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Abstract 
Ectopic excessive fat deposition, including the perivascular adipose tissue 
(PVAT), may negatively influence vascular homeostasis and has emerged as a 
target for treating obesity-related vascular disease. The açaí (Euterpe oleracea 
Mart) seed extract (ASE) has beneficial metabolic effects, which could reduce 
the risk of obesity-related vascular disease. Therefore, this study aimed to in-
vestigate the impact of treatment with ASE on aorta remodeling and hyper-
tension and evaluate its underlying mechanisms in a mouse model of obesity 
induced by a high-fat (HF) diet. Male C57BL/6 mice were divided into the 
groups: Control, HF, and HF + ASE (300 mg/kg/day for 12 weeks). We evalu-
ated the systolic and diastolic blood pressure, PVAT, and aorta morphology 
and fibrosis parameters. Renin-angiotensin system (RAS) proteins, oxidative 
stress, and inflammatory biomarkers were evaluated in the aorta and PVAT 
by Western blotting and/or immunohistochemistry. ASE impaired weight 
gain, hypertension, PVAT hypertrophy and aorta morphological changes 
(media thickness, media-to-lumen ratio, and circumferential wall tension). 
ASE prevented the fibrosis by mitigating the increased deposition of type I 
collagen and TGF-β. The increased RAS components in the aorta (renin, 
AT1R) and PVAT (AT1R), as well as the decreased ACE2/ACE (aorta) and 
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AT2R (PVAT), were prevented by ASE. The overexpression of oxidative dam-
age markers (NOX4 and 8-isoprostane) and pro-inflammatory cytokines (IL-
6, TNF-α, and MCP-1) was impaired by ASE. The study indicates that ASE 
protects HF-fed mice from hypertension, PVAT and vascular wall remodeling 
by regulating PVAT and aortic RAS, as well as oxidative stress and inflamma-
tion. 
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1. Introduction 

Obesity rates are rising at an alarming pace both in Brazil and globally, contributing 
significantly to the growing number of cardiovascular disease (CVD) cases [1]-[3]. 
Poor dietary habits along with physical inactivity are key contributors to CVD asso-
ciated with obesity, which in turn increases the risk of illness and death among af-
fected individuals [4]-[6].  

Obesity contributes to vascular remodeling, a process triggered by mechanical 
and hemodynamic changes, marked by increased arterial stiffness and thickening 
of the vascular media. This remodeling involves key features such as fibrosis and 
the proliferation of vascular smooth muscle cells (VSMCs) [7] [8]. Both experimental 
and epidemiological evidence indicate that arterial stiffness in individuals with 
obesity serves as a sign of vascular dysfunction and acts as an independent risk fac-
tor in the onset and progression of cardiovascular disease (CVD) [4] [9] [10]. De-
spite the potential benefits, few anti-obesity drugs have demonstrated favorable 
cardiovascular effects, with many showing limited effectiveness and raising con-
cerns about safety [11]. This highlights a pressing need for the development of 
new therapeutic strategies targeting both obesity and its associated cardiovascular 
complications. 

In this context, medicinal plants and natural compounds are considered safer 
alternatives due to their generally lower incidence of side effects. Euterpe oleracea 
Mart, commonly known as açaí, is a palm tree native to the Amazonian region. While 
its purple pulp is widely consumed in Brazil and exported to other countries, the 
seeds of açaí remain largely underutilized and overlooked. Interestingly, an extract 
obtained from açaí seeds (ASE) has been found to contain a higher concentration 
of polyphenols than the fruit Pulp [12]. This extract is rich in flavonoids, particu-
larly proanthocyanidins, and exhibits significant biological activities, including vas-
odilatory, antioxidant, and anti-inflammatory effects [13]-[15]. Recent studies have 
shown that ASE can influence the local renin-angiotensin system (RAS) in the liver 
and white adipose tissue of mice fed a high-fat diet (HFD) [16] [17]. This modu-
lation of the RAS may play a role in the positive effects of ASE on obesity-related 
conditions. 
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Obesity-related arterial remodeling and dysfunction are driven by several mech-
anisms, including alterations in the extracellular matrix (ECM), dedifferentiation 
of vascular smooth muscle cells (VSMCs), and impairments in both endothelial 
function and perivascular adipose tissue (PVAT) [9] [18]-[21]. PVAT is a metabol-
ically active tissue that contributes significantly to vascular homeostasis by releas-
ing various signaling molecules that facilitate paracrine communication with the 
vascular wall [15] [16]. In obesity, the secretory behavior of PVAT is altered, char-
acterized by increased oxidative stress, inflammation, and disruptions in the RAS, 
which collectively contribute to reduced vascular relaxation and increased arterial 
stiffness [15] [17]. Considering its key involvement in the development of vascular 
diseases, PVAT represents a promising therapeutic target for innovative cardiovas-
cular treatments [16] [17]. To date, there is no evidence demonstrating that ASE 
has a beneficial impact on PVAT as a therapeutic target for cardiovascular disease 
and obesity-related vascular wall changes. 

