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Abstract
Rationale  Chronic stress, frequently associated with dysfunction of the hypothalamic–pituitary–adrenal (HPA) axis and 
reduced neuroplasticity, is a major risk factor for psychiatric disorders such as anxiety and depression.
Objective  The present study aimed to validate a 21-day chronic unpredictable stress (CUS) model and to investigate the 
effects of the Mas receptor agonist AVE0991 on stress-induced behavioral and molecular alterations.
Methods  Male C57BL/6J mice were exposed to a 21-day CUS protocol. Animals were randomly assigned to four groups: 
control + saline, CUS + saline, control + AVE0991, and CUS + AVE0991 (3 mg/kg, i.p.). AVE was administered daily during 
the last two weeks of the stress protocol. Behavioral tests were performed to evaluate anxiety- and depressive-like behav-
iors, and plasma corticosterone, blood glucose levels, and brain-derived neurotrophic factor (BDNF) levels in the prefrontal 
cortex, hippocampus, and hypothalamus were measured.
Results  CUS exposure significantly increased plasma corticosterone and glucose levels and induced anxiety- and depressive-
like behaviors. Stressed animals also showed reduced BDNF levels in the prefrontal cortex, hippocampus, and hypothala-
mus. Treatment with AVE0991 attenuated the increase in corticosterone and prevented stress-induced hyperglycemia. More-
over, AVE0991 reduced depressive-like behavior, increased latency to immobility, and improved anxiety-related parameters 
in the elevated plus maze and open field tests without affecting locomotor activity. AVE0991 also prevented the reduction of 
BDNF levels in stress-exposed animals.
Conclusion  These findings validate the CUS model and demonstrate that activation of the Mas receptor by AVE0991 exerts 
anxiolytic, antidepressant, and neuroprotective effects, supporting its potential as a therapeutic strategy for stress-related 
neuropsychiatric disorders.
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Introduction

Chronic, uncontrollable, and unpredictable stress induces 
physical and psychological changes that promote the devel-
opment of emotional disorders in humans and animals (de 
Kloet et al. 2005; Strekalova et al. 2011). In this context, 
the chronic unpredictable stress (CUS) experimental model 
simulates the variability and duration of everyday stress by 
randomly applying different stressors over time, leading to 
behavioral and physiological changes (Willner 2017). The 
response to CUS involves activation of the hypothalamic–
pituitary–adrenal (HPA) axis and the release of glucocorti-
coids, whose prolonged exposure increases vulnerability to 
metabolic, cardiovascular, and neurodegenerative diseases, 
as well as mood and anxiety disorders (de Kloet 2000; 
Lupien et al. 2009; McEwen, 1993). Likewise, prolonged 
stress compromises neuroplasticity and neurotrophic sup-
port, particularly through reduced expression of brain-
derived neurotrophic factor (BDNF), a molecule essential 
for neuronal survival, synaptic plasticity, and cognitive per-
formance (Tapia-Arancibia et al. 2004; Duman and Mon-
teggia 2006). Decreased BDNF levels in the hippocampus 
and prefrontal cortex have been consistently associated with 
depressive phenotypes, highlighting the close relationship 
between stress, neurotrophic signaling, and mood regulation 
(Castrén and Hen 2013).

In addition, chronic stress also triggers responses from 
the renin–angiotensin system (RAS) (Saavedra and Benicky 
2007; Correa et al. 2022). Angiotensin II, acting through AT₁ 
receptors, which are abundant in brain regions associated 
with the neurobiology of stress, increases HPA axis activ-
ity and sympathetic tone (Jezova et al. 1998; Saavedra et 
al. 2004; Saavedra and Benicky 2007; Lavoie and Sigmund 
2003). Conversely, angiotensin-(1–7) [Ang-(1–7)], acting 
on the Mas receptor, exerts opposing effects, reducing anx-
iety-like and depression-like behaviors induced by different 
stressors (Fontes et al. 2016; Moura Santos et al. 2017; Zhu 
et al. 2020). Interestingly, recent studies have indicated that 
the Ang-(1–7)/Mas receptor axis can positively modulate 
BDNF expression and enhance neuroplasticity (Takahashi 
et al. 2025). In this sense, Mas receptor activation has been 
associated with increased neurogenesis, reduced oxidative 
stress, and improved synaptic integrity in brain regions 
involved in emotional regulation, such as the hippocam-
pus and amygdala (Takahashi et al. 2025). These findings 
suggest that the protective role of Ang-(1–7) through Mas 
receptor extends beyond its cardiovascular effects, encom-
passing significant impacts on neuronal health and behavior 
under chronic stress conditions.

AVE0991 (5-formyl-4-methoxy-2-phenyl-1-[[4-
[2-(ethylaminocarbonylsulfonamido)-5-isobutyl-
3-thienyl]-phenyl]-methyl]-imidazole) is a non-peptide 

analogue of Ang-(1–7), showing potential for therapeutic 
use since it replicates the effects of Ang (1–7) in various 
organs, but with a longer half-life and increased stability 
compared to Ang (1–7) (Santos and Ferreira 2006; Deng et 
al. 2024).

Preclinical studies have reported beneficial effects of 
AVE0991 in experimental models of Alzheimer’s disease 
(Jiang et al. 2018; Duan et al. 2021), Parkinson’s disease 
(Duan et al. 2024), and chronic cerebral hypoperfusion 
(Xue et al. 2021). Moreover, it was described that AVE0991 
reduces oxidative stress injury and neuronal apoptosis 
through the Mas/PKA/p-CREB/UCP-2 pathway after sub-
arachnoid hemorrhage (Mo et al. 2019).

In this study, we validated a model of CUS in mice and 
explored the possibility that activation of the Mas receptor 
with AVE0991, a non-peptide analogue of Ang-(1–7), could 
mitigate CUS effects.

Materials and methods

Animals

164 Male C57BL/6J mice (8–10 weeks old) were used, 
without weight bias, housed in groups of 5 or 6 animals per 
cage. All animals were obtained from the Animal Facility of 
our Institute (CEBIO; Biological Sciences Institute; UFMG) 
and underwent a 1-week acclimation period in the Animal 
Facility of the Morphology Department (ICB-UFMG) prior 
to the start of experimental protocols. Animals were main-
tained under controlled temperature (22–23 °C) and lighting 
(12-h hour light/dark cycle) conditions, with food and water 
available ad libitum. Experiments were conducted only dur-
ing the light phase of the day. All experimental procedures 
were approved by the Institutional Ethics Committee on 
the Use of Animals at the Universidade Federal de Minas 
Gerais (CEUA/UFMG) (protocol no. 223/2020). All experi-
ments were conducted in accordance with the guidelines 
of the Brazilian National Council for Control of Animal 
Experimentation (CONCEA-BRAZIL) and complied with 
the ARRIVE guidelines. The timeline of the experimental 
protocol is illustrated in Fig. 1.

Experimental design

Chronic unpredictable stress model validation

The CUS protocol, originally described by Willner et al. 
(1987, 1992), was adapted in this study to induce persis-
tent behavioral changes associated with stress in mice. 
This model is based on the daily and random exposure 
to different physical, social, and environmental stressors, 
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which prevents habituation to stimuli, a common limita-
tion of other chronic stress paradigms (Willner 1997; 
Mineur et al. 2006; Antoniuk et al. 2019). For 21-days, 
animals were subjected each day to a single stressor ran-
domly selected from the following: water deprivation for 
24  h, food deprivation for 24  h, wet bedding exposure 
for 6 h, strobe light exposure for 2 h, social isolation for 
6 h, physical restraint for 1 h, or removal of bedding for 
24  h. Stressors were preferentially applied during the 
light phase of the circadian cycle (between 8 a.m. and 12 
p.m.) to ensure chronobiological consistency and reduce 
interference from hormonal variations related to the light/
dark cycle. Control group animals were handled daily at 
the same time and in the same environment, but were not 
exposed to stressors, ensuring control for handling effects 
without stress induction.

Mas receptor agonist (AVE0991) treatment

Four experimental groups were used: non-stressed and 
non-treated (Control), stressed and non-treated (CUS), non-
stressed treated with AVE0991 (AVE-Control), and stressed 
treated with AVE0991 (AVE-CUS). All stressed groups 
were subjected to the same 21-day CUS protocol. During 
the last two weeks of the CUS protocol (days 8–21), mice 
in the treatment groups received daily intraperitoneal (i.p.) 
injections of AVE0991 MedChemExpress LLC (3  mg/kg; 
0.1 mL per animal), the dose was used considering previous 
studies, including our group (Da Silveira et al. 2010; Jiang 
et al. 2018; Xue et al. 2021; Deng et al. 2023). In addition, 
previous reports reported that AVE0991 crosses the blood-
brain barrier via intraperitoneal injection route (Jiang et al. 
2018; Xue et al. 2021).

The drug was administered immediately after exposure 
to the daily stressor, at a standardized time between 09:00 
and 10:00 h. Control and vehicle groups received the same 
volume (0.1 mL) of sterile saline following the same admin-
istration schedule. At the end of the stress/control protocol, 
mice underwent behavioral testing, and blood was collected 
for biochemical analyses.

