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Abstract

Brown adipose tissue (BAT) plays a key role in energy expenditure and is in-
creasingly recognized as a potential target in obesity treatment. BAT dysfunc-
tion is characterized by compromised mitochondrial biogenesis and thermo-
genesis, as well as oxidative stress and inflammation. This study evaluated
whether polyphenol-rich agai seed extract (ASE) could prevent BAT dysfunc-
tion in C57BL/6 mice fed a high-fat (HF) diet. Male C57BL/6 mice were di-
vided into three groups: control (10% lipid diet), HF (60% lipid diet), and
HF+ASE (60% lipid diet + 300 mg/kg/day) for 12 weeks. ASE showed prom-
ising effects in preventing body mass gain, visceral adiposity, hyperglycemia,
and dyslipidemia without affecting energy intake. In BAT, ASE preserved the
typical multilocular morphology and prevented whitening. ASE restored the
expression of thermogenic markers (UCP-1, £-AR) and lipolytic enzymes
(ATGL, HSL, PLIN-1), as well as PPARa and mitochondrial biogenesis mark-
ers (PGC-1a, NRF1, and TFAM). Furthermore, ASE treatment reduced oxi-
dative damage by decreasing malondialdehyde (MDA) levels and 8-isopros-
tane immunostaining and increased antioxidant defense through increased
superoxide dismutase (SOD) activity. It also attenuated BAT inflammation by
lowering MCP-1 and TNF-a expression. These results suggest that ASE miti-
gates obesity-induced BAT structural changes and dysfunction through its an-
tioxidant, anti-inflammatory, and beneficial metabolic actions. These benefi-
cial effects of ASE in BAT may represent a new target in preventing obesity.
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1. Introduction

The rising global prevalence of overweight and obesity constitutes a critical public
health challenge closely linked to significant comorbidities. This trend is funda-
mentally rooted in an imbalance between energy consumption and expenditure,
where sustained positive energy balance results in excessive weight gain and obe-
sity [1]. However, effective treatments for obesity are scarce, and new therapeutic
targets are needed.

Brown adipose tissue (BAT) has been widely recognized due to its unique abil-
ity to dissipate excess energy as heat, thereby contributing to metabolic balance.
Evidence shows that sustained activation of BAT helps restore metabolic balance
by burning excess energy as heat, making BAT a promising target for treating
obesity [2]-[4].

Recent studies have explored approaches to modulate BAT and alter white fat
cells by targeting key molecular markers involved in energy metabolism [5]. At
the same time, obesity itself promotes the whitening of brown fat cells, causing
them to lose their identity and function, which is associated with mitochondrial
dysfunction and lipid accumulation in BAT [6].

A key aspect of BAT function is mitochondrial biogenesis, which involves the
blend of new mitochondria from existing ones through various transcription fac-
tors and is crucial for controlling thermogenesis in BAT [7]. In obesity, mitochon-
drial dysfunction is characterized by reduced mitochondrial respiration and in-
creased production of reactive oxygen species (ROS), contributing to impaired
BAT activity and thermogenesis failure [8].

Additionally, obesity-related low-grade inflammation, often induced by high-
fat (HF) diets, promotes BAT whitening and exacerbates oxidative stress through
increased ROS production, further impairing thermogenesis [4] [9]. Considering
BAT’s role in energy balance, its dysfunction significantly impacts body weight
regulation and represents a key target for obesity treatment.

Current pharmacological therapies often cause side effects and have limited ef-
ficacy, while natural products, such as herbal extracts, offer safer alternatives with
fewer adverse effects [10] [11]. Recent evidence shows the ability of polyphenols
to modulate BAT activity and thermogenesis through multiple mechanisms, mainly
by increasing whole-body energy expenditure, enhancing fat oxidation, elevating
non-shivering thermogenesis, and reducing body fat in humans. Beyond direct
effects, polyphenols undergo metabolic transformation mediated by the gut mi-
crobiota, generating bioactive metabolites that trigger endocrine and thermogenic
pathways in peripheral tissues, leading to the upregulation of key thermogenic
and mitochondrial biogenesis markers [12] [13].

In this context, the plant EFuterpe oleracea Mart. (Arecaceae), commonly known
as agal, is native to the Amazon and has attracted attention due to its high poly-
phenol content and antioxidant properties [14] [15]. The hydroalcoholic agai seed
extract (ASE) has been shown to contain significant levels of polyphenols, which

may underlie its metabolic benefits [16]. Previous studies by our group demon-
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strate that ASE can prevent body weight gain, reduce abdominal and hepatic fat,
and improve hyperglycemia and dyslipidemia in HF diet-fed C57BL/6 mice [17]
[18]. Studying the extract can provide valuable insights into obesity treatment and
associated diseases, including natural therapies with the potential to minimize side
effects, while also offering a sustainable and affordable alternative.

Therefore, this study aimed to investigate the impact of treatment with ASE on
BAT remodeling, mitochondrial biogenesis markers, oxidative stress, and inflam-
mation as possible targets for its beneficial metabolic action in a model with al-
tered metabolism and obesity due to an HF diet (HFD).