Thus, this study sought to assess the potential protective effects of ASE, which is 
abundant in oligomeric and polymeric condensed tannins called proanthocyanidins, 
on vascular hypertrophy, fibrosis, and PVAT remodeling induced by a HFD in 
C57BL/6 mice. The mechanisms behind ASE’s effects were studied by examining 
components of the RAS, oxidative stress, and inflammation in both the aorta and 
PVAT, as well as exploring potential interactions between these two tissues. 

2. Materials and Methods 
2.1. Preparation of Açaí Seed Extract (ASE) 

Fruits of Euterpe oleracea Mart. were sourced from the Amazon Bay (Pará State, 
Brazil). The plant was authenticated at the Goeldi Museum (Belém do Pará, Bra-
zil), where a voucher specimen was deposited under number MG 205222. The hy-
droalcoholic extract was prepared following the method previously established by 
our research group [13]. The pulp was first separated from the seeds, and 200 g of 
seeds were weighed. The seeds were boiled in 400 mL of water for 5 minutes. After 
boiling, 400 mL of ethanol was added to the mixture. The extract was then stored 
in a dark bottle at refrigerated temperature and shaken for 2 hours daily over a 
period of 10 days. Following this, the mixture was filtered using Whatman No. 1 filter 
paper, and the ethanol was removed by evaporation under reduced pressure at 55˚C. 
The remaining extract was freeze-dried at temperatures between −30˚C and −40˚C 
under a vacuum of 200 mmHg. Finally, the dried extract was kept at room tempera-
ture for future use. 

Our group previously analyzed the aqueous residue fraction of ASE using high-
performance liquid chromatography (HPLC) and MALDI-TOF mass spectrome-
try [22]. The HPLC results indicated that ASE is primarily composed of oligomeric 
and polymeric condensed tannins-proanthocyanidins ranging from monomers to 
decamers, which accounted for 88% of the total chromatographic area—along with 
minor quantities of catechin and epicatechin. The MALDI-TOF MS analysis iden-
tified two primary B-type proanthocyanidin peak series. The first series corresponded 
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to procyanidins ranging from trimers to undecamers [22]. The second series in-
dicated heteropolymerization, featuring incorporation of (epi)gallocatechin units 
within the trimer to undecamer range. Additionally, 3-O-galloylated compounds 
were detected, including monogalloylated trimers, as well as mono-, di-, and tri-
galloylated tetramers and pentamers [22]. Therefore, chemical and spectrometric 
studies demonstrated that ASE mainly consists of polymeric procyanidins, heter-
opolymers containing a single gallocatechin unit, and a minor fraction of galloylated 
procyanidins [22]. 

2.2. Animals and Diet 

Animal care and experimental protocols adhered to the regulations of the Brazil-
ian Ministry of Science, Technology, and Innovation, in accordance with the Na-
tional Council for the Control of Animal Experimentation (CONCEA/MCTI N˚ 
49/2021). The study protocol received approval from the Animal Care and Use Com-
mittee (CEUA) at the Biology Institute of Rio de Janeiro State University (protocol 
number CEUA N˚ 002/2020, approved on 28/01/2020). All procedures complied 
with the NIH Guide for the Care and Use of Laboratory Animals as well as the 
ARRIVE 2.0 guidelines for reporting in vivo research. 

Male C57BL/6 mice (n = 45), aged four weeks, were purchased from ANILAB (São 
Paulo). After one-week of acclimatization and at five weeks of age, the animals were 
housed in a controlled environment room with a 12-hour light/dark cycle (lights 
on at 6:00 a.m.), temperature maintained at 23˚C ± 2˚C, and relative humidity of 
55% ± 5%. Food and water were provided ad libitum. The animals were randomly 
assigned to three groups (n = 15 per group): the control group received a standard 
diet (10% energy from lipids, 76% from carbohydrates, and 14% from proteins); 
the HF group was fed with an HFD (60% energy from lipids, 26% from carbohy-
drate and 14% from proteins) and HF + ASE group received the same HFD along 
with ASE treatment at a dose of 300 mg/kg/day administered orally by gavage for 
12 weeks. The control and HF groups received only the vehicle (water) through oral 
gavage. The 12-week duration and ASE dosage for chronic treatment were selected 
based on prior research demonstrating the timeframe required to induce metabolic 
changes in C57BL/6 mice on a high-fat diet, as well as the effectiveness of ASE in 
improving metabolic disorders [22] [23]. The diets (detailed in the supplementary 
material) were formulated by Rhoster (São Paulo, Brazil) in accordance with the 
American Institute of Nutrition’s (AIN-93M) guidelines for rodent maintenance 
and as previously reported [22]. 

The treatment allocation was performed by an independent researcher not involved 
in data collection, ensuring allocation concealment. The outcome assessment was 
conducted by assessors blinded to group assignments, and data analysis was per-
formed using anonymized datasets, with analysts blinded to treatment allocation. 

2.3. Body Weight and Glucose Measurements 

Body weight was recorded weekly using a digital scale with a precision of 0.01 g, and 
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the average weight for each group was calculated throughout the 12-week treatment 
period. Blood glucose was measured before (initial glucose) and at the end of treat-
ment following a 6-hour fasting period, using a glucometer (Accu-Chek Active; 
Roche, Mannheim, Germany). 