Plasma corticosterone

The quantification of plasma corticosterone was performed 
using mouse corticosterone (CORT) (#E-EL-0161) ELISA 
kit, Elabsience according to the manufacturer’s instructions. 
For plasma collection, animals were anesthetized with ket-
amine (100 mg/kg Syntec®) and xylazine (10 mg/kg Syn-
tec®) administered intraperitoneally (i.p.), and blood was 
obtained via cardiac puncture in the morning hours (between 
8 a.m. and 11 a.m.) to minimize circadian variability of cor-
ticosterone levels. Samples were immediately transferred 
to tubes containing EDTA (0.5 M, pH 8.0), centrifuged at 
1,500 x g for 15 min at 4 °C, and the separated plasma was 
stored at − 80 °C until analysis. All samples were analyzed 
in duplicate, and the absorbance was measured at 450 nm 
using a microplate reader (MULTISKAN EX, Thermo sci-
entific). Serum CORT levels were calculated from the stan-
dard curve and the results were expressed as ng/mL.

Blood glucose levels

For fasting glucose levels were measured on the day fol-
lowing completion of the CUS protocol by collecting blood 
from a puncture at the tip of the mouse tail. Glucose con-
centrations were determined using reagent strips and a One 

Fig. 1  Timeline of the experimental protocol used to induce chronic unpredictable stress (CUS), treatment with AVE0991, behavioral tests, eutha-
nasia, tissue collection, molecular analyses and results (created with Biorender.com)
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Touch Ultra Plus Flex glucometer (Johnson & Johnson®), 
and the mean of the readings were expressed as mg/dL.

Behavioral tests

To verify the stress response induced by the CUS model 
used in our study, mice were subjected to characterized tests 
to indicate depressive-like behavior, the forced swim and 
tail suspension tests. Additionally, to investigate anxiety-
like behavior, the elevated plus maze and the open field test 
were carried out. Animals were acclimated to the experi-
mental room with illumination of approximately 30 lx for 
least 30 min before the beginning of the experiments. The 
behavioral tests were conducted between 8:00 a.m. and 
12:00 p.m on the day following completion of the CUS pro-
tocol (day 22 after the start of the experimental assay). Each 
animal was used for only one behavioral paradigm to avoid 
carry-over effects.

Forced swimming test (FST)

The FST was performed as previously described (Becari et 
al. 2023), each mouse was placed for 6 min in a glass cylin-
der (20 cm in diameter, 30 cm in height) filled with 20 cm 
of water, maintained at approximately 25 °C. Each session 
is video recorded and evaluated by a double-blinded investi-
gator, unaware of the animal group assignment. The latency 
to immobility, defined by the first immobility with a mini-
mal duration of 2 s, was measured from the start of the test 
and the total immobility time, defined as the duration the 
animal remains still performing only minimal movements 
necessary for floating, was measured during the final four 
minutes. These parameters were expressed in seconds. To 
prevent contamination from alarm substances, the water was 
changed between swimming sessions. The depressive-like 
behavior is verified when there was an increase in immobil-
ity time and a reduction in the latency to immobility.

Tail suspension test (TST)

The TST was performed according to a previously described 
(Becari et al. 2023). Mice were suspended by the tail using 
adhesive tape placed approximately 1  cm from the tip of 
the tail and attached to a metal rod positioned 50 cm above 
the floor. Animals were allowed to hang upside-down for 
6 min. Immobility time, defined as the absence of any body 
movements except those related to respiration, was recorded 
in seconds. Behavioral scoring was performed by an experi-
menter blinded to the experimental groups. After the test, 
the adhesive tape was gently removed, and the mice were 
returned to their home cages.

Elevated plus maze (EPM) test

The elevated plus maze (EPM) test was performed based on 
the protocol described by Handley and Mithani (1984). The 
apparatus consisted of four wooden arms of equal dimen-
sions arranged in a plus shape, including two open arms 
(30 × 6  cm) and two closed arms (30 × 6 × 5  cm), elevated 
50 cm above the floor.

The EPM assesses the conflict between the innate ten-
dency to explore a novel environment (open arms) and 
the avoidance of potentially aversive exposed areas, 
which are associated with a perceived risk of predation. 
Animals were placed in the central area of the maze fac-
ing an open arm and allowed to explore the apparatus for 
5 min. Behavior was recorded using a camera positioned 
1.5 m above the maze, and videos were analyzed using 
ANY-MAZE software Stoelting Co. (version 4.5), which 
tracks the animal’s position and calculates the percent-
age of entries into the open arms, the percentage of time 
spent in the open arms, and the number of entries into the 
closed arms. An arm entry was considered when all four 
paws of the animal were inside the arm. The maze was 
cleaned with 10% ethanol between animals to eliminate 
olfactory cues.

Open field test (OFT)

Animals were placed individually in the center of a cir-
cular arena (30 cm in diameter and 40 cm in height). The 
animals’ behavior was recorded for 5 min using a video 
camera positioned 1.5  m above the arena. During this 
period, the number of crossings that the animal made 
between the quadrants were quantified, with each crossing 
only being counted when the animal crossed with all four 
paws from one quadrant to the other. Animals with anx-
ious-like behavior tend to remain longer on the periphery 
of the arena, since they are more exposed in the center, 
the center zone was determined as a 10 cm × 10 cm circle 
located in the center of the arena. The number of crossings 
performed by each animal during this period was used as 
an index of its locomotor and exploratory activity, and 
the latency in seconds within the central and peripheral 
areas of the arena was recorded for behavioral analysis. 
In summary, the x and y coordinates of the animal were 
extracted from each video frame using the open-source 
software Bonsai (Lopes et al. 2015). These coordinates 
were then used to generate a tracking map representing 
the animal’s displacement throughout the arena. The posi-
tional data were subsequently imported into MATLAB 
(2024b), where custom-developed routines were applied 
for further trajectory analysis.
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BDNF quantification

BDNF levels were quantified in the hypothalamus, 
prefrontal cortex, and hippocampus regions using a 
comercial ELISA kit (MyBioSource - MBS2700738), 
following the manufacturer’s instructions. Animals 
were euthanized, and the brain regions from both hemi-
spheres were quicky dissected and homogenized using 
an Ultra-Turrax (T10 basic – IKA) in an extraction buf-
fer (100 mg tissue/mL) containing 0.4 M NaCl, 0.05% 
Tween 20, 0.5% BSA, 0.1 mM phenyl methyl sulphonyl 
fluoride, 0.1 mM benzethonium chloride, 10 mM EDTA, 
and 20 KIU aprotinin. Homogenates were centrifuged 
at 13,000 x g for 10 min at 4  °C, and the supernatants 
were collected for analysis. BDNF concentrations were 
determined in duplicates and results were expressed as 
picograms per 100 mg of tissue.

Statistical analysis

The results are expressed as mean and standard error of the 
mean (SEM). The normality of the results was calculated 
using the Shapiro-Wilk test. Data were analyzed using the 
Student’s t-test for parametric samples and the Wilcoxon 
test for non-parametric samples according to the normal-
ity test. Comparisons between groups were performed 
using two-way analysis of variance (ANOVA), followed by 
Tukey`s multiple comparisons test. Tukey’s test was used 
for multiple comparisons because it provides appropriate 
control of the family-wise Type I error rate while allowing 
pairwise comparisons among all experimental groups fol-
lowing a significant ANOVA.

The magnitude of effects in ANOVA was estimated with 
partial eta squared (ηp²), while Cohen’s d was used to assess 
the effect size of pairwise comparisons. Statistical analy-
ses were conducted using GraphPad Prism software (ver-
sion 9.0.0), and p-values ≤ 0.05 were considered statistically 
significant.

Results

Validation of CUS model

As observed in Fig. 2A, mice from the CUS group exhib-
ited significantly higher corticosterone concentrations 
(269.6 ± 11.71 ng/mL; n = 12; p < 0.0001; Cohen’s d = 2.11; 
Fig.  2A) as compared to controls (130.8 ± 5.14 ng/mL; 
n = 12; Fig. 2A). Similarly, blood glucose levels were sig-
nificantly higher (143.3 ± 3.51  mg/dL; n = 8; p < 0.0001; 
Cohen’s d = 2,06; Fig. 2B) than controls (94.5 ± 2.39 mg/dL; 
n = 10; Fig. 2B).

Behavioral responses in the FST also demonstrated 
significant stress effects. Latency to first immobil-
ity was reduced in CUS mice (33.67 ± 1.92  s; n = 12; 
p < 0.0001; Cohen’s d = 3.07; Fig.  2C), in comparison 
to Controls (54 ± 2.07  s; n = 10; Fig.  2C). In addition, 
immobility time in the FST was increased in CUS mice 
(160.7 ± 3.01  s; n = 12; p < 0.0001; Cohen’s d = 4.74; 
Fig. 2D) in comparison to controls (111.8 ± 3.20 s; n = 10; 
Fig.  2D). CUS mice also displayed increased immobil-
ity in the TST (175.8 ± 4.07 s; n = 12; p = 0.0002; Cohen’s 
d = 1.95; Fig.  2E) in comparison to controls (Control: 
145.2 ± 5.50  s; n = 10; Fig.  2E). In the EPM, anxiety-
like behavior was affected by stress, with CUS mice 
spending less time in the open arms (15.07 ± 1.33  s vs. 
27.64 ± 2.55  s in Controls; n = 8–10; p = 0.0003 Cohen’s 
d = 2.19; Fig. 2F). Additionally entering in the open arms 
less were less frequent (19.38 ± 1.06 vs. 31.9 ± 2.35 in 
controls; n = 8–10; p = 0.0003; Cohen’s d = 2.15; Fig. 2G). 
Entries into the enclosed arms were not significantly dif-
ferent in CUS mice (15.6 ± 1.24 vs. 14.88 ± 1.44 in con-
trols; n = 8–10; p = 0.70; Cohen’s d = 0.18; Fig. 2H).