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

Euterpe oleracea Mart fruits were acquired from Amazon Bay (Para State, Brazil)
in the exact preserved location of Belém city. The plant was identified at the Goeldi
Museum (Belém do Para, Brazil), where a voucher specimen was deposited under
the number MG 205222. The hydroalcoholic agai seed extract (ASE) was obtained
as previously described [15]. Briefly, the hydroalcoholic extract of Euterpe oleracea
seed (ASE) was prepared by maceration using a 50:50 (v/v) ethanol-water mixture
as the extraction solvent. The mixture was stored in an amber bottle at 4°C for ten
days and shaken daily at room temperature for 1 hour to enhance extraction effi-
ciency. After the extract was filtered, it was subsequently lyophilized to obtain the
dry ASE powder used in the experimental procedures. The Folin-Ciocalteu method
[19] was performed to ensure that the extract contained an adequate amount of
polyphenols, which was quantified as 200 mg of gallic acid equivalents (GAE) per
gram of extract.

The chemical composition of the aqueous fraction residue from ASE was previ-
ously characterized by HPLC and MALDI-TOF MS [16] [20]. HPLC revealed the
presence of oligomeric and polymeric proanthocyanidins (88% of total area), in-
cluding catechin and epicatechin in minor amounts (see Figure S1) [16]. MALDI-
TOF MS identified two main B-type procyanidin series: one from trimer to un-
decamer and another with heteropolymerization via (epi)gallocatechin units. Galloy-
lated procyanidins were also detected, including mono-, di-, and trigalloylated tri-
mers to pentamers (see Figure S2) [16]. Overall, ASE is rich in polymeric procya-
nidins with structural diversity, supporting its potential biological activity [16].

2.2. Animals and Diet

Animal care and experimental procedures were conducted in compliance with the
Brazilian Ministry of Science, Technology, and Innovation, following the guide-
lines of the National Council for the Control of Animal Experimentation (CON-
CEA/MCTI No. 49/2021). The protocol was approved by the Animal Care and
Use Committee (CEUA) of the Biology Institute at Rio de Janeiro State University
(protocol number: CEUA No. 004/2021, date: 02/02/2021). All animal procedures

were conducted in accordance with the NIH Guide for the Care and Use of La-
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boratory Animals and the Animal Research: Reporting of /n Vivo Experiments
(ARRIVE) guidelines, version 2.0.

Four-week-old C57Bl/6 male mice were maintained in cages with three animals
and controlled conditions (temperature of 21°C + 2°C and a 12-hour light-dark
cycle, with the light on at 6 a.m.), with free access to water and food. After an
initial acclimatization period, mice were randomly assigned to either the control
or high-fat diet (HFD)-induced obesity group using a computer-generated ran-
domization list. Randomization was conducted to ensure equal group sizes and to
minimize selection bias. Investigators involved in outcome assessments were
blinded to group allocation where applicable. The animals (n = 36) were divided
into three experimental groups (n = 12 for each group): the control group was fed
a standard diet (10% fat), and HF and HF+ASE were fed a high-fat diet (60% fat).
The HF + ASE group received 300 mg/kg-1d-1 of ASE by oral gavage to ensure
the dose and to prevent compound oxidation, while the Control and HF groups
received an equal volume of water. The sample size (n = 12 per group) was deter-
mined based on previous studies that used similar experimental designs and out-
come measures in diet-induced obesity models treated with acai extracts [21].

The diet was offered concomitantly with the treatment, and the experimental
protocol lasted 12 weeks. The ASE dose and treatment duration (12 weeks) were
based on previous studies from our group, which used the same HF diet model in
C57BL/6 mice. These studies demonstrated metabolic alterations and significant
improvements in parameters associated with metabolic syndrome following chronic
administration of the extract [16]-[18]. Rhoster Industria e Comércio Ltda (Ara-
coiaba da Serra, SP, Brazil) produced the diet following the standard recommen-
dations for rodents’ maintenance stated in the American Institute of Nutrition
(AIN-93M). The nutritional composition of the diets used in the study is provided
in Table S1.

This study did not include the control + ASE group because previous studies by
our group with the same experimental model of obesity did not show differences
in the WAT, liver, and anthropometric and biochemical parameters between the
control and control + ASE groups [16].

2.3. Feed Efficiency, Food Consumption, Energy Intake, and Body
Weight Measurements

The mice’s food consumption was determined by their mean daily intake, which
was measured by the difference between the amount of food left on the grid and
the initial amount offered. Energy intake was determined from the average food
intake and then multiplied by the energy content of the diets, which was 3.8 kcal/g
for the control diet and 5.4 kcal/g for the HFD. To analyze the capacity to convert
energy consumed from the diet into body mass, feed efficiency was considered,
obtained from the relationship between total weight variation (g) and total energy
ingested (kcal) [22].

Body weight was measured weekly, and the body mass gain was determined by
the difference between the body mass at the end of the 12" week and the initial
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body weight. As in previous studies, the sum of visceral WAT depots was deter-
mined by the Body Adiposity Index and then divided by the animal’s body weight
[23].

2.4. Blood Glucose Determination

The blood glucose level was measured weekly after 6 hours of fasting and evalu-
ated using a glucometer (ACCU CHEC-Active, Model: CG, Roche) to control the
development of hyperglycemia, a metabolic alteration commonly associated with

obesity in this experimental model.

