation improve ACh level in STZ induced AD like phenotype in rats. A.
Cholinergic de�cit in neuronal cells. Graphical representation of acetylcholinesterase (AChE) enzyme
activity in N2a cells exposed with STZ followed by DIZE treatment (25 μM). B. Effect of DIZE treatment
on cholinergic de�cit in STZ lesioned rats. Histogram represents acetylcholine (ACh) level in rats lesioned
with STZ followed by DIZE treatment (10 mg/kg, i.p.) in cortex and hippocampus brain region. Data are
expressed as mean ± SEM of n =3-4. Data were analyzed by one-way/two-way ANOVA, followed by
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bonferroni post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001).
*Control vs STZ; #STZ vs STZ+ DIZE.
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