In the OFT, total distance traveled was not affected by 
CUS (1429 ± 110.3 cm vs. 1241 ± 156 cm in controls; n = 10; 
p = 0.3391; Cohen’s d = 0.43; n = 10; Fig. 2I), whereas time 
spent in the central zone showed a trend towards decrease 
(28.47 ± 4.12  s vs. 67.66 ± 17.64  s in controls; n = 9–10; 
p = 0.0553; Cohen’s d = 0.94; Fig. 2J).

BDNF levels were significantly reduced in the prefron-
tal cortex (96 ± 6.38 pg/100 mg vs. 154 ± 10.59 pg/100 mg 
in controls; n = 10; p = 0.0002; Cohen’s d = 2.09; Fig. 2K), 
hippocampus (180.2 ± 11.41 pg/100 mg vs. 270.7 ± 15.97 
pg/100 mg in controls; n = 10; p = 0.0002; Cohen’s d = 2.06; 
Fig.  2L), and hypothalamus (110.2 ± 4.60 pg/100 mg vs. 
175.4 ± 10.48 pg/100  mg in controls; n = 10; p = 0.0001; 
Cohen’s d = 2.54; Fig. 2M).

Effect of Mas agonist, AVE0991, treatment in mice 
subjected to CUS

Plasma corticosterone and blood glucose levels are shown in 
Fig. 3A–B. Exposure to CUS markedly increased corticos-
terone concentrations in saline-treated mice (300.0 ± 10.25 
ng/mL vs. 123.4 ± 5.76 ng/mL in controls; p < 0.0001; n = 8; 
Cohen’s d = 7.50; Fig. 3A). Two-way ANOVA revealed sig-
nificant main effects of stress (F(1,28) = 294.3, p < 0.0001, 
ηp²= 0.91) and AVE treatment (F(1,28) = 30.53, p < 0.0001, 
ηp²= 0.52), as well as a significant interaction between 
stress and treatment (F(1,28) = 38.27, p < 0.0001, ηp²= 0.58). 
AVE0991 treatment did not alter corticosterone levels in 
non-stressed animals (128.4 ± 4.53 ng/mL; n = 8; p = 0.9656; 
Cohen’s d = 0.21). However, in stressed mice, AVE0991 
significantly reduced corticosterone concentrations 



1 3

Psychopharmacology

(211.4 ± 8.38 ng/mL; n = 8; Cohen’s d = 3.76) compared with 
stressed saline-treated animals (300.0 ± 10.25 ng/mL; n = 8), 
although levels remained elevated relative to non-stressed 
controls (Fig. 3A).

A similar pattern was observed for blood glucose lev-
els. CUS significantly increased glycemia in saline-treated 
mice (152.5 ± 3.25  mg/dL vs. 101.8 ± 3.37  mg/dL in con-
trols; n = 8; p < 0.0001; Cohen’s d = 5.42; Fig. 3B). Two-way 
ANOVA revealed significant effects of stress (F(1,30) = 29.29, 
p < 0.0001, ηp²= 0.49) and AVE treatment (F(1,30) = 10.94, 

p = 0.0025, ηp²= 0.27), as well as a significant interaction 
between the two factors (F(1,30) = 16.66, p = 0.0003, ηp²= 
0.36). AVE0991 treatment did not significantly affect glu-
cose levels in non-stressed animals (105.9 ± 6.08  mg/dL; 
n = 9; p = 0.9465; Cohen’s d = 0.14; Fig.  3B). In contrast, 
AVE0991 administration in stressed mice significantly atten-
uated stress-induced hyperglycemia (113.0 ± 6.84 mg/dL vs. 
152.5 ± 3.24  mg/dL in CUS saline mice; n = 9; p < 0.0001; 
Cohen’s d = 4.22; Fig. 3B), with glucose levels approaching 
those observed in non-stressed controls.

Fig. 2  Quantification of plasma 
corticosterone levels (A), blood 
glucose levels (B), latency to first 
immobility in the forced swim 
test (FST) (C), total immobility 
time in the FST (D), immobil-
ity time in the tail suspension 
test (TST) (E), time spent in the 
open arms of the elevated plus 
maze (EPM) (F), number of 
open arm entries in the EPM (G), 
number of closed arm entries in 
the EPM (H), total distance trav-
eled in the open field test (OFT) 
(I), time spent in the center of 
the OFT arena (J), and BDNF 
protein levels in the prefrontal 
cortex (K), hippocampus (L), 
and hypothalamus (M) in mice 
exposed to chronic unpredict-
able stress (CUS) or control 
conditions. Data are expressed as 
mean ± SEM (n = 6–12 per group 
depending on the assay). Statisti-
cal comparisons between groups 
were performed using unpaired 
Student’s t-tests. ***p < 0.001, 
****p < 0.0001
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Effect of AVE0991 on depressive-like behavior

As shown in Fig.  4, the latency to the first immobility in 
the forced swim test, two-way ANOVA revealed a signifi-
cant interaction between stress and treatment (F(1,36) = 4.90, 
p = 0.0332, ηp²= 0.12). CUS reduced latency in untreated 
mice (33.8 ± 1.65  s vs. 57.9 ± 7.91  s in controls saline; 
n = 10; p = 0.0297; Cohen’s d = 1.33). AVE0991 treatment 
did not significantly affect latency in non-stressed animals 
(60.0 ± 4.91  s vs. 57.9 ± 7.91  s in controls saline; n = 10; 
p = 0.9941; Cohen’s d = 0.11; Fig. 4A). In contrast, AVE0991 
administration in stressed mice significantly increased 
latency (61.8 ± 6.88  s vs. 33.8 ± 1.65  s in CUS saline; 
n = 10; p = 0.0089; Cohen’s d = 1.54; Fig. 4A), restoring val-
ues to levels comparable to control animals. A significant 
main effect of treatment was also observed (F(1,36) = 6.63, 
p = 0.0143, ηp²= 0.16), whereas the main effect of stress 
alone did not reach statistical significance (F(1,36) = 3.63, 
p = 0.0645, ηp²= 0.09). Similarly, analysis of total immobil-
ity time in the forced swim test revealed a significant interac-
tion between stress and treatment (F(1,36) = 9.81, p = 0.0034, 
ηp² = 0.21). CUS markedly increased immobility duration 
in untreated mice (164.9 ± 5.17 s vs. 104.9 ± 9.23 s in con-
trols saline; n = 10; p < 0.0001; Cohen’s d = 2.42; Fig. 4B). 
AVE0991 treatment did not alter immobility in non-stressed 
animals (103.1 ± 6.12 s vs. 104.9 ± 9.23 s in controls saline; 
n = 10; p = 0.9981; Cohen’s d = 0.07; Fig. 4B). However, in 
stressed mice, AVE0991 significantly reduced immobil-
ity (115.5 ± 8.99 s vs. 164.9 ± 5.17 s in CUS saline; n = 10; 
p = 0.0003; Cohen’s d = 1.99; Fig.  4B), bringing values 
closer to those observed in control animals. Significant main 
effects of stress (F(1,36) = 22.79, p < 0.0001, ηp²= 0.39) and 
treatment (F(1,36) = 11.40, p = 0.0018, ηp²= 0.24) were also 
observed.

Effect of AVE0991 on anxiety-like behavior

In the EPM, CUS significantly reduced both the percentage 
of time spent in the open arms and the number of entries into 
the open arms (Fig. 5A-C). Two-way ANOVA revealed sig-
nificant main effects of stress (F(1,22) = 21.88, p = 0.0001, ηp²= 
0.50) and treatment (F(1,22) = 8.556, p = 0.0078, ηp²= 0.28) 
for time spent in the open arms, with no significant interac-
tion (F(1,22) = 4.248, p = 0.0513, ηp²= 0.16). Stressed untreated 
animals spent less time in the open arms (12.92 ± 1.36 s vs. 
26.77 ± 1.99 s in controls saline; n = 6–8; p = 0.0007; Cohen’s 
d = 3.32; Fig.  5A) and displayed fewer entries (17.68 ± 1.49 
vs. 31.29 ± 1.87 in controls saline; n = 6–8; =0.0003; Cohen’s 
d = 3.28; Fig. 5B), indicating anxiety-like behavior. AVE0991 
treatment prevented these stress-induced reductions, restoring 