2.5. Euthanasia and Tissue Extraction

At the end of the treatment period, mice were anesthetized with an intraperitoneal
injection of thiopental sodium (70 mg/kg). Blood was collected by cardiac punc-
ture via a coronary artery branch into the right ventricle. Plasma was separated by
centrifugation at 18,000 x g for 10 minutes at 4°C. BAT was dissected from the
interscapular region, weighed, and stored at —80°C for the following analyses, or
at Millonig formalin (10% formaldehyde, 0.14 mM sodium phosphate monobasic,
0.1 M sodium hydroxide, pH 7.2) 1:10 (w/v) for histological studies. White adi-
pose tissue (WAT) from retroperitoneal, mesenteric, and epididymal regions was
weighed to calculate the adiposity index. Retroperitoneal WAT was stored in Mil-

lonig formalin 1:10 (w/v) for histological analysis.

2.6. Biochemistry Parameters

Plasma levels of triglycerides (T'G; K-117), total cholesterol (TC; K-083), and high-
density lipoprotein (HDL; K-071) were determined using colorimetric kits (Bio-
clin, Belo Horizonte, MG, Brazil). Very low-density lipoprotein (VLDL) and low-
density lipoprotein (LDL) concentrations were calculated according to previously
described methods [24] [25].

2.7. Morphological Analysis in White and Brown Adipose Tissue

BAT and retroperitoneal WAT, previously fixed in Millonig Formalin, suffered
proper histological processing, were sectioned at 5 pm using a rotary microtome
(EasyPath, model EP-31-20091, Sao Paulo, SP, Brazil), and stained with hematox-
ylin-eosin [18]. The slides were mounted with DPX mounting medium (Sigma-
Aldrich, St. Louis, MO, USA). Ten fields per slide were captured using an Olym-
pus BX60 optical microscope (Olympus, Tokyo, Japan) equipped with an Olym-
pus DP71 digital camera at 100x magnification using immersion oil (Type-F, Olym-
pus, Tokyo, Japan) for BAT and 40x magnification for WAT. Image acquisition
was performed using CellSens software (version 4.2, Olympus/Evident, Tokyo, Ja-
pan). The quantification was performed using the STEPanizer (Oracle Corpora-
tion, Redwood Shores, CA, USA). White adipocyte quantification was performed
using the 16-point system, while brown adipocyte quantification was performed

by counting the total number of nuclei within the test area.
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2.8. Immunohistochemistry

BAT sections previously processed and sectioned at 5 pm were deparaffinized, re-
hydrated, and incubated in a humidified chamber for the procedure described
previously [18]. The sections were incubated in a primary antibody (1:100 dilution
in PBS) at 4°C overnight. The signal was amplified with a biotin-streptavidin com-
plex system Vectastain® Universal Quick Kit (PK-8800, Vector Laboratories, Burlin-
game, CA, USA), and the positive immunoreactions were identified after incuba-
tion with 3,3’-diaminobenzidine tetrachloride (DAB; K3466, Dako, Glostrup, Den-
mark). The sections were counterstained with hematoxylin and mounted with DPX
mounting medium (Sigma-Aldrich, St. Louis, MO, USA). Ten non-consecutive
images were captured at 100x magnification using Type-F immersion oil (Olym-
pus, Tokyo, Japan) in an Olympus BX60 (Olympus, Tokyo, Japan) microscope
equipped with a DP71 digital camera. The quantification was performed using
Image] 1.53 (National Institutes of Health, MD, USA) with the colour deconvolu-
tion plug-in based on the H-DAB color spectrum. The primary antibodies are de-
scribed in Table S2.

2.9. Western Blotting

BAT homogenates were used to evaluate the expression of the following biomarkers:
thermogenesis (f;-AR), lipolysis and fatty acid utilization (PPARg, PLIN-1, ATGL,
and HSL), and mitochondrial biogenesis (PGC-1a and NRF1). Equal amounts of
protein (30 pg) were denatured and separated by SDS-PAGE [18]. Membranes
were incubated with biotinylated secondary antibodies: goat anti-mouse and goat
anti-rabbit (1:5000; SouthernBiotech, Birmingham, AL, USA; Cat. No. 1021-08
and 4030-08, respectively), followed by streptavidin-HRP (1:5000; Merck Millipore,
Burlington, MA, USA; Cat. No. GERPN1231). Blots were developed with an en-
hanced chemiluminescence kit (ECL-plus; Amersham Pharmacia Biotech, Pisca-
taway, NJ, USA). The bands were visualized with the ChemiDoc XRS molecular
imaging system (Bio-Rad, Hercules, CA, USA) and analyzed using Adobe Pho-
toshop Elements 11, version 11.0 (Adobe Systems Incorporated). The results were
expressed as arbitrary units. The primary antibodies used for Western blot analy-

sis are presented in Table S3.

2.10. Determination of Oxidative Stress

Oxidative damage and antioxidant status were assessed in BAT homogenates us-
ing spectrophotometric methods. Lipid peroxidation, an indicator of oxidative
damage to cell membranes, was quantified by measuring malondialdehyde (MDA)
levels using a thiobarbituric acid reactive substances (TBARS) assay [26]. To eval-
uate the antioxidant defense system, enzymatic activities of key antioxidant en-
zymes were measured: superoxide dismutase (SOD) activity was determined by
measuring the inhibition of adrenaline auto-oxidation [27], catalase (CAT) activ-
ity was assessed as the rate of decrease in H,O, [28], and glutathione peroxidase

(GPx) activity was measured by monitoring the oxidation of NADPH in the pres-
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ence of H,O, [29]. All measurements were performed using an Amersham Ultro-
spec 2100 pro spectrophotometer (GE Healthcare, Chicago, IL, USA) and normal-
ized to the total protein content of each sample to correct for differences in protein

concentration.