2.4. Arterial Pressure Measurement 

Systolic blood pressure was monitored weekly in conscious mice throughout the 
treatment period using caudal artery plethysmography. Measurements were taken 
with the CODA non-invasive blood pressure system for rodents (Kent Scientific 
Corp, Torrington, CT, USA). For each time point, the average of three consecutive 
readings was calculated (n = 15 per group). 

2.5. Euthanasia and Tissue Extraction 

At the end of the treatment period, mice were anesthetized via intraperitoneal 
injection of thiopental sodium (70 mg/kg). Blood was then collected by cardiac 
puncture from a coronary artery branch leading into the right ventricle. Plasma 
was isolated by centrifugation at 18,000 × g for 10 minutes at 4˚C and stored in-
dividually at −80˚C for subsequent analyses. The thoracic aorta was carefully dis-
sected and immediately fixed, along with the thoracic aorta TAPV, in a solution 
of formalin (1.27 mol/L formaldehyde in 0.1 M phosphate-buffered saline, pH 
7.2). The tissues were then embedded in Paraplast Plus blocks (Sigma-Aldrich Co., 
St. Louis, MO, USA) for subsequent morphological and immunohistochemical 
analyses. 

2.6. Lipid Profile Measurement 

Plasma concentrations of triglycerides (TG) (K-117), total cholesterol (TC) (K-083), 
and high-density lipoprotein (HDL) (K-071) were determined by colorimetric as-
says using commercial kits, according to the manufacturer’s instructions (Bioclin, 
Belo Horizonte, Minas Gerais, Brazil). Levels of very low-density lipoprotein (VLDL) 
and low-density lipoprotein (LDL) were calculated based on previously established 
methods [23]. 

2.7. Morphological Analysis of the Aorta and Assessment of  
Collagen Content 

The aorta samples previously fixed in formalin (1.27 mol/l formaldehyde, 0.1 M 
phosphate-buffered saline, pH 7.2), and embedded in Paraplast Plus (Sigma-Al-
drich Co., St Louis, MO, USA) blocks were sectioned with 5 µm and stained with 
hematoxylin-eosin to assess morphological parameters, including lumen diameter, 
media thickness, media-to-lumen ratio (M/L), circumferential wall tension (CWT) 
and tensile stress (TS). To evaluate fibrosis, aorta sections of 5 μm were stained with 
picrosirius red for collagen visualization. Histological images were captured from 
selected quadrants of the aorta, ensuring at least 8 representative fields per animal, 
with samples from 5 to 6 animals per group. Images were saved in JPG format, 36-
bit color, at a resolution of 1360 × 1024 pixels. Immunostaining was also performed 
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to determine the type of collagen (I and III) deposited and to quantify fibrosis. All 
slides were analyzed in a blinded manner, with ten images captured per slide using 
an optical microscope (Olympus, Tokyo, Japan). Quantitative analysis of aortic 
parameters was carried out using Image-Pro Plus software (version 7, Media Cy-
bernetics, Silver Spring, MD, USA). 

2.8. Immunohistochemistry 

Aorta and PVAT sections (5 μm), previously embedded in Paraplast Plus, were 
deparaffinized, rehydrated, and then incubated with 0.3% hydrogen peroxide for 
15 minutes to inhibit endogenous peroxidase activity. Tissue sections were incu-
bated overnight at 4˚C in a humidified chamber with the primary antibody diluted 
1:100 in phosphate-buffered saline (PBS). Signal amplification was carried out us-
ing a biotin-streptavidin complex system (PK-8800 Vectastain Universal Quick 
Kit), and positive immunoreactivity was visualized using 3,3’-diaminobenzidine 
tetrachloride (DAB; K3466, Dako Cytomation, Glostrup, Denmark). The antibod-
ies used in this procedure included those targeting collagen type I and III, AT1 and 
AT2 receptors, MMP-2, NADPH oxidase 4 (NOX4), peNOS, monocyte chemo-
attractant protein 1 (MCP-1), Interleukin 6 (IL-6), tumor necrosis factor-alpha 
(TNF-α) (Santa Cruz Biotechnology, CA, USA), transforming growth factor-beta 
(TGF-β) (Applied Biological Materials Inc., Canada), eNOS (Novus Biologicals 
LLC, CO, USA), and 8-isoprostane immunostaining (Oxford Biomedical Re-
search, Inc., MI, USA). The quantification of the number of nuclei/area (1 square 
micrometer) was performed using the STEPanizer 1 Program (S.A. Tschanz), with 
four photos/animal (n = 5). The images (TIFF format, 36-bit color, 1360 × 1024 
pixels) of each slide were obtained with an Olympus BX40 fluorescence micro-
scope attached to an Olympus DP71 camera (Olympus, Tokyo, Japan). The quan-
tification was performed using ImageJ 1.53 version (National Institutes of Health, 
MD, USA) by the color deconvolution plug-in, which separates the DAB color 
spectrum. 