Fig. 3  Quantification of plasma corticosterone levels (A) and blood 
glucose levels (B) in mice under control conditions (Control), exposed 
to chronic unpredictable stress (CUS), or treated with AVE0991 (3 mg/
kg, i.p.) under control conditions (AVE-control) or during CUS expo-
sure (AVE-CUS). Data are expressed as mean ± SEM (n = 8 per group 
for corticosterone; n = 8–9 per group for glucose). Statistical analyses 
were performed using two-way ANOVA followed by Tukey’s post hoc 
test. ****p < 0.0001
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Fig. 4  Assessment of depressive-like behavior 
in the forced swim test (FST) in mice under 
control conditions (Control), exposed to chronic 
unpredictable stress (CUS), or treated with 
AVE0991 (3 mg/kg, i.p.) under control condi-
tions (AVE-control) or during CUS exposure 
(AVE-CUS). (A) Latency to first immobil-
ity and (B) total immobility time. Data are 
expressed as mean ± SEM (n = 8–10 per group). 
Statistical analyses were performed using 
two-way ANOVA followed by Tukey’s post 
hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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open arm exploration in stressed mice both in time spent 
(23.17 ± 2.44  s; n = 8; p = 0.0072; Cohen’s d = 1.79; Fig.  5A) 
and number of entries (31.17 ± 1.92  s; n = 8; p = 0.0002; 
Cohen’s d = 2.83; Fig.  5B) to levels comparable to controls 
saline (Fig.  5). Non-stressed AVE-treated mice did not dif-
fer from controls (% time in open arms: 28.55 ± 1.70  s and 
number of entries: 31.05 ± 2.01; Fig. 5A and B). Analysis of 
entries into closed arms (Fig. 5C) revealed no significant dif-
ferences between groups (p > 0.45), indicating that locomotor 
activity in the EPM was not affected by stress or treatment. 
Locomotor activity was further evaluated in the open field test. 
Total distance traveled (Fig. 5D) did not differ between groups 
(F(1,22) = 0.0594, p = 0.8096), indicating that general locomo-
tion remained intact. However, chronic stress significantly 
reduced the time spent in the center of the arena (F(1,22) = 9.951, 
p = 0.0046; ηp²= 0.31; Fig. 5E). Saline-treated stressed mice 
spent less time in the center (20.18 ± 3.33  s, n = 6; Fig.  5E) 
compared to saline controls (46.77 ± 7.65 s; n = 6; Fig. 5E), also 
indicating increased anxiety-like behavior. AVE0991 treat-
ment partially restored central exploration in stressed mice 
(44.32 ± 4.77 s; n = 8; p = 0.0128; Cohen’s d = 2.08; Fig. 5E), 
while non-stressed AVE-treated mice showed values similar 
to controls (50.53 ± 3.85 s; n = 6; Fig. 5E).

Effect of AVE0991 in BDNF levels

In the prefrontal cortex, BDNF levels were significantly 
affected by CUS. Two-way ANOVA revealed a significant 
main effect of stress (F(1,20) = 37.91, p < 0.0001, ηp²= 0.65). 
The effect of AVE0991 treatment did not alter low BNDF 
levels in CUS mice (F(1,20) = 4.32, p = 0.0508, ηp²= 0.18). 
In addition, there was no significant interaction between 
stress and treatment (F(1,20) = 3.39, p = 0.0804, ηp²= 0.15). 
Stressed animals displayed markedly reduced BDNF lev-
els (90.15 ± 5.56 pg/100  mg; n = 6; Fig.  6A) compared 
with control mice (152 ± 10.45 pg/100 mg; n = 6; Fig. 6A). 
The treatment with AVE0991 in stressed animals partially 
restored BDNF expression (120.5 ± 6.16 pg/100 mg; n = 6). 
Non-stressed animals treated with AVE0991 showed val-
ues comparable to saline controls (153.8 ± 7.81 pg/100 mg; 
n = 6; Fig. 6A). In hippocampus two-way ANOVA revealed 
a significant main effect of stress (F(1,20) = 26.45, p < 0.0001, 
ηp²= 0.57) and treatment (F(1,20) = 6.61, p = 0.0182, ηp²= 
0.25), as well as a significant interaction between stress 
and treatment (F(1,20) = 8.82, p = 0.0076, ηp²= 0.31). Expo-
sure to chronic stress significantly reduced hippocampal 
BDNF levels (201.6 ± 7.58 pg/100 mg; n = 6; Fig. 6B) com-
pared with control animals (310.2 ± 13.43 pg/100 mg; n = 6). 
Treatment with AVE0991 reversed reduction of BDNF 
levels in stressed animals (275.8 ± 15.41 pg/100 mg; n = 6; 
p = 0.0043; Cohen’s d = 2.49). In non-stressed animals, 
AVE0991 treatment did not significantly alter BDNF levels 

(304.8 ± 15.53 pg/100  mg; n = 6) compared with saline-
treated controls (310.2 ± 13.43 pg/100 mg; Fig. 6B). In the 
hypothalamus, two-way ANOVA revealed significant main 
effects of stress (F(1,20) = 15.02, p = 0.0009, ηp²= 0.43) and 
treatment (F(1,20) = 7.15, p = 0.0146, ηp²= 0.26), whereas the 
interaction between stress and treatment was not statistically 
significant (F(1,20) = 3.01, p = 0.0981, ηp²= 0.13). Chronic 
stress significantly decreased BDNF levels (111.2 ± 4.15 
pg/100 mg; n = 6; Fig. 6C) compared with control animals 
(173.3 ± 16.03 pg/100 mg; n = 6). This effect was reversed 
by AVE0991 treatment in stressed animals (160 ± 7.25 
pg/100 mg; vs. 183.8 ± 12.83 pg/100 mg in controls saline; 
n = 6; p = 0.0256; Cohen’s d = 3.37). Non-stressed AVE0991-
treated mice showed values similar to those observed in the 
control group (Fig. 6C).

Discussion

In this study, we initially validated a 21-day CUS protocol, 
which proved effective in inducing an increase in plasma 
levels of corticosterone and glucose, accompanied by anxi-
ety-and depressive-like behaviors assessed by the elevated 
plus-maze, open field, forced swim and tail suspension tests. 
Additionally, there was a significant reduction in BDNF 
levels in stressed animals, confirming the effectiveness of 
the protocol. In a second set of experiments, we evaluated 
the effects of the AVE0991, a non-peptide analogue of Mas 
receptor in mice subjected to the CUS model. Treatment 
with AVE0991 was able to attenuate the increase in corti-
costerone and glucose, consistent with preventing anxiety 
and depression behaviors. AVE0991 treatment also inhibits 
the reduction in BDNF in some brain regions involved in 
emotional control, demonstrating protective effects against 
the impacts of the CUS model.

Initially, we observed that our chronic stress protocol was 
effective, as it significantly elevated plasma corticosterone 
and glucose levels, widely recognized markers of HPA axis 
activation and the physiological response to chronic stress 
(Burchfield et al. 1980; Spiga et al. 2014; Adebeshin et al. 
2017; Palumbo et al. 2020; Lee et al. 2021; López López et 
al. 2021). The increase in corticosterone is considered one 
of the main indicators of the validity of stress models in 
rodents, reflecting neuroendocrine hyperactivation similar 
to that observed in individuals exposed to persistent stress 
(Spiga et al. 2014; Palumbo et al. 2020). Concurrently, the 
observed hyperglycemia can be explained by excessive glu-
cocorticoids, which stimulate gluconeogenesis and mobilize 
energy substrates, characterizing the metabolic adaptation 
to the stressor (Burchfield et al. 1980; Lee et al. 2021). 
Therefore, our findings are consistent with previous studies 
using CUS models (Adebeshin et al. 2017; López López et 



1 3

Psychopharmacology

 



1 3

Psychopharmacology

al. 2021) and demonstrate that our protocol induces robust 
neuroendocrine and metabolic alterations, validating its use 
as an experimental model of chronic stress. The inclusion 
of an experimental group treated with AVE0991 resulted in 
attenuation of corticosterone and glucose levels, indicating 
a potential modulatory effect on the HPA axis and contribut-
ing to the maintenance of metabolic homeostasis.

To our knowledge, this is the first study to evaluate the 
effects of a Mas receptor agonist AVE0991 in a CUS proto-
col. However, since this compound is a non-peptidic analog 
of Ang-(1–7), it is possible to draw parallels for discussing 
our findings. Although there are no specific reports on Ang-
(1–7) administration in the CUS model, several studies have 
demonstrated its beneficial effects on behavior in different 
experimental conditions and pathologies, supporting the 
biological and translational relevance of our results. Ang-
(1–7) appears to act on the HPA axis primarily through mod-
ulation of hypothalamic nuclei such as the PVN, where the 
peptide and Mas receptors are abundantly expressed, a criti-
cal structure for CRH secretion and subsequent HPA axis 
activation (Block et al. 1988; Becker et al. 2007). More-
over, studies show that central administration of Ang-(1–7) 
reduces corticosterone and norepinephrine in stress models, 
suggesting a direct role in attenuating the endocrine stress 
response (Zhu et al. 2014). Additionally, the loss of Ang-
(1–7)/Mas signaling under stress conditions, with reduced 
ACE2 and Mas receptor expression in the pituitary and 
adrenal glands, reinforces the hypothesis that this pathway 
functions as a physiological counter-regulator of the HPA 
axis (Nostramo et al. 2015).