2.11. Statistical Analysis

Data are presented as mean * standard error of the mean (SEM). All datasets fol-
lowed a normal distribution, as verified by the Shapiro-Wilk test. Therefore, a
one-way analysis of variance (ANOVA) was performed, followed by Tukey’s post
hoc test for multiple comparisons. All statistical analyses and graph generation
were carried out using GraphPad Prism version 8.0 (GraphPad Software, San Di-
ego, CA, USA). Statistical significance is indicated by Pvalues, with P< 0.05 con-
sidered significant.

3. Results

3.1. Effects of ASE on Body Weight, Feed Efficiency, Adiposity Index,
and Adipose Tissue Mass

The animals in the three experimental groups did not show statistically significant
differences in body weight at the beginning of the protocol (Table 1). After 12
weeks, the ASE treatment resulted in a reduced final body weight (p = 0.0060),
reinforcing its preventive effect on body mass gain (p = 0.0006) compared to the

HF group.

Table 1. Effects of ASE on murinometric measurements and biochemical parameters.

Control HF HF + ASE

Initial body weight (g) 21.54 +0.44 21.83 £ 0.34 21.24 +0.35
Final body weight (g) 26.25 +0.48 36.22 + 0.92% 32.3 £ 1.01*
Body Mass Gain (g) 4.71 £0.14 14.39 + 0.65* 11.06 + 0.72*%
Feed Efficiency (%) 0.53 £0.02 1.04 + 0.05* 0.87 £ 0.05*%
Total Energy Intake (Kcal) 889.5 +15.34 1393 + 54.76* 1272 £ 46.79*

Total Food Intake (g) 234.1 +4.04 257.9 +10.14 235.6 + 8.67

Initial glucose (mg/dL) 156.2 + 3.07 156.0 + 3.73 155.6 + 6.56
Final glucose (mg/dL) 143.3 + 3.17 193.6 + 6.42* 156.8 + 3.93%

Plasma

Total Cholesterol (mg/dL) 81.54 £ 1.77 151.6 + 7.34* 128.2 * 5.46%%
Triglycerides (mg/dL) 88.88 + 1.69 95.75 + 3.18 87.57 + 1.79%
VLDL-C (mg/dL) 17.78 £ 0.34 19.25 + 0.67 17.51 £ 0.36%
LDL-C (mg/dL) 3.56 = 0.60 40.33 + 6.91* 15.69 + 2.18%

HDL-C (mg/dL) 60.20 + 1.64 92.10 + 3.45% 95.02 + 4.5%

Values are presented as means + SEM (n = 12 for all groups). One-way ANOVA analyses,
and post-test of Tukey indicate *significantly different from the control group (p < 0.05),
and %significantly different from the corresponding HF group (p < 0.05).
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The ASE treatment also reduced feed efficiency (p = 0.0090) without changing
total energy and food intake. Additionally, ASE treatment reduced the body adi-
posity index (p = 0.0318) and the visceral adipose tissue (p = 0.0214) and subcu-
taneous adipose tissue (p = 0.0371) weights (Table 2). However, these parameters
in the HF + ASE group were still higher than those in the Control group. Thus,
the BAT (p = 0.0005) weight was increased in the HF group, and the treatment
with ASE did not change these parameters (Table 2).

Table 2. Effects of ASE on adipose tissue weight.

Control HF HF + ASE

Body Adiposity Index (%) 3.58 +0.15 11.23 £ 0.57*  9.52 + 0.53*%
Visceral adipose tissue weight (g) 0.64 + 0.04 3.08+0.20%  2.43 £0.19*%
Subcutaneous adipose tissue weight (g) 0.30 £ 0.12 1.00 £ 0.09*  0.77 £ 0.06*%
Brown adipose tissue weight (g) 0.13 +£0.01 0.19 £ 0.01* 0.19 £ 0.01*%

Values are presented as means + SEM (n = 12 for all groups). One-way ANOVA analyses,
and post-test of Tukey indicate *significantly different from the control group (p < 0.05),
and %significantly different from the corresponding HF group (p < 0.05).

3.2. Effect of ASE on Blood Glucose and Plasma Lipid Profile

Initial blood glucose was similar between the groups (Table 1). However, at the
end of the experimental protocol, the HF group showed an increase in final blood
glucose (p < 0.0001), and treatment with ASE prevented this increase (p < 0.0001).
The plasma levels of total cholesterol (p < 0.0001), LDL-C (p < 0.0001), and HDL-
C (p < 0.0001) were higher in the HF group than in the control group. The ASE
treatment decreased total cholesterol (p = 0.0115), triglycerides (p = 0.0458),
VLDL-C (p = 0.0395), and LDL levels (p = 0.0006) compared to the HF group
(Table 1). Additionally, it did not alter the increased levels of total cholesterol and
HDL-C (Table 1).