2.9. Western Blotting 

Protein expression of MMP-2 (1:500), along with key components of the RAS-Renin 
(1:500), ACE (1:1000), AT1 receptor (1:1000), AT2 receptor (1:500), ACE-2 (1:1000), 
and β-actin (1:500) (Santa Cruz Biotechnology Inc., CA, USA) was assessed in 
homogenized aorta samples. Tissues were homogenized in cold lysis buffer (50 mM 
Tris, pH 7.4, 150 mM NaCl, 0.1% SDS, 5 mM EDTA, 50 mM NaF, and 1% Triton 
X-100) containing Complete Protease Inhibitor Cocktail Tablets (Roche, Basel, 
Switzerland) using an Ultra-Turrax homogenizer (IKA Werke GmbH & Co. KG, 
Staufen, Germany). The total protein content was determined by the BCA protein 
assay kit (ThermoScientific Inc., Barrington, IL, E). Samples (20 μg total protein) 
were electrophoresed in 10% tris-glycine sodium dodecyl sulfate-polyacrylamide 
gels. Proteins were transferred to polyvinylidene fluoride membranes (Hybond 
ECL; Amersham Pharmacia Biotech, London, UK). The blots were blocked with 
5% bovine albumin (Sigma-Aldrich Co., St. Louis, MO, USA) in T-TBS (0.02 M 
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Tris/0.15 M NaCl, pH 7.5, containing 0.1% Tween 20) at room temperature for 1 
h and incubated with primary antibodies (1:1000 concentration) overnight at 4˚C. 
After washing with T-TBS, blots were incubated with corresponding secondary 
conjugated antibodies at 1:1000 concentration for 1 h. Antibodies were purchased 
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). We also incubated all mem-
branes with the β-actin antibody to avoid possible protein loading and/or transfer 
inconsistency. Blots were developed with an enhanced luminescence (Amersham 
ECL Prime Western Blotting, GE Healthcare, UK). The signals were visualized by 
ChemiDoc XRS+ system (Bio-Rad, Hercules, CA, USA) and analyzed using Adobe 
Photoshop Elements 11, version 11.0 (Adobe Systems Incorporated). The results 
were expressed as arbitrary units. 

2.10. Statistical Analysis 

The data are presented as the mean and standard error of the mean. Differences 
among groups were analyzed by one-way and two-way analysis of variance (ANOVA) 
and followed by the post-hoc test of Tukey, considering a confidence interval of 
95% (p < 0.05). Statistical analysis was made using GraphPad Prism version 8.0 
(GraphPad Software, San Diego, USA).  

3. Results 
3.1. Effects of ASE on Body Weight, Blood Glucose, and Lipid Profile 

The body weight of the animals from the three groups was the same at the begin-
ning of the study (Table 1). After 12 weeks, the increase in the body weight induced 
by the HF diet was prevented by treatment with ASE (p ≤ 0.0001; n = 15 for each 
group). 
 
Table 1. Effects of ASE on body weight, glycemia, lipid profile, and adipose tissue in obese 
mice.  

 Control HF HF + ASE 

Initial body weight (g) 19.7 ± 0.5 19.8 ± 0.3 19.2 ± 0.3 

Final body weight (g) 28.9 ± 0.6 41.2 ± 1.2* 30.6 ± 0.8+ 

Initial glucose (mg/dL) 148.1 ± 3.8 149.3 ± 7.1 157.1 ± 9.4 

Final glucose (mg/dL) 138.7 ± 1.8 195.7 ± 4.9* 148.7 ± 4.4+ 

Plasma    

Cholesterol (mg/dL) 83.3 ± 1.32 161.2 ± 1.7* 115.4 ± 1.2+ 

Triglycerides (mg/dL) 68.7 ± 3.2 85.2 ± 2.8 54.1 ± 3.6+ 

LDL (mg/dL) 22.6 ± 2.7 98.7 ± 3.8* 21.6 ± 2.9+ 

VLDL (mg/dL) 14.2 ± 3.1 17.5 ± 2.5 10.8 ± 3.7+ 

HDL (mg/dL) 56.4 ± 2.9 48.1 ± 2.7 81.9 ± 2.8+ 

Values are presented as means ± SEM, n = 15 for all groups for initial body weight, final 
body weight, initial glucose, and final glucose; n = 10 for total cholesterol, triglycerides, LDL-
C, and VLDL-C. *Significantly different from the control (p ≤ 0.05). +Significantly different 
from the corresponding HF group (p ≤ 0.05). One-way ANOVA, and post-test of Tukey. 
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At the beginning of the study, the glycemic levels were similar between the dif-
ferent groups studied (Table 1). At the end of the experimental protocol, the HF 
group developed hyperglycemia (p ≤ 0.05), whereas the HF + ASE group remained 
normoglycemic (p ≤ 0.0001; n = 15 for each group). 

The plasma levels of TC and LDL-C were notably higher (p ≤ 0.05, n = 10) in 
the HF than in the control group at the end of the study period (Table 1). However, 
the ASE treatment effectively prevented the rise in cholesterol and LDL-C levels in 
the HF + ASE group compared to the HF group (p ≤ 0.05), with no significant dif-
ference between the HF + ASE and control group. Furthermore, the treatment with 
ASE led to a reduction in TG and VLDL, and an increase in HDL levels in the HF + 
ASE group (p ≤ 0.05) compared with the HF group (Table 1).  