Behaviorally, the CUS protocol consistently induced 
typical anxious-depressive phenotypic changes. Increased 
immobility time and reduced latency in the FST and TST 
confirm behavioral despair, while decreased center time 
in the OFT and time spent in open arms of the EPM indi-
cate heightened anxiety. Importantly, these alterations do 
not stem from motor deficits but reflect genuine emotional 
changes. These findings support the predictive and construct 
validity of the model, in agreement with literature recog-
nizing CUS as one of the most reliable preclinical mod-
els for studying mood disorders (de Kloet 2004; Palumbo 
et al. 2020; Luong et al. 2021; Liang et al. 2022). In con-
trast, AVE0991 treatment effectively reduced anxious- and 

depressive-like behaviors in stressed animals, evidenced 
by decreased immobility time and increased latency in the 
FST, as well as partial recovery of anxiety parameters in the 
EPM and OFT, including increased entries and time spent 
in the open arms and center of the arena. These results align 
with previous evidence that activation of the Ang-(1–7)/
Mas pathway is associated with anxiolytic and antidepres-
sant effects in different experimental contexts. For example, 
studies have shown that intracerebroventricular administra-
tion of Ang-(1–7) increases both time spent and entries into 
the open arms of the EPM, indicating anxiolytic effects, 
and improves acquisition and recall of passive avoidance 
responses, suggesting antidepressant effects (Bild and Cio-
bica 2013; Kangussu et al. 2013). Additionally, Ang-(1–7) 
acts on critical limbic regions, such as the amygdala and 
hippocampus, likely via Mas receptors, promoting neuro-
plasticity, enhances LTP and regulating HPA axis responses 
(Albrecht 2007; Zhu et al. 2014; Hellner et al. 2005), sup-
porting the notion that AVE0991 behavioral effects reflect 
central modulation of stress and neuronal plasticity.

At the molecular level, CUS significantly reduced BDNF 
levels in the prefrontal cortex, hippocampus, and hypothala-
mus, essential regions for mood regulation and emotional 
processing (Tapia-Arancibia et al. 2004; Ping et al. 2014; 
Badowska-Szalewska et al. 2016; Luong et al. 2021). On 
the other hand, AVE0991 treatment restored these levels in 
the hippocampus and hypothalamus, it did not reverse the 
CUS-induced reduction observed in the PFC, suggesting a 
possible association between the observed behavioral effects 
and the maintenance of neuroplasticity-related and neuro-
trophic signaling markers. The lack of effect in the PFC 
may be related to the dose of AVE0991 and/or the treatment 
duration. These findings are consistent with previous stud-
ies showing that activation of the counter-regulatory RAS 
axis may influence neuroprotective, anti-inflammatory, and 
autophagic processes (Santos et al. 2018; Vian et al. 2017; 
Jiang et al. 2018). Interestingly, it was recently demon-
strated that activation of hippocampal ACE2 prevents the 
dysbiosis-induced depression-like behavior through modu-
lation of BDNF and Mas receptor activation (Takahashi et 
al. 2025). Likewise, Odaira-Satoh et al. (2025) have shown 
that the ACE inhibitor, captopril, attenuates depressive-like 
behavior by enhancing hippocampal neurogenesis through 
the activation of the ACE2/Ang-(1–7)/Mas receptor/AMPK/
BDNF pathway (Odaira-Satoh et al. 2025).

Importantly, BDNF measurements in brain substrates 
were performed using a commercially available ELISA kit 
that detects total BDNF immunoreactivity without discrimi-
nating between its precursor form (proBDNF) and mature 
BDNF (mBDNF). This methodological limitation should be 
carefully considered when interpreting the present findings. 
Current evidence indicates that proBDNF and mBDNF 

Fig. 5  Assessment of anxiety-like behavior in mice under control con-
ditions (Control), exposed to chronic unpredictable stress (CUS), or 
treated with AVE0991 (3 mg/kg, i.p.) under control conditions (AVE-
control) or during CUS exposure (AVE-CUS). (A) Time spent in the 
open arms, (B) number of open arm entries, and (C) number of closed 
arm entries in the elevated plus maze (EPM); (D) total distance trav-
eled and (E) time spent in the center of the arena in the open field test 
(OFT). Data are expressed as mean ± SEM (n = 8 per group). Statistical 
analyses were performed using two-way ANOVA followed by Tukey’s 
post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001
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exert functionally distinct biological effects within the cen-
tral nervous system (Qiao et al. 2017). While mBDNF is 
generally associated with synaptic strengthening, neuronal 
survival, and activity-dependent plasticity through TrkB 
signaling (Wang et al. 2022), proBDNF has been linked 
to synaptic weakening, dendritic retraction, and p75NTR-
dependent signaling pathways (Yang et al. 2014).

In chronic stress paradigms, studies have reported an 
imbalance between these neurotrophin isoforms, character-
ized by increased proBDNF expression accompanied by 
reductions in mature BDNF signaling in cortical and hip-
pocampal regions (Xue et al. 2022; Qiao et al. 2017).

Despite the methodological constraints associated with 
the ELISA assay employed in the present study, animals 
exposed to CUS exhibited substantially reduced total BDNF 
levels in brain substrates, followed by restoration toward 
basal values after treatment. Notably, these neurochemical 
changes occurred in parallel with significant improvements 
in behavioral performance. However, because the assay 
does not distinguish between proBDNF and mBDNF iso-
forms, the present data do not allow conclusions regarding 
the specific contribution of each signaling pathway to the 
observed behavioral outcomes.

Although it has not yet been studied in the context of 
chronic stress, AVE0991 exhibits a broad therapeutic pro-
file already documented in the literature. Its effects include 
cardiovascular protection, with reductions in fibrosis, 
inflammation, and hypertrophy, as well as improved cardiac 
function and baroreflex sensitivity (Ferreira et al. 2007); 
pulmonary protection, via attenuation of airway remodeling, 
right ventricular hypertrophy, and inflammation in asthma 
models (Rodrigues-Machado et al. 2013); and renal effects, 
including decreased diuresis and increased urinary osmolar-
ity (Cohen-Segev et al. 2023). Additional evidence points to 

its role in neuroinflammation (Jiang et al. 2018) and neuro-
protection, as AVE0991 treatment reduced Aβ deposition, 
preserved neuronal survival, improved cognitive function, 
and attenuated astrocyte-mediated inflammation via autoph-
agy activation in APP/PS1 Alzheimer’s mice (Jiang et al. 
2018; Duan et al. 2021). In this context, AVE0991 signifi-
cantly alleviated hippocampal synaptic degeneration in rats 
with chronic cerebral hypoperfusion (CCH). This protec-
tion might be achieved by facilitating cerebral blood flow 
recovery, reducing hippocampal Aβ levels, and suppressing 
neuroinflammatory responses (Xue et al. 2021).

Our study presents important limitations. The exclu-
sive use of male mice limits the generalizability of the 
results, to avoid the interference of estrogen, only male 
animals were used in this study. Moreover, the absence of 
experimental groups treated with selective Mas antago-
nist (e.g., A779) limits a direct pharmacological assess-
ment of Mas function. Finally, it is important to mention 
that recent discussions (Molendijk and de Kloet 2015; de 
Kloet & Molendijk, 2016; Gururajan et al. 2019) have 
questioned the usefulness of experimental models for the 
study of depression, especially FST (it reflects a stress-
coping strategy rather - a adaptative mechanism), mainly 
due to the multifactorial nature and heterogeneity of 
this disorder. We cannot lose sight, however, of the fact 
that animal models are not, and never were, designed to 
represent the human condition in its entirety. Thus, the 
rodent behavioral tests, such as FST is employed as initial 
screening before undertaking more complex preclinical 
test. Moreover, these tests have good predictive validity 
and allow rapid and economical detection of substances 
with potential antidepressant-like activity.

The current study provides the first evidence for the neu-
roprotective effect of AVE0991 against neuropsychiatric 

Fig. 6  Quantification of BDNF protein levels in the prefrontal cortex 
(A), hippocampus (B), and hypothalamus (C) in mice under con-
trol conditions (Control), exposed to chronic unpredictable stress 
(CUS), or treated with AVE0991 (3 mg/kg, i.p.) under control condi-

tions (AVE-control) or during CUS exposure (AVE-CUS). Data are 
expressed as mean ± SEM (n = 6 per group). Statistical analyses were 
performed using two-way ANOVA followed by Tukey’s post hoc test. 
*p < 0.05, **p < 0.01, ****p < 0.0001
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disorders associated with chronic stress. These results 
expand the previously described scope of action for this 
compound, whose greater stability and bioavailability 
relative to the endogenous Ang-(1–7) make it a promising 
alternative. Our findings suggest that AVE0991 exerts a pro-
tective effect against the impacts of chronic stress, modulat-
ing behavioral, neuroendocrine, and molecular responses, 
reinforcing its potential as an anxiolytic, antidepressant, and 
neuroprotective effector.

Author contributions  **MLAF** - performed experiments, analyzed 
data, prepared figures, interpreted results of experiments, drafted 
manuscript; **LBOA** - performed experiments, analyzed data, pre-
pared figures, interpreted results of experiments, drafted manuscript; 
**SCAG** - performed experiments, analyzed data, prepared figures, 
interpreted results of experiments, drafted manuscript; **LAC** - 
performed experiments, analyzed data; **LBFO** - performed ex-
periments, analyzed data; **FAGM** - analyzed data; interpreted 
results of experiments, edited and revised manuscript; **MAPF** 
- interpreted results of experiments, edited and revised manuscript; 
**MB** - interpreted results of experiments, edited and revised man-
uscript; **RASS** - interpreted results of experiments, edited and 
revised manuscript; **MJCS** - interpreted results of experiments, 
analyzed data, prepared figures, drafted edited and revised manuscript; 
**LMK** - conception and design of research, analyzed data, supervi-
sion, funding acquisition, interpreted results of experiments, prepared 
figures, drafted edited and revised manuscript. All authors contributed 
to and approved the final version of manuscript.