3.3. Effects of ASE on Morphological Alterations in White and
Brown Adipose Tissue

In the HF group, the average adipocyte area of WAT was increased (p = 0.0004)
compared to the control group (Figure 1(A) and Figure 1(C)), indicating adipo-
cyte hypertrophy in obesity. The ASE treatment prevented (p = 0.0003) this mor-
phological alteration compared to the HF group (Figure 1(A) and Figure 1(C)),
resembling the Control group.

The morphological analysis of BAT demonstrated that the Control group showed
multilocular cells characteristic of brown adipocytes (Figure 1(B)). In contrast,
the HF group presented lipid infiltration with bigger fat droplets and a significant
decrease in the numerical density of nuclei per area (p < 0.0001) compared to the
Control group (Figure 1(B) and Figure 1(D)). This alteration in the HF group
exhibits a similar phenotype to that observed in WAT, indicating whitening in
this group. ASE treatment prevented the increase of lipid droplets in this tissue,
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presenting a multilocular structure of BAT with a significant increase in the nu-
merical density of nuclei (p < 0.0001), similar to what was observed in the Control
group (Figure 1(B) and Figure 1(D)).

A Control HF HF+ASE

White Adipose Tissue

Brown Adipose Tissue

* & D * &

8004  b————Ab——r 5 00037  F——i—i
. : S . -
% 600 5 € — .
a & S 0.002-
2t 23
o= 0 —
© =400 _* S ®
>3 o 2
O s T O 0.001
S 200+ =8 =
. £

=]
0 i Z  0.000

T T T T T
Control HF HF+ASE Control HF HF+ASE

Figure 1. White and brown adipose tissue parameters and structure. Representative sections of retroperitoneal
white adipose tissue (WAT) (A) and brown adipose tissue (BAT) (B), stained with hematoxylin and eosin in
control, HF, and HF + ASE groups. The photomicrograph is shown at 40x with a scale bar of 20 pm in the WAT
and at 100x with a scale bar of 10 um in the BAT. Effects of ASE on the average white adipocyte area in WAT,
n =4 (C), and the numerical density of nuclei per area in BAT, n = 3 (D). Values are presented as means + SEM.
One-way ANOVA analyses, and post-test of Tukey indicate *significantly different from the control group (p
<0.05), and &significantly different from the corresponding HF group (p < 0.05).

3.4. Effect of ASE on Thermogenesis Markers

Essential proteins for thermogenesis were also evaluated. The fi-adrenergic re-
ceptor (f;-AR) is activated by sympathetic stimulation and inserts UCP-1 into the
mitochondrial membrane. The immunostaining in BAT slides (Figure 2(A) and
Figure 2(B)) showed a significant decrease in UCP-1 in the HF group compared
to the Control group (p = 0.0433). The treatment with ASE prevented this de-

DOI: 10.4236/fns.2025.1611097 1676 Food and Nutrition Sciences


https://doi.org/10.4236/fns.2025.1611097

D. L. Beserra-Silva et al.

crease compared to the HF group (p = 0.0001) and increased this staining com-
pared to the Control group (p = 0.0003). 5-AR expression was reduced (Figure
2(C)) in the HF compared to the Control group (p < 0.0001), and the ASE treat-
ment increased f-AR expression compared to the HF group (p = 0.0085) but re-

mained minor than the control values (p = 0.0098).

B * C *
500 o5 109 T e
— o~ P W e e 133-AR
40 E T 8- - Actin
o 30 . g 61 ==
= : | -
° 20- g/ 4_ .
° x 5
104 T < 2
& [ap]
—— =
0 | T T 0 I T I
Control HF HF+ASE Control HF HF+ASE

Figure 2. Thermogenesis markers. Effects of ASE on UCP-1 immunostaining (A), % of UCP-1 (B) (n = 3 for all groups),
and S-AR expression (C) (n = 4 for all groups) in brown adipose tissue from HF-fed mice. The photomicrograph is shown
at 100x, with a scale bar of 10 um. Values are presented as means + SEM. One-way ANOVA analyses, and post-test of
Tukey indicate *significantly different from the control group (p < 0.05), and &significantly different from the correspond-
ing HF group (p < 0.05).

3.5. Effect of ASE on Fatty Acid Utilization Markers

Free fatty acids (FFA) are required as fuel for thermogenesis. In this study, lipo-
lytic proteins were evaluated. Western Blot analysis demonstrated a significant
reduction of PPARa (p = 0.0134) in the HF group compared to the Control group
(Figure 3(A)). There was no difference in PLIN-1 expression between the HF and
Control groups (Figure 3(B)). However, compared to the HF group, ASE treat-
ment significantly increased PPARa (p = 0.0238) and PLIN-1 expressions (p =
0.0490). The animals in the HF group showed a significant reduction in the ATGL (p
=0.0029) (Figure 3(C)) and HSL (p = 0.0038) expressions (Figure 3(D)) compared
to the Control group. The treatment with ASE increased the ATGL expression com-
pared to the Control (p = 0.0260) and HF (p < 0.0001) groups (Figure 3(C)). ASE
increased HSL expression compared to the HF group (p = 0.0339) (Figure 3(D)).
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Figure 3. Fatty acid utilization markers. Effects of ASE on the expression of PPARa (A),
PLIN-1 (B), ATGL (C), and HSL (D) in brown adipose tissue from HF-fed mice. Values
are presented as means + SEM, n = 4 for all groups. One-way ANOVA analyses, and post-
test of Tukey indicate *significantly different from the control group (p < 0.05), and &sig-
nificantly different from the corresponding HF group (p < 0.05).