3.2. Effect of ASE on Blood Pressure 

At the end of the protocol period, the SBP and DBP were increased in the HF 
group (p ≤ 0.05) compared with the control group (Figure 1(A) and Figure 1(B)). 
The treatment with ASE prevented the increase in both SBP and DBP (p ≤ 0.05) 
(n = 15). 
 

 
Figure 1. Effect of the treatment with ASE (200 mg/kg/day) on systolic (A) and diastolic 
(B) blood pressure in mice fed with a high-fat diet. Values are presented as mean ± SEM, 
n = 6 for all groups. *Significantly different (p < 0.05) from control group; +Significantly 
different (p < 0.05) from HF group. 
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3.3. Effect of ASE on Vascular Remodeling 

The aorta’s lumen diameter was similar between the groups (Figure 2(A) and 
Figure 2(B); n = 6). Obesity was associated with vascular hypertrophy, as indi-
cated by increased aortic media thickness (p ≤ 0.05, Figure 2(C) and Figure 2(D)) 
and increased M/L in the HF group compared to the control group (p ≤ 0.05, 
Figure 2(E)). The treatment with ASE prevented both parameters (p ≤ 0.05, Fig-
ures 2(C)-(E)). The CWT was higher in the HF group compared to the control 
group (p ≤ 0.05), and this alteration was prevented by the treatment with ASE (p ≤ 
0.05, Figure 2(F)). No difference was observed in TS between groups (Figure 
2(G)). 
 

 
Figure 2. Aorta structure and parameters. Representative sections of aorta ((A) and (C)), stained with hematoxylin and eosin in 
control, HF and HF + ASE groups (10× and 40× respectively). Effect of ASE on lumen diameter ((A) and (B)), media thickness 
((C) and (D)), media-lumen ratio (M/L) (E), circumferential wall tension (CWT) (F) and stress tension (TS) (G) in aorta from 
HFD-fed mice. Values are presented as mean ± SEM, n = 6 for all groups. *Significantly different (p < 0.05) from control group; 
+Significantly different (p < 0.05) from HF group. 

 
The HF group showed an increase in aorta total collagen, collagen I, and TGF-

β compared to the control group (p ≤ 0.05, Figures 3(A)-(C), and Figure 3(E)).  
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Figure 3. Aorta fibrosis markers. Representative sections of immunostaining and respective % of total collagen ((A) and 
(B)), collagen type I (C), collagen type III (D), and TGF-β (E) in aorta from control, HF, and HF + ASE groups (40×). 
Values are presented as mean ± SEM, n = 5 for all groups. *Significantly different (p < 0.05) from control group; +Sig-
nificantly different (p < 0.05) from HF group. 

 

 
Figure 4. Aorta metalloproteinase analysis. Representative sections of aorta immunostain-
ing, respective % of MMP-2 ((A) and (B)), and Western blotting (C) of MMP-2 in aorta 
homogenate from control, HF, and HF + ASE groups (40×). The values are presented as 
mean ± SEM, n = 5 for all groups. *p < 0.05 compared to control group; +p < 0.05 compared 
to HF group. 
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ASE notably impaired this rise, indicating an antifibrotic effect of the extract. Type 
III collagen was not different between groups (p ≤ 0.05, Figure 3(D)). The im-
munostaining and expression of the zinc-dependent endopeptidase MMP-2, im-
plicated in the vascular remodeling of the extracellular matrix, were increased in 
the aorta of the HF group compared to the control group (p ≤ 0.05, Figures 4(A)-
(C)). The treatment with ASE impaired the up-regulation of this enzyme (p ≤ 0.05). 

3.4. Effect of ASE on Vascular RAS, Oxidative Damage, and  
Inflammation 

We investigated if the extract could modulate local RAS, oxidative damage, and 
inflammation markers to prevent vascular remodeling. Western blotting analysis  
 

 
Figure 5. Aorta renin-angiotensin system and oxidative damage markers. Effect of ASE on the 
RAS components expression, renin (A), ACE2/ACE (B), AT1R (C), AT2R (D), and immunostain-
ing of NOX4 (E) and 8-isoprostane (F) in aorta from control, HF and HF + ASE groups. Values 
are presented as mean ± SEM, n = 4 for all groups. *Significantly different (p < 0.05) from control 
group; +Significantly different (p < 0.05) from HF group. 
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showed an increase in renin and AT1R protein levels compared to the control 
group (p ≤ 0.05, Figure 5(A) and Figure 5(C), n = 4). These increases were pre-
vented by the treatment with ASE, with the treated group showing levels of renin 
and AT1R proteins similar to the control group (p ≤ 0.05, Figure 5(A) and Figure 
5(C)). This evidence indicates that the HF diet administration activates the prin-
cipal RAS axis in the aorta in this animal model, which ASE modulates. AT2R 
protein levels showed no statistical differences between the control and HF groups 
(Figure 5(D)). The ACE2/ACE ratio was notably decreased in the HF group com-
pared to the control group and prevented by the treatment with ASE (p ≤ 0.05, 
Figure 5(B)), indicating that ASE probably activates the alternative RAS axis. 