Funding  The Article Processing Charge (APC) for the publication 
of this research was funded by the Coordenação de Aperfeiçoamen-
to de Pessoal de Nível Superior - Brasil (CAPES) (ROR identifier: 
00x0ma614). This work was supported by grants from Fundação de 
Amparo à Pesquisa do Estado de Minas Gerais (FAPEMIG – Grant 
number: APQ-00851-22), Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPq – Grant number: 406792/2022-
4) and Coordenação de Aperfeiçoamento de Pessoal de Nível 
Superior (CAPES; PROBRAL-CAPES-DAAD – Grant number: 
88881.198677/2018-01).

Data availability  Available with restricted access.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​

References

Adebeshin A, Chen C, Wesselingh S et al (2017) Chronic stress modu-
lates HPA axis and glucose metabolism in rodents. Physiol Behav 
177:132–141. https:/​/doi.or​g/10.10​16/j.​physbeh.2017.05.007

Albrecht D (2007) Angiotensin-(1-7)-induced plasticity changes in the 
lateral amygdala are mediated by COX-2 and NO. Learn Mem 
14(3):177–184. https:/​/doi.or​g/10.11​01/lm​.425907

Antoniuk S et al (2019) Chronic unpredictable mild stress for mod-
eling depression in rodents: meta-analysis of model reliability. 
Neurosci Biobehav Rev 99:101–116. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​n​
e​u​b​i​o​r​e​v​.​2​0​1​8​.​1​2​.​0​0​2​​​​​​​

Badowska-Szalewska E, Ludkiewicz B, Krawczyk R et al (2016) 
Exposure to mild stress and brain derived neurotrophin factor 
(BDNF) immunoreactivity in the hypothalamic paraventricular 
(PVN) and supraoptic (SON) nuclei: comparison between aged 
and adult rats. J Chem Neuroanat 78:57–64. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
1​6​/​j​.​j​c​h​e​m​n​e​u​.​2​0​1​6​.​0​8​.​0​0​7​​​​​​​

Becari L, Fonseca MLA, Gonçalves SCA, Bader M, Santos RAS, 
Campagnole-Santos MJ, Kangussu LM (2023) Impact of genetic 
deletion of MrgD or Mas receptors in depressive-like behaviour 
in mice. Acta Neuropsychiatr 35(1):27–34. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
1​7​/​n​e​u​.​2​0​2​2​.​2​0​​​​​​​

Becker LK, Etelvino GM, Walther T, Santos RA, Campagnole-Santos 
MJ (2007) Immunofluorescence localization of the receptor Mas 
in cardiovascular-related areas of the rat brain. Am J Physiol 
Heart Circ Physiol 293:H1416–H1424. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​5​2​/​a​
j​p​h​e​a​r​t​.​0​0​1​4​1​.​2​0​0​7​​​​​​​

Bild W, Ciobica A (2013) Angiotensin-(1–7) central administra-
tion induces anxiolytic-like effects in elevated plus maze and 
decreased oxidative stress in the amygdala. J Affect Disord 
145(2):165–171. https:/​/doi.or​g/10.10​16/j.​jad.2012.07.024

Block CH, Santos RA, Brosnihan KB, Ferrario CM (1988) Immunocy-
tochemical localization of angiotensin-(1–7) in the rat forebrain. 
Peptides 9:1395–1401. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​0​1​9​6​-​9​7​8​1​(​8​8​)​9​0​
2​0​8​-​2​​​​​​​

Burchfield JG, Schreiber GB, Carr RG (1980) Pituitary-adrenal 
responses to intermittent stress in the rat. Physiol Behav 25(1):85–
90. https:/​/doi.or​g/10.10​16/00​31-9384(80)90090-6

Castrén E, Hen R (2013) Neuronal plasticity and antidepressant 
actions. Trends Neurosci 36:259–267. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​t​
i​n​s​.​2​0​1​2​.​1​2​.​0​1​0​​​​​​​

Cohen-Segev R, Nativ O, Kinaneh S et al (2023) Effects of angiotensin 
1–7 and Mas receptor agonist on renal system in a rat model of 
heart failure. Int J Mol Sci 24(14):11470. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​
/​i​j​m​s​2​4​1​4​1​1​4​7​0​​​​​​​

Correa BHM, Becari L, Fontes MAP, Simões-e-Silva AC, Kangussu 
LM (2022) Involvement of the renin-angiotensin system in stress: 
state of the art and research perspectives. Curr Neuropharmacol 
20(6):1212–1228. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​2​1​7​4​/​1​5​7​0​1​5​9​X​1​9​6​6​6​2​1​0​7​
1​9​1​4​2​3​0​0​​​​​​​

Da Silveira KD, Coelho FM, Vieira AT et al (2010) Anti-inflammatory 
effects of the activation of the angiotensin-(1–7) receptor, MAS, 
in experimental models of arthritis. J Immunol 185(9):5569–
5576. https:/​/doi.or​g/10.40​49/ji​mmunol.1000314

De Kloet ER (2000) Stress in the brain. Eur J Pharmacol 405(1–
3):187–198. https:/​/doi.or​g/10.10​16/S0​014-2999(00)00552-5

De Kloet ER (2004) Hormones, stress, and the brain: adaptation versus 
pathology. Trends Endocrinol Metab 15(7):329–335. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​1​0​1​6​/​j​.​t​e​m​.​2​0​0​4​.​0​9​.​0​0​1​​​​​​​

De Kloet ER, Joels M, Holsboer F (2005) Stress and the brain: from 
adaptation to disease. Nat Rev Neurosci 6(6):463–475. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​0​3​8​/​n​r​n​1​6​8​3​​​​​​​

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physbeh.2017.05.007
https://doi.org/10.1101/lm.425907
https://doi.org/10.1016/j.neubiorev.2018.12.002
https://doi.org/10.1016/j.neubiorev.2018.12.002
https://doi.org/10.1016/j.jchemneu.2016.08.007
https://doi.org/10.1016/j.jchemneu.2016.08.007
https://doi.org/10.1017/neu.2022.20
https://doi.org/10.1017/neu.2022.20
https://doi.org/10.1152/ajpheart.00141.2007
https://doi.org/10.1152/ajpheart.00141.2007
https://doi.org/10.1016/j.jad.2012.07.024
https://doi.org/10.1016/0196-9781(88)90208-2
https://doi.org/10.1016/0196-9781(88)90208-2
https://doi.org/10.1016/0031-9384(80)90090-6
https://doi.org/10.1016/j.tins.2012.12.010
https://doi.org/10.1016/j.tins.2012.12.010
https://doi.org/10.3390/ijms241411470
https://doi.org/10.3390/ijms241411470
https://doi.org/10.2174/1570159X19666210719142300
https://doi.org/10.2174/1570159X19666210719142300
https://doi.org/10.4049/jimmunol.1000314
https://doi.org/10.1016/S0014-2999(00)00552-5
https://doi.org/10.1016/j.tem.2004.09.001
https://doi.org/10.1016/j.tem.2004.09.001
https://doi.org/10.1038/nrn1683
https://doi.org/10.1038/nrn1683


1 3

Psychopharmacology

De Kloet ER, Molendijk ML (2016) Coping with the Forced swim 
stressor: towards understanding an adaptive mechanism. Neural 
Plast 2016:6503162. https:/​/doi.or​g/10.11​55/20​16/6503162

Deng Y, Wang SY, Wang QG et al (2023) AVE 0991 Suppresses Astro-
cyte-Mediated Neuroinflammation of Alzheimer’s Disease by 
Enhancing Autophagy. J Inflamm Res 16:391–406. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​2​1​4​7​/​J​I​R​.​S​3​9​2​5​9​9​​​​​​​

Deng Y, Ding W, Peng Q et al (2024) Advancement in beneficial 
effects of AVE 0991: a brief review. Mini Rev Med Chem 24. ​h​t​t​​
p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​2​1​7​4​/​1​3​8​9​5​5​7​5​2​3​6​6​6​2​3​0​3​2​8​1​3​4​9​3​2​​​​​​​

Duan J, Wang Y, Li L et al (2021) AVE0991, a nonpeptide Mas recep-
tor agonist, alleviates cognitive deficits in an Alzheimer’s disease 
mouse model. Front Pharmacol 12:657113. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​
8​9​/​f​p​h​a​r​.​2​0​2​1​.​6​5​7​1​1​3​​​​​​​

Duan J, Li Y, Liu Y et al (2024) Mas receptor activation by AVE0991 
protects dopaminergic neurons in Parkinson’s disease models. 
Neuropharmacology 236:109945. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​n​e​u​r​
o​p​h​a​r​m​.​2​0​2​4​.​1​0​9​9​4​5​​​​​​​

Duman RS, Monteggia LM (2006) A neurotrophic model for stress-
related mood disorders. Biol Psychiatry 59:1116–1127. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​b​i​o​p​s​y​c​h​.​2​0​0​6​.​0​2​.​0​1​3​​​​​​​

Ferreira AJ, Jacoby BA, Araújo CA et al (2007) The nonpeptide angio-
tensin-(1–7) receptor Mas agonist AVE-0991 attenuates heart 
failure induced by myocardial infarction. Am J Physiol Heart 
Circ Physiol 292(2):H1113–H1119. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​5​2​/​a​j​p​h​
e​a​r​t​.​0​0​8​2​8​.​2​0​0​6​​​​​​​

Fontes MAP et al (2016) Brain angiotensin-(1–7)/Mas axis: a new 
target to reduce the cardiovascular risk to emotional stress. Neu-
ropeptides 56:9–17. https:/​/doi.or​g/10.10​16/j.​npep.2015.10.003