3.6. Effect of ASE on Mitochondrial Biogenesis Markers

In mitochondrial biogenesis, the activation of peroxisome proliferator-activated
receptor-gamma coactivator (PGC-1a) is followed by the expression of nuclear
respiratory factor 1 (NRF1), that results in the expression of mitochondrial tran-
scription factor A (TFAM), the final effector of mitochondrial biogenesis.
Western blot analysis demonstrated a decreased expression of PGC-1a (p =
0.0090) and NRF1 (p = 0.0010) in the HF compared to the Control group (Figure
4(A) and Figure 4(B)), which was prevented by ASE (p = 0.0016 and p = 0.0025,
respectively). In addition, the immunostaining of TFAM (Figure 4(C) and Figure
4(D)) was reduced in the HF group (p = 0.0470) compared to the Control group, and
the ASE treatment prevented this reduction compared to the HF group (p=0.0399).
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Figure 4. Mitochondrial biogenesis markers. Effects of ASE on the expression of PGC-1aq,
n=4(A), NRFI, n =4 (B), TFAM immunostaining (C), and % of TFAM, n = 3 (D) in brown
adipose tissue from HFD-fed mice. The photomicrograph is shown at 100x, with a scale
bar of 10 pm. Values are presented as means + SEM. One-way ANOV A analyses, and post-
test of Tukey indicate *significantly different from the control group (p < 0.05), and &sig-
nificantly different from the corresponding HF group (p < 0.05).

3.7. Effect of ASE on Oxidant Status

The indicators of lipid peroxidation, 8-isoprostane and MDA, were evaluated to
determine oxidative damage, and the antioxidant enzymes SOD, CAT, and GPx
were assessed to observe protection against the formation of ROS. Although there
was no significant increase in 8-isoprostane staining in BAT slides from the HF
compared to the Control group (Figure 5(A) and Figure 5(B)), treatment with
ASE reduced the immunostaining (p = 0.0338) compared to the HF group. BAT
homogenate of the HF group showed a substantial increase in MDA levels (Figure
5(C)) compared to the Control group (p = 0.0092). The ASE treatment demon-
strated a significant protective effect (p = 0.0017) against these elevated MDA lev-
els in the treated animals compared to the HF group.

Antioxidant status was determined by SOD, CAT, and GPx activity in BAT ho-
mogenate. The HF group demonstrated a significant reduction in the activity of

DOI: 10.4236/fns.2025.1611097

1679 Food and Nutrition Sciences


https://doi.org/10.4236/fns.2025.1611097

D. L. Beserra-Silva et al.

the antioxidant enzymes SOD (p = 0.0158) (Figure 5(D)) and CAT (p = 0.0291)
(Figure 5(E)) compared to the Control group. The treatment with ASE prevented
only the reduction of SOD activity (p = 0.0180), not significantly altering CAT
activity. Regarding GPx activity (Figure 5(F)), no significant difference was ob-

served between the analyzed groups.
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Figure 5. Oxidative status. Effects of ASE on 8-isoprostane immunostaining (A), % of 8-isoprostane,
n =3 (B), MDA levels, n = 5 (C), and antioxidant activity of SOD, n = 5 (D), CAT, n = 5 (E) and GPx,
n =5 (F) in brown adipose tissue from HF-fed mice. The photomicrograph is shown at 100x, with a
scale bar of 10 um. Values are presented as means + SEM. One-way ANOVA analyses, and post-test
of Tukey indicate *significantly different from the control group (p < 0.05), and &significantly differ-
ent from the corresponding HF group (p < 0.05).

3.8. Effect of ASE on Inflammation Markers

Pro-inflammatory cytokines IL-6, MCP-1, and TNF-a were stained in BAT slides
to evaluate the effects of ASE on inflammation. The HF group showed a significant
increase in the staining of the pro-inflammatory cytokines IL-6 (p = 0.0251) (Fig-
ure 6(A) and Figure 6(B)), MCP-1 (p = 0.0237) (Figure 6(A) and Figure 6(C)),
and TNF-a (p=0.0103) (Figure 6(A) and Figure 6(D)) compared to the Control
group. Treatment with ASE reduced the MCP-1 (p = 0.0038) and TNF-a (p =
0.0244) staining, but not IL-6, compared to the HF group.
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Figure 6. Oxidative status. Effects of ASE on 8-isoprostane immunostaining (A), % of 8-isopros-
tane, n = 3 (B), MDA levels, n = 5 (C), and antioxidant activity of SOD, n = 5 (D), CAT, n = 5 (E)
and GPx, n = 5 (F) in brown adipose tissue from HF-fed mice. The photomicrograph is shown at
100x, with a scale bar of 10 um. Values are presented as means + SEM. One-way ANOVA anal-
yses, and post-test of Tukey indicate *significantly different from the control group (p < 0.05),
and %significantly different from the corresponding HF group (p < 0.05).