The main enzyme that produces anion superoxide in vessels, NOX4, and the 
oxidative marker, 8-isoprostane, were increased in the HF group compared to the 
control group, and the treatment with ASE impaired those increased levels (p ≤ 
0.05, Figure 5(E) and Figure 5(F)).  

IL-6, TNF-α and MCP-1 immunostaining showed an increase in all three in-
flammatory markers in the HF group compared to the control group (p ≤ 0.05, 
Figures 6(A)-(C)). The treatment with ASE showed lower levels of the three cy-
tokines than the HF group (p ≤ 0.05), having similar levels to the control group, 
proving an anti-inflammatory effect of ASE in the aorta of mice submitted to the 
HF diet. 
 

 
Figure 6. Aorta pro-inflammatory markers. Immunostaining (%) of IL-6 (A), TNF-α (B), and MCP-1 (C) in aorta from 
control, HF, and HF + ASE groups. Values are presented as mean ± SEM, n = 5 for all groups. *Significantly different (p < 
0.05) from control group; +Significantly different (p < 0.05) from HF group. 

3.5. Effect of ASE on Perivascular Adipose Tissue Morphology and  
Angiotensin II Receptors Content 

Histopathological analysis of the PVAT from the CT group showed the character-
istic small adipocytes, multiple lipid droplets, and a more significant number of 
nuclei/area (Figure 7(B) and Figure 7(C)). In contrast, the animals from the HF 
group showed excessive accumulation of lipids in the adipocytes of the PVAT, re-
sulting in hypertrophic adipocytes (Figure 7(B) and Figure 7(C)), with a lower 
number of nuclei/area compared to the CT group (p ≤ 0.05, Figure 7(A), n = 5). 
Treatment with ASE prevented this change caused by the HF diet, evidenced by 
an increased density of nuclei per area in the PVAT of the animals in the HF + A 
group compared with the HF group (p ≤ 0.05, Figure 7(A)).  
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AT1R immunostaining in PVAT of HF animals was increased compared to the 
control group (p ≤ 0.05, Figure 7(B)). The treatment with ASE showed lower lev-
els of AT1R than the HF group (p ≤ 0.05, Figure 7(B)), similar to the control group, 
which indicates modulation of ASE on the angiotensin II receptor in the aorta 
PVAT of mice submitted to the HF diet. In contrast to the aorta, AT2R levels were 
decreased in the PVAT of the HF group compared to the control group (p ≤ 0.05), 
which was impaired by the treatment with ASE (p ≤ 0.05, Figure 7(C)), indicating 
that ASE probably activates the alternative RAS axis in the PVAT. 
 

 
Figure 7. Perivascular adipose tissue structure and angiotensin II markers. Nuclear density (1/μm2) of adi-
pocytes from PVAT (A) in control, HF and HF + ASE groups. Representative sections of immunostaining 
and respective % of AT1R (B), AT2R (C) in PVAT from control, HF and HF + ASE groups (100×). Values 
are presented as mean ± SEM, n = 5 for all groups. *Significantly different (p < 0.05) from control group; 
+Significantly different (p < 0.05) from HF group. 

3.6. Effect of ASE on Perivascular Adipose Tissue Oxidative  
Damage, eNOS Content, and Inflammation 

As observed in the aorta, NOX4 and 8-isoprostane were increased in the HF group 
compared to the control group, and the treatment with ASE impaired those in-
creased levels (p ≤ 0.05, Figure 8(A) and Figure 8(B), respectively, n = 5). In con-
trast, both PVAT eNOS and peNOS were decreased in the HF group, and ASE 
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treatment brought them to control levels (p ≤ 0.05, Figure 8(C) and Figure 8(D), 
respectively).  

The inflammatory markers IL-6, TNF-α, and MCP-1 were increased in the PVAT 
of the HF group compared to the control group (p ≤ 0.05, Figures 8(E)-(G), n = 
5). The treatment with ASE showed lower levels of the three cytokines than the 
HF group (p ≤ 0.05), having similar levels to the control group, which aligns with 
the aorta results.  
 

 
Figure 8. Perivascular adipose tissue oxidative damage, eNOS and pro-inflammatory markers. Immunostaining (%) of NOX-4 
(A), 8-isoprostane (B), eNOS and peNOS ((C) and (D)), IL-6 (E), TNF-α (F) and MCP-1 (G) in PVAT from control, HF and HF + 
ASE groups. Values are presented as mean ± SEM, n = 5 for all groups. *Significantly different (p < 0.05) from control group; 
+Significantly different (p < 0.05) from HF group. 

4. Discussion 

Obesity is known to contribute to the onset and progression of both hypertension 
and insulin resistance, leading to an increase in morbidity and mortality rates [24]. 
In previous studies conducted by our group, ASE was shown to effectively prevent 
weight gain, hyperglycemia, dyslipidemia, hypertension, and hepatic steatosis in 
animals fed a HFD [16] [17] [22] [25]. The notable effectiveness of ASE in miti-
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gating obesity-related comorbidities highlights its potential as a promising strat-
egy for managing obesity and its associated health complications. 