Gururajan A, Reif A, Cryan JF, Slattery DA (2019) The future of rodent 
models in depression research. Nat Rev Neurosci 20(11):686–
701. https:/​/doi.or​g/10.10​38/s4​1583-019-0221-6

Handley SL, Mithani S (1984) Effects of alpha-adrenoceptor agonists 
and antagonists in a maze-exploration model of ‘fear’-motivated 
behaviour. Naunyn Schmiedebergs Arch Pharmacol 327(1):1–5. 
https:/​/doi.or​g/10.10​07/BF​00504983

Hellner K, Walther T, Schubert M, Albrecht D (2005) Angioten-
sin-(1–7) enhances LTP in the hippocampus through the G-pro-
tein-coupled receptor Mas. Mol Cell Neurosci 29(3):427–435. 
https:/​/doi.or​g/10.10​16/j.​mcn.2005.03.012

Jezova D, Ochedalski T, Kiss A, Aguilera G (1998) Brain angiotensin 
II modulates sympathoadrenal and hypothalamic pituitary adre-
nocortical activation during stress. J Neuroendocrinol 10(1):67–
72. https:/​/doi.or​g/10.10​46/j.​1365-2826.1998.00182.x

Jiang T, Xue LJ, Yang Y et al (2018) AVE0991, a nonpeptide analogue 
of Ang-(1–7), attenuates aging-related neuroinflammation. Aging 
10(4):645–657. https:/​/doi.or​g/10.18​632/a​ging.101419

Kangussu LM, Almeida-Santos AF, Bader M, Alenina N, Fontes MA, 
Santos RA, Aguiar DC, Campagnole-Santos MJ (2013) Angio-
tensin-(1–7) attenuates the anxiety and depression-like behaviors 
in transgenic rats with low brain angiotensinogen. Behav Brain 
Res 257:25–30. https:/​/doi.or​g/10.10​16/j.​bbr.2013.09.003

Lavoie JL, Sigmund CD (2003) Minireview: overview of the renin-
angiotensin system—an endocrine and paracrine system. Endocri-
nology 144(6):2179–2183. https:/​/doi.or​g/10.12​10/en​.2003-0150

Lee CC, Torpy DJ, Harris M (2021) Cortisol and disease: a review of 
the bidirectional associations between glucocorticoids and health. 
J Clin Endocrinol Metab 106(2):e512–e525. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​2​
1​0​/​c​l​i​n​e​m​/​d​g​a​a​8​3​1​​​​​​​

Liang F, Smith E, Johnson T et al (2022) Chronic glucocorticoid expo-
sure increases energy expenditure and shifts cellular metabo-
lism from glycolysis to oxidative phosphorylation. bioRxiv 
2022.02.22.481548 https:/​/doi.or​g/10.11​01/20​22.02.22.481548

López López A, Sánchez F, Hernández M et al (2021) Chronic 
unpredictable stress induces corticosterone elevation and alters 

glucocorticoid receptor-related protein expression in mice. Neu-
rosci Lett 742:135520. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​n​e​u​l​e​t​.​2​0​2​0​.​1​3​5​
5​2​0​​​​​​​

Lopes G, Bonacchi N, Frazão J et al (2015) Bonsai: an event-based 
framework for processing and controlling data streams. Front 
Neuroinform 9:7. https:/​/doi.or​g/10.33​89/fn​inf.2015.00007

Luong KV, Tran TN, Phan HQ et al (2021) Chronic stress alters 
HPA axis function and metabolic responses in mice. Life Sci 
277:119469. https:/​/doi.or​g/10.10​16/j.​lfs.2021.119469

Lupien SJ, McEwen BS, Gunnar MR, Heim C (2009) Effects of stress 
throughout the lifespan on the brain, behaviour and cognition. Nat 
Rev Neurosci 10(6):434–445. https:/​/doi.or​g/10.10​38/nr​n2639

McEwen BS, Stellar E (1993) Stress and the individual. Mechanisms 
leading to disease. Arch Intern Med 153(18):2093–2101. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​0​1​/​a​r​c​h​i​n​t​e​.​1​9​9​3​.​0​0​4​1​0​1​8​0​0​3​9​0​0​4​​​​​​​

Mineur YS, Belzung C, Crusio WE (2006) Effects of unpredictable 
chronic mild stress on anxiety and depression-like behavior in 
mice. Behav Brain Res 175:43–50. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​b​b​r​
.​2​0​0​6​.​0​7​.​0​2​9​​​​​​​

Mo J, Enkhjargal B, Travis ZD et al (2019) AVE0991 attenuates oxida-
tive stress injury and neuronal apoptosis after subarachnoid hem-
orrhage in rats through Mas/PKA/p-CREB/UCP-2 pathway. Free 
Radic Biol Med 145:161–173. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​f​r​e​e​r​a​d​b​
i​o​m​e​d​.​2​0​1​9​.​0​9​.​0​2​1​​​​​​​

Molendijk ML, de Kloet ER (2015) Immobility in the forced swim test is 
adaptive and does not reflect depression. Psychoneuroendocrinol-
ogy. https:/​/doi.or​g/10.10​16/j.​psyneuen.2015.08.028. 62:389 – 91

Moura Santos D, Ribeiro Marins F, Limborço-Filho M, de Oliveira 
ML, Hamamoto D, Xavier CH, Moreira FA, Santos RA, Cam-
pagnole-Santos MJ, Peliky Fontes MA (2017) Chronic overex-
pression of angiotensin-(1–7) in rats reduces cardiac reactivity 
to acute stress and dampens anxious behavior. Stress 20(2):189–
196. https:/​/doi.or​g/10.10​80/10​253890.2017.1296949

Nostramo R, Serova L, Laukova M, Tillinger A, Peddu C, Sabban EL 
(2015) Regulation of nonclassical renin–angiotensin system recep-
tor gene expression in the adrenal medulla by acute and repeated 
immobilization stress. Am J Physiol Regul Integr Comp Physiol 
308(6):R517–R529. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​5​2​/​a​j​p​r​e​g​u​.​0​0​1​3​0​.​2​0​1​4​​​​​​​

Odaira-Satoh T, Nakagawasai O, Takahashi K, Ono R, Wako M, 
Nemoto W, Tan-No K (2025) Captopril prevents depressive-like 
behavior in an animal model of depression by enhancing hippo-
campal neurogenesis via activation of the ACE2/Ang (1–7)/Mas 
receptor/AMPK/BDNF pathway. Prog Neuropsychopharmacol 
Biol Psychiatry 136:111198. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​p​n​p​b​p​.​2​0​
2​4​.​1​1​1​1​9​8​​​​​​​

Palumbo MC, Domingues S, Dong H (2020) Sex differences in hypo-
thalamic-pituitary adrenal axis regulation after chronic unpredict-
able stress. Brain Behav 10(4):e01586. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​2​/​b​
r​b​3​.​1​5​8​6​​​​​​​

Ping G, Wang J, Chen J et al (2014) Valsartan reverses depressive/
anxiety-like behavior and induces hippocampal neurogenesis and 
expression of BDNF protein in unpredictable chronic mild stress 
mice. Pharmacol Biochem Behav 124:5–12. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​
1​6​/​j​.​p​b​b​.​2​0​1​4​.​0​5​.​0​0​6​​​​​​​

Qiao H, Na SC, Xu C, Ma XM (2017) Role of proBDNF and BDNF in 
dendritic spine plasticity and depressive-like behaviors induced 
by an animal model of depression. Brain Res 1663:29–37. ​h​t​t​​p​s​:​/​​
/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​b​r​a​i​n​r​e​s​.​2​0​1​7​.​0​2​.​0​2​0​​​​​​​

Rodrigues-Machado MG et al (2013) AVE 0991, a non-peptide mimic 
of angiotensin-(1–7) effects, attenuates pulmonary remodelling 
in a model of chronic asthma. Br J Pharmacol 170(4):835–846. 
https:/​/doi.or​g/10.11​11/bp​h.12318

Saavedra JM, Benicky J (2007) Brain and peripheral angiotensin II 
play a major role in stress. Stress 10(2):185–193. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​
1​0​.​1​0​8​0​/​1​0​2​5​3​8​9​0​7​0​1​3​5​0​7​3​5​​​​​​​