4. Discussion

The present study demonstrates that chronic consumption of an HF diet induces
classical features of diet-induced obesity in C57BL/6 mice, including increased
body weight, adiposity, hyperglycemia, and dyslipidemia [16]-[18]. Treatment
with ASE was able to prevent these alterations without affecting energy intake,
which is reinforced by the improvement in metabolic efficiency. These significant
findings, which corroborate previous data from our group, indicate that the pol-
yphenol-rich extract from Euterpe oleracea exerts anti-obesogenic effects by mod-
ulating adipose tissue metabolism and improving systemic metabolic parameters
[16]-[18].
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The growing body of evidence supports BAT as a potential new target for treat-
ing obesity-induced disorders [30]. In line with the preventive scope of this study,
a central finding is the preservation of BAT structure and function by ASE. BAT
is known to play a crucial role in energy expenditure through thermogenesis. Obe-
sity leads to BAT dysfunction, often characterized by whitening, increased lipid
accumulation, and reduced mitochondrial density [5] [6].

The present results showed that HFD induces BAT hypertrophy, increasing tis-
sue mass and adipocyte size by enhancing lipid infiltration and reducing the nu-
clear density in this tissue, which aligns with previous findings [31] [32]. However,
it is the first evidence showing ASE’s effect on BAT morphology, preventing the
above alterations and preserving the multilocular structure in the BAT of HF-fed
mice. Previous studies have demonstrated the activity of other compounds on
BAT remodeling, such as eicosapentaenoic acid (EPA), docosahexaenoic acid
(DHA), and fenofibrate [6] [31] [33]. Therefore, these findings suggest that ASE
is beneficial in preventing BAT dysfunction and also highlight its potential for
therapeutic application.

BAT activation enhances lipid metabolism and promotes the release of free fatty
acids (FFA), a crucial fuel for thermogenesis and a direct activator of UCP-1 [34].
Mechanistically, the protective effects of ASE appear to be linked to improved li-
pid mobilization and mitochondrial function in BAT. ASE increased the expres-
sion of key lipolytic proteins (ATGL, HSL, PLIN-1) and thermogenic markers
(UCP-1, B5-AR), which are typically suppressed in obesity. Thus, these results sug-
gest a possible reactivation of thermogenesis pathways. ASE treatment also re-
stored the expression of PPARq, a well-known transcriptional factor that regulates
lipid metabolism and induces UCP-1 expression, mitochondrial biogenesis, and
pf-oxidation [6]. Although we did not directly assess thermogenic activity, our re-
sults are consistent with the hypothesis that ASE supports BAT function through
a PPARa-dependent mechanism.

Additionally, ASE prevented the downregulation of mitochondrial biogenesis
markers (PGC-1a, NRF1, and TFAM) in BAT promoted by obesity, which is con-
sistently associated in the literature with impaired mitochondrial biogenesis and
function, a phenomenon also observed in our HF-fed animals [6] [35]. Notably,
PGC1-a plays a central role in maintaining mitochondrial function, as it coordi-
nates the expression of mitochondrial DNA by promoting TFAM expression, with
the support of NRF1 [36]. These findings indicate that ASE not only preserves
BAT morphology but also sustains its mitochondrial integrity, a hallmark of its
thermogenic capacity. Polyphenol-rich extracts are known to activate the PGC-
1a/NRF1/TFAM pathway, lead to the synthesis of new mitochondria [8] [36], and
improve mitochondrial function, which may partly explain the effects observed in
this study [7].

Mitochondrial dysfunction in BAT is often accompanied by oxidative stress and
low-grade inflammation, both of which are exacerbated by obesity. The HFD in-
creased lipid peroxidation (MDA) and reduced antioxidant enzyme activities

(SOD, CAT), while also promoting inflammation via increased expression of IL-
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6, MCP-1, and TNF-a and related brown adipocyte dysfunction [9] [35]-[37]. The
whitening process observed in BAT may explain the secretion of pro-inflamma-
tory cytokines. Moreover, previous data indicate that low-grade inflammation in
BAT contributes to excessive ROS production and is associated with oxidative
stress in this tissue [9].

In this study, in addition to its metabolic regulation, ASE also exhibited antiox-
idant and anti-inflammatory effects in BAT, thereby attenuating oxidative dam-
age and restoring SOD activity while reducing MCP-1 and TNF-a levels. These
results are consistent with the known anti-inflammatory and antioxidant actions
of Euterpe oleracea polyphenols in other tissues [16]-[18] [21] [38] [39].

Despite the promising results observed, some limitations should be acknowl-
edged to contextualize the findings better and guide future research. A key limi-
tation of the study is the lack of direct assessment of BAT thermogenic activity.
Future studies should include functional assays to confirm whether the increased
expression of thermogenic proteins translates into enhanced energy expenditure.
Furthermore, only male mice were studied. However, given the relevance of stud-
ying metabolic changes induced by HFD, the effects of ASE in females remain to
be explored.

5. Conclusions

In conclusion, ASE effectively prevented weight gain, visceral adiposity, blood
glucose elevation, and intra-abdominal adipose tissue mass increase in C57Bl/6
mice fed an HFD. Together, our data demonstrate that ASE supports metabolic
health through a combination of complementary actions, including limiting fat
accumulation, preserving the structure and function of BAT, enhancing mito-
chondrial biogenesis, and stimulating lipolysis and thermogenic signaling. The
anti-inflammatory and antioxidant action of ASE observed in BAT suggests an
additional beneficial mechanism in the dysfunction of this tissue and the meta-
bolic changes associated with obesity. These results support ASE as a promising

natural source for treating obesity using BAT as a new target.
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Supplementary Material

Table S1. Diets composition.