Vascular remodeling—primarily marked by media thickening and increased 
arterial stiffness—is a dynamic adaptive process triggered by mechanical and he-
modynamic stimuli. It aims to restore wall tension and normalize wall stress in 
response to various pathological conditions, thereby helping to preserve adequate 
blood flow [26]. In the setting of obesity, structural and functional alterations in 
the vasculature progressively lead to increased arterial stiffness [26] [27], which 
contributes to elevated peripheral vascular resistance and, consequently, higher 
blood pressure [28]. In this study, obese animals exhibited vascular hypertrophy, 
evidenced by increased media thickness, consistent with previous findings [29]. 
This was accompanied by a rise in the media-to-lumen ratio and circumferential 
wall tension (CWT), both of which are key factors in regulating vascular wall re-
modeling [30] and were associated with the development of hypertension. Con-
sistent with previous findings, ASE prevented hypertension [25], partly explained 
by its endothelium-dependent vasodilatory effect, mediated by activation of the 
NO-cGMP pathway [13]. In this study, ASE treatment effectively prevented the 
rise in media thickness, media-to-lumen ratio, and CWT, indicating its potential 
therapeutic role in counteracting vascular remodeling and hypertension linked to 
obesity. The beneficial effects of ASE on vascular remodeling and obesity may be 
attributed to its phenolic compounds. Recent studies have shown that oligomeric 
proanthocyanidins—flavanols found in ASE—can improve lipid profiles in the 
serum and liver, reduce fat accumulation, and offer protection against cardiovas-
cular remodeling [31] [32]. In vivo studies have shown that polymeric proantho-
cyanidins possess vascular protective properties, such as enhancing endothelial 
function, preventing LDL oxidation, and modulating both blood pressure and vas-
cular inflammation [33] [34]. These flavanols have been shown to modulate lipid 
metabolism and fat accumulation, which are key contributors to vascular pathol-
ogy. The reduction in systemic lipid burden and adiposity may, in turn, alleviate 
endothelial stress and inflammatory signaling, thereby reinforcing the vascular 
protective effects observed in our model. 

A key feature of vascular remodeling is the reorganization of the ECM, a process 
largely driven by matrix metalloproteinases (MMPs), which degrade ECM com-
ponents and alter the balance of collagen and elastin, contributing to arterial stiff-
ness [26] [35]. Vascular fibrosis, commonly observed in obesity-related vascular 
changes, is characterized by the accumulation of collagen type I, the predominant 
collagen at the vascular level, and is closely linked to vascular hypertrophy [26] [31] 
[35]. Evidence also indicates that the profibrotic cytokine TGF-β plays a signifi-
cant role in promoting vascular fibrosis in the context of obesity [36]. Our findings 
demonstrate that the coexistence of hypertension and obesity exacerbates vascular 
fibrosis, as indicated by elevated MMP-2 expression and deposition, increased to-
tal and type I collagen content, and higher TGF-β levels in the HFD group. ASE 
treatment effectively prevented these changes, suggesting a protective effect of the 
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extract against obesity-induced vascular fibrosis, an essential feature of vascular 
remodeling.  

The hemodynamic and vascular structural alterations observed in individuals 
with excess weight may be linked to dysregulation of the vascular RAS, as indicated 
by elevated levels of angiotensin II (Ang II), a potent vasoconstrictor and key ef-
fector of the RAS [9]. It contributes to vascular muscle cell proliferation, hypertro-
phy, and fibrosis, which leads to arterial stiffness [9] [37]-[39]. Notably, RAS up-
regulation also occurs within the PVAT, which influences vascular tone and struc-
ture through both contact-dependent and paracrine mechanisms. These regula-
tory functions are disrupted in obesity, as demonstrated in both mice and humans 
[24] [40]-[42]. In individuals with obesity, activation of the Ang II type 1 receptor 
(AT1R) contributes to elevated oxidative stress and reduced nitric oxide (NO) avail-
ability by inhibiting eNOS activity in both vascular endothelial cells [43] and dys-
functional PVAT [40]. Additionally, PVAT dysfunction in obesity leads to eNOS 
uncoupling and further decreases NO bioavailability, partly due to a deficiency in 
L-arginine [44]. Our results reveal a positive interaction between vascular and PVAT 
remodeling, RAS components expression, and oxidative stress markers (NOX4 
and 8-isoprostane), along with reduced deposition of eNOS and peNOS in PVAT. 
These findings are possibly due to Ang II-induced oxidative stress, contributing 
to vascular remodeling and dysfunction [40].  