https://doi.org/10.1155/2016/6503162
https://doi.org/10.2147/JIR.S392599
https://doi.org/10.2147/JIR.S392599
https://doi.org/10.2174/1389557523666230328134932
https://doi.org/10.2174/1389557523666230328134932
https://doi.org/10.3389/fphar.2021.657113
https://doi.org/10.3389/fphar.2021.657113
https://doi.org/10.1016/j.neuropharm.2024.109945
https://doi.org/10.1016/j.neuropharm.2024.109945
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1152/ajpheart.00828.2006
https://doi.org/10.1152/ajpheart.00828.2006
https://doi.org/10.1016/j.npep.2015.10.003
https://doi.org/10.1038/s41583-019-0221-6
https://doi.org/10.1007/BF00504983
https://doi.org/10.1016/j.mcn.2005.03.012
https://doi.org/10.1046/j.1365-2826.1998.00182.x
https://doi.org/10.18632/aging.101419
https://doi.org/10.1016/j.bbr.2013.09.003
https://doi.org/10.1210/en.2003-0150
https://doi.org/10.1210/clinem/dgaa831
https://doi.org/10.1210/clinem/dgaa831
https://doi.org/10.1101/2022.02.22.481548
https://doi.org/10.1016/j.neulet.2020.135520
https://doi.org/10.1016/j.neulet.2020.135520
https://doi.org/10.3389/fninf.2015.00007
https://doi.org/10.1016/j.lfs.2021.119469
https://doi.org/10.1038/nrn2639
https://doi.org/10.1001/archinte.1993.00410180039004
https://doi.org/10.1001/archinte.1993.00410180039004
https://doi.org/10.1016/j.bbr.2006.07.029
https://doi.org/10.1016/j.bbr.2006.07.029
https://doi.org/10.1016/j.freeradbiomed.2019.09.021
https://doi.org/10.1016/j.freeradbiomed.2019.09.021
https://doi.org/10.1016/j.psyneuen.2015.08.028
https://doi.org/10.1080/10253890.2017.1296949
https://doi.org/10.1152/ajpregu.00130.2014
https://doi.org/10.1016/j.pnpbp.2024.111198
https://doi.org/10.1016/j.pnpbp.2024.111198
https://doi.org/10.1002/brb3.1586
https://doi.org/10.1002/brb3.1586
https://doi.org/10.1016/j.pbb.2014.05.006
https://doi.org/10.1016/j.pbb.2014.05.006
https://doi.org/10.1016/j.brainres.2017.02.020
https://doi.org/10.1016/j.brainres.2017.02.020
https://doi.org/10.1111/bph.12318
https://doi.org/10.1080/10253890701350735
https://doi.org/10.1080/10253890701350735


1 3

Psychopharmacology

Saavedra JM, Ando H, Armando I, Baiardi G, Bregonzio C, Jezova M, 
Zhou J (2004) Brain angiotensin II, an important stress hormone: 
regulatory sites and therapeutic opportunities. Ann N Y Acad Sci 
1018:76–84. https:/​/doi.or​g/10.11​96/an​nals.1296.009

Santos RAS, Ferreira AJ (2006) Pharmacological effects of AVE 0991, 
a nonpeptide angiotensin-(1–7) receptor agonist. Cardiovasc 
Drug Rev 24(3–4):239–246. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​1​1​/​j​.​1​5​2​7​-​3​4​6​6​
.​2​0​0​6​.​0​0​2​3​9​.​x​​​​​​​

Santos RA, Sampaio WO, Alzamora AC, Motta-Santos D, Alenina N, 
Bader M et al (2018) The ACE2/Angiotensin-(1–7)/MAS Axis of 
the Renin-Angiotensin System: Focus on Angiotensin-(1–7). Physiol 
Rev 98(1):505–553. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​5​2​/​p​h​y​s​r​e​v​.​0​0​0​2​3​.​2​0​1​6​​​​​​​

Spiga F, Walker JJ, Terry JR, Lightman SL (2014) 60 years of neu-
roendocrinology: insights into glucocorticoid pulsatility. J Neu-
roendocrinol 26(10):573–582. https:/​/doi.or​g/10.11​11/jn​e.12161

Strekalova T, Couch Y, Kholod N et al (2011) Update in the meth-
odology of the chronic stress paradigm: internal control matters. 
Behav Brain Funct 7:9. https:/​/doi.or​g/10.11​86/17​44-9081-7-9

Takahashi K, Nakagawasai O, Kurokawa K, Miyagawa K, Mochida-
Saito A, Takeda H, Tsuji M (2025) Activation of hippocampal 
ACE2 prevents the dysbiosis-induced depression-like behavior 
in mice by enhanced neurogenesis and neuroprotection via Mas 
receptor. J Neuroimmune Pharmacol 20(1):71. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​
1​0​0​7​/​s​1​1​4​8​1​-​0​2​5​-​1​0​2​3​2​-​3​​​​​​​

Tapia-Arancibia L, Arancibia S, Alonso G et al (2004) Physiol-
ogy of BDNF: focus on hypothalamic function. Rev Neurosci 
15(3):227–239. https:/​/doi.or​g/10.10​16/j.​yfrne.2004.04.001

Vian J, Pereira C, Chavarria V et al (2017) The renin–angiotensin sys-
tem: a possible new target for depression. BMC Med 15(1):144. 
https:/​/doi.or​g/10.11​86/s1​2916-017-0916-3

Wang CS, Kavalali ET, Monteggia LM (2022) BDNF signaling in 
context: From synaptic regulation to psychiatric disorders. Cell 
185:62–76. https:/​/doi.or​g/10.10​16/j.​cell.2021.12.003

Willner P (1997) Validity, reliability and utility of the chronic mild stress 
model of depression: a 10-year review and evaluation. Psychophar-
macology 134:319–329. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​0​0​2​1​3​0​0​5​0​4​5​6​​​​​​​

Willner P (2017) The chronic mild stress (CMS) model of depression: 
history, evaluation and usage. Neurobiol Stress 6:78–93. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​y​n​s​t​r​.​2​0​1​6​.​0​8​.​0​0​2​​​​​​​

Willner P, Towell A, Sampson D, Sophokleous S, Muscat R (1987) 
Reduction of sucrose preference by chronic unpredictable mild 
stress, and its restoration by a tricyclic antidepressant. Psycho-
pharmacology (Berl) 93(3):358–364

Willner P, Muscat R, Papp M (1992) Chronic mild stress-induced 
anhedonia: a realistic animal model of depression. Neurosci 
Biobehav Rev 16(4):525–534

Xue X, Duan R, Zhang QQ, Wang SY, Gong PY, Zhang EY, Jiang 
YD, T (2021) A non-peptidic MAS1 agonist AVE0991 alleviates 
hippocampal synaptic degeneration in rats with chronic cerebral 
hypoperfusion. Curr Neurovasc Res 18(3):343–350. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​2​1​7​4​/​1​5​6​7​2​0​2​6​1​8​6​6​6​2​1​1​0​1​2​0​9​5​2​1​0​​​​​​​

Xue Z et al (2022) Role of BDNF/ProBDNF imbalance in postopera-
tive cognitive dysfunction by modulating synaptic plasticity in 
aged mice. Front Aging Neurosci 14:780972. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​
3​8​9​/​f​n​a​g​i​.​2​0​2​2​.​7​8​0​9​7​2​​​​​​​

Yang J et al (2014) proBDNF negatively regulates neuronal remodel-
ing, synaptic transmission, and synaptic plasticity in hippocam-
pus. Cell Rep 7:796–806. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​c​e​l​r​e​p​.​2​0​1​4​.​0​
3​.​0​4​0​​​​​​​

Zhu D, Tong Q, Liu W, Tian M, Xie W, Ji L, Shi J (2014) Angioten-
sin (1–7) protects against stress-induced gastric lesions in rats. 
Biochem Pharmacol 87:467–476. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​b​c​p​.​2​
0​1​3​.​1​0​.​0​2​6​​​​​​​

Zhu D, Sun M, Liu Q et al (2020) Angiotensin (1–7) through modu-
lation of the NMDAR–nNOS–NO pathway and serotonergic 
metabolism exerts an anxiolytic-like effect in rats. Behav Brain 
Res 390:112671. https:​​​//d​oi.​or​g/10​.​10​1​6/j.​bbr.2020.112671

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

https://doi.org/10.1196/annals.1296.009
https://doi.org/10.1111/j.1527-3466.2006.00239.x
https://doi.org/10.1111/j.1527-3466.2006.00239.x
https://doi.org/10.1152/physrev.00023.2016
https://doi.org/10.1111/jne.12161
https://doi.org/10.1186/1744-9081-7-9
https://doi.org/10.1007/s11481-025-10232-3
https://doi.org/10.1007/s11481-025-10232-3
https://doi.org/10.1016/j.yfrne.2004.04.001
https://doi.org/10.1186/s12916-017-0916-3
https://doi.org/10.1016/j.cell.2021.12.003
https://doi.org/10.1007/s002130050456
https://doi.org/10.1016/j.ynstr.2016.08.002
https://doi.org/10.1016/j.ynstr.2016.08.002
https://doi.org/10.2174/1567202618666211012095210
https://doi.org/10.2174/1567202618666211012095210
https://doi.org/10.3389/fnagi.2022.780972
https://doi.org/10.3389/fnagi.2022.780972
https://doi.org/10.1016/j.celrep.2014.03.040
https://doi.org/10.1016/j.celrep.2014.03.040
https://doi.org/10.1016/j.bcp.2013.10.026
https://doi.org/10.1016/j.bcp.2013.10.026
https://doi.org/10.1016/j.bbr.2020.112671

	﻿The nonpeptide angiotensin-(1–7) mimic AVE0991 attenuates neuroendocrine and behavioral responses to chronic unpredictable stress
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animals
	﻿Experimental design
	﻿Chronic unpredictable stress model validation


	﻿Mas receptor agonist (AVE0991) treatment
	﻿Plasma corticosterone
	﻿Blood glucose levels
	﻿Behavioral tests
	﻿Forced swimming test (FST)
	﻿Tail suspension test (TST)
	﻿Elevated plus maze (EPM) test
	﻿Open field test (OFT)

	﻿BDNF quantification
	﻿Statistical analysis
	﻿Results
	﻿Validation of CUS model
	﻿Effect of Mas agonist, AVE0991, treatment in mice subjected to CUS
	﻿Effect of AVE0991 on depressive-like behavior
	﻿Effect of AVE0991 on anxiety-like behavior
	﻿Effect of AVE0991 in BDNF levels


	﻿Discussion
	﻿References