Nutrients (U/Kg diet) Standard Diet High-fat Diet
Casein (g) 148 190
Corn strach (g) 620.7 250.7
Sucrose (g) 100 100
Soybean oil (g) 40 40
Lard (g) - 320
Fibers(g) 50 50
Mineral mix (g) 35 35
Vitamin mix (g) 10 10
L-cystine (g) 1.8 1.8
Choline chloride (g) 2.5 2.5
Energy (kcal) 3.800 5.400
Carbohydrate (%) 76 26
Protein (%) 14 14
Lipids (%) 10 60

Composition of the standard and high-fat diets offered to the animals during the experi-
mental protocol. Both diets were balanced and produced by Rhoster Industria e Comércio
Ltda. (Aragoiaba da Serra, SP, Brazil). The vitamin and mineral mix followed the AIN-93M
recommendations for adult rodents.

Table S2. Primary antibodies used for immunohistochemistry.

Target Host

Dilution Supplier (Catalog No. Location
Protein  species pplier ( & )
8-Isoprostane Goat 1:100 Oxford Biomedical (-) Oxford, UK
IL-6 Goat 1:100 Santa Cruz Biotech (sc-1265) Dallas, TX, USA

MCP-1 Goat 1:100 Santa Cruz Biotech (sc-1785) Dallas, TX, USA
TNF-a Mouse  1:100 Santa Cruz Biotech (sc-52746) Dallas, TX, USA
TFAM Rabbit  1:100 Boster Bio (PB9447) Pleasanton, CA, USA

UCP-1 Rabbit  1:100 Cusabio (CSB-PA05554ESR2HU) Houston, TX, USA

Primary antibodies used for immunohistochemistry in brown adipose tissue (BAT) in-
cluded: goat anti-8-isoprostane (8-epi-PGF2a), goat anti-interleukin-6 (IL-6), goat anti-
monocyte chemoattractant protein-1 (MCP-1), mouse anti-tumor necrosis factor-alpha
(TNEF-a), rabbit anti-mitochondrial transcription factor A (TFAM), and rabbit anti-uncou-
pling protein 1 (UCP-1). All antibodies were incubated overnight at 4 °C in a humidified
chamber, as detailed in the Methods section.
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Table S3. Primary antibodies used for western blot.

Target Host
Protein  species

Ss-AR Rabbit 1:500 Bioss Inc. (BS-10921R) Woburn, MA, USA

Dilution Supplier (Catalog No.) Location

PPARa Rabbit 1:500 Santa Cruz Biotech (sc-9000) Houston, TX, USA
PLIN-1 Rabbit  1:1000 Cusabio (CSB-PA937313) Houston, TX, USA

ATGL  Rabbit  1:1000 Cusabio Houston, TX, USA
(CSB-PA836180LAO1HU)
Pleasanton, CA,
USA

PGCl-a Rabbit 1:500 Santa Cruz Biotech (sc-13067) Dallas, TX, USA

HSL Rabbit  1:1000 Cusabio (CSB-PA009841)

NRF1 Rabbit  1:1000 Cusabio (CSB-PA009841) Houston, TX, USA
PF-actin Mouse  1:1000 Santa Cruz Biotech (sc-47778) Dallas, TX, USA

Primary antibodies used for Western blot analysis included: rabbit anti-f;-adrenergic re-
ceptor (S-AR), rabbit anti-peroxisome proliferator-activated receptor alpha (PPARa), rab-
bit anti-perilipin 1 (PLIN-1), rabbit anti-adipose triglyceride lipase (ATGL), rabbit anti-
hormone-sensitive lipase (HSL), rabbit anti-peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC1-a), rabbit anti-nuclear respiratory factor 1 (NRF1), and
mouse anti-B-actin (used as a loading control). All primary antibodies were incubated over-

night at 4 °C under constant agitation, as detailed in the Methods section.

HPLC Analysis and MALDI-TOF Mass Spectrum of ASE
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Figure S1. HPLC analysis of ASE. (A) HPLC analysis of the aqueous residue of ASE ac-
cording to Peng, et al. (2001) [1]. The marked peaks of 27, 38 and 51 min correspond to
catechin, epicatechin and oligomeric and polymeric condensed tannins. (B) HPLC analysis
of the aqueous fraction residue according to Kelm, et al. (2006) [2], where the marked peaks
(1 to 10) show the series of condensed tannins present in the sample from monomer to
decamer.
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Figure S2. MALDI-TOF mass spectrum of the aqueous fraction residue from ASE.

The spectrum was obtained on a Bruker Autoflex Speed; DHB matrix, 1:1:10
(sample: NaCl: matrix). Mass peaks are of sodium adducts of B-type proanthocy-
anidins: [M + Na] + m/z = 889, 903, 1177, 1193, 1465, 1481, 1753, 1769, 2041,

2058, 2329, 2347, 2617, 2634, 2907, 2922, 3193 and 3211.
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