Previous research from our group demonstrated that ASE can regulate the local 
RAS in the liver of HFD-fed mice [16] and exhibits antioxidant properties in ex-
perimental models of hypertension, diabetes, and obesity [14] [17] [45]. Our cur-
rent findings reveal that ASE inhibits the upregulation of key RAS components, 
specifically renin and AT1 receptor in the aorta, and AT1 receptor in PVAT, which 
are involved in driving proliferative, pro-inflammatory, and fibrotic processes me-
diated by AT1R. These results indicate that ASE exerts critical regulatory effects 
on the RAS within both tissues, contributing to the maintenance of vascular home-
ostasis and blood pressure control [46] [47]. At the same time, the up-regulation 
of ACE2/ACE expression in the aorta, along with enhanced AT2R deposition in 
PVAT, suggests that ASE activates the alternative RAS axis components within 
both the vessel wall and PVAT, counterbalancing AT1R-mediated actions. Previ-
ous findings in visceral white adipose tissue have demonstrated that the same ex-
tract composed of proanthocyanidins, catechins, and epicatechin reduced the ox-
idative stress and lowered the expression of renin and AT1, but did not affect the 
alternative RAS axis components [17]. However, the present results, corroborate 
our previous findings in liver of the same experimental model, in which we observed 
an up-regulation of alternative RAS axis, indicating a possible tissue-specific en-
hancement of protective RAS pathways in the metabolic and vascular context, These 
findings suggest that while ASE exerts broad inhibitory effects on the classical RAS 
axis across multiple tissues, its ability to modulate the alternative RAS may vary 
in a tissue-dependent manner, potentially reflecting distinct physiological roles in 
metabolic versus vascular tissues. Overall, our findings suggest that ASE promotes 
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protection against vascular and PVAT remodeling by regulating RAS, reducing ox-
idative stress and enhancing NO bioavailability in HFD-fed mice, which may con-
tribute to preventing obesity-related vascular structural changes and hypertension. 
Given the key role of PVAT in controlling vascular tone and structure [24] [40], 
our findings imply that ASE could exert its beneficial effects both directly on the 
vascular wall and indirectly through paracrine signaling from the PVAT, contrib-
uting to improved vascular remodeling.  

Chronic low-grade inflammation is increasingly acknowledged as a key factor 
in the development of arterial stiffness and vascular remodeling linked to obesity 
[7]. PVAT contributes significantly to this inflammatory milieu by releasing ele-
vated levels of pro-inflammatory cytokines and adipokines such as MCP-1, TNF-
α, IL-6, Ang II, leptin, visfatin, and resistin within the local vascular environment. 
Conversely, levels of anti-inflammatory adipocytokines, especially adiponectin, are 
diminished in dysfunctional PVAT [48]. As a result, inflammation within obese 
PVAT exacerbates the generation of reactive oxygen species (ROS), notably su-
peroxide ( 2O− ) and hydrogen peroxide (H2O2) [49]. These findings emphasize the 
connection between RAS activation, oxidative stress and inflammation in PVAT 
and adjacent vasculature, particularly in the progression of vascular dysfunction 
[50].  

Our results demonstrated a similar pro-inflammatory profile in both aorta and 
PVAT, evidenced by increased IL-6, TNF-α, and MCP-1 deposition in these tis-
sues. This pro-inflammatory condition was prevented by ASE, reinforcing the po-
tent anti-inflammatory effects of ASE previously reported in other tissues and an-
imal models [15] [45]. The antioxidant and anti-inflammatory properties of pro-
anthocyanidins, the main flavanol component in ASE, have also been observed in 
extracts from other plants like Uncaria tomentosa L., Annona Crassiflora Mart, 
and Gaultheria procumbens L. [32]. Additionally, epicatechins, another flavanol 
found in ASE, are known for their antioxidant and anti-inflammatory activities. 
They neutralize ROS and enhance endogenous defense systems by activating the 
Nrf2 signaling pathway [51] [52]. While epicatechins have been reported to acti-
vate the Nrf2 signaling pathway, we did not directly assess Nrf2 activation in this 
study. Future research will be necessary to determine whether the observed effects 
are mediated, at least in part, via Nrf2-dependent mechanisms. This study pro-
vides the first evidence of ASE’s antioxidant and anti-inflammatory effects in both 
the aorta and PVAT of obese mice. These findings suggest that ASE may interrupt 
the pro-inflammatory crosstalk between these tissues, thereby offering protection 
against vascular remodeling associated with obesity. Taken together, our findings 
suggest that ASE prevents vascular and PVAT remodeling through a multifacto-
rial mechanism involving modulation of the RAS, attenuation of oxidative stress, 
and suppression of inflammation. Among these, the RAS may act as a central node, 
as its dysregulation is known to trigger both oxidative and inflammatory cascades. 
Thus, it is plausible that ASE’s impact on this system serves as a primary driver that 
orchestrates downstream protective effects. Further research, including mechanistic 
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investigations and bioavailability studies, is necessary to better define the therapeu-
tic potential of the polyphenols found in açaí seed extract. 

5. Conclusion 

In conclusion, ASE treatment in HFD-fed mice effectively prevented aortic hyper-
trophy, fibrosis, and PVAT hypertrophy, key features of vascular remodeling as-
sociated with an anti-hypertensive effect. The observed modulation of the RAS, ox-
idative stress, and inflammation in both the aortic wall and PVAT suggests an in-
teraction between these mechanisms that contributes to ASE’s protective effects. 
These findings highlight ASE’s potential as a promising therapeutic approach for 
managing obesity-related vascular diseases. 
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