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Abstract

Background: Menopause induces estrogen deficiency and promotes a pro-inflammatory and pro-fibrotic cardiovascular environment
that increases susceptibility to adverse remodeling after myocardial infarction (MI). This study evaluated resveratrol as an inflammatory
modulator and assessed its effects on cardiac fibrosis and hypertrophy in aged ovariectomized Wistar rats with chronic MI. Methods:
Thirty-six, one-year-old female Wistar rats (450-500 g) were allocated to six groups (n = 6 per group), with or without resveratrol
treatment: (1) Sham, (2) Sham-R, (3) Bilateral ovariectomy (OVX), (4) OVX-R, (§) OVX + left anterior descending coronary artery
ligation (LADL); OVX-LADL, and (6) OVX-LADL-R. Structural alterations, collagen deposition, and inflammatory profiles were as-
sessed using histological analysis, morphometric measurements, and correlation-based heatmap. LADL in ovariectomized rats resulted
in marked structural disorganization, increased cardiac fibrosis, and a predominance of pro-inflammatory mediators. Results: Resvera-
trol treatment attenuated collagen deposition, partially preserved tissue architecture, and shifted the inflammatory profile towards a less
pro-fibrotic pattern. Heatmap analysis showed that resveratrol reduced the strength of correlations between inflammatory markers and
fibrotic remodeling, particularly in estrogen-deficient animals. Conclusion: These findings suggest that resveratrol attenuates adverse
cardiac remodeling after MI in ovariectomized rats by modulating inflammation-driven fibrosis under estrogen-deficient conditions a
response associated with increased IFN-y.
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1. Introduction tective effects of estrogens [2]. Menopause induces car-
diometabolic changes that constitute an important CVD risk
factor in women [1]. During sex-hormone depletion insulin
resistance, increased body mass index, and more inflam-
matory profile may develop, leading to molecular changes
that affect cardiac function and structure. Hormone Re-
placement therapy (HRT) has been used to address some of
these complications; however, not all women are candidates
for estrogen treatment. In the 1990s, the Heart and Estro-
gen/progestin Replacement Study (HERS), which included
2736 postmenopausal women, reported an increased inci-
dence of heart disease and breast cancer associated with es-
trogen replacement therapy. Between 1990 and 2000, HRT
use decreased by 46% in the USA, 28% in Canada, and sim-
ilar proportions in European countries [4]. Despite exten-
sive efforts to demonstrate the benefits of HRT for post-
menopausal changes, its potential risks have limited its use,

Sex differences in the development and progression
of cardiovascular diseases (CVDs) have received increas-
ing attention, particularly because mortality from myocar-
dial infarction (MI) among women has risen worldwide.
Sex-related differences have been reported in genetics and
molecular mechanisms involved in hypertrophy, inflamma-
tion, fibrosis [1]. In 1984, the NIH first reported that CVDs
were more prevalent in women than in men [2]. The risk
of Ml increases with age and with comorbidities in women,
such as hypertension, diabetes, obesity, smoking, and phys-
ical inactivity [2]. Age is also a major determinant of MI
onset in women, who experience their first MI at an average
age of 71 years, compared with 65 years in men [3]. This
issue has become relevant as the aged population continues
to grow. The increased incidence of MI in older women
is thought to be partly related to the loss of the cardiopro-
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supporting the search for alternative therapeutic strategies
[5]. Our group previously showed that estrogen depletion
induces metabolic changes in the heart that promote remod-
eling, hypertrophy, and myocardial contractile dysfunction.
In that study, early estrogen replacement prevented colla-
gen deposition and reduced ischemic events, although elec-
trocardiographic alterations were observed in the treated
groups [6]. One strategy is the use of phytopharmaceuti-
cal compounds. Resveratrol was first isolated by Takaoka
from Veratrum grandiflorum in 1939 [7]. Since then, it has
been widely studied in cancer, inflammation, CVD, and di-
abetes mellitus [8]. Resveratrol is a polyphenol found in
grapes, wine, berries, and peanuts, and has been associ-
ated with beneficial effects against oxidative stress, neu-
rodegeneration, inflammation, diabetes, and cancer. The
rationale for testing resveratrol in a menopause model is
its potential interaction with estrogen signaling. Because
of its polyphenolic structure, resveratrol can act as a weak
phytoestrogen that interacts with estrogen receptors ERa
and ER, thereby partially modulating signaling pathways
normally regulated by estradiol. This interaction may con-
tribute to restoring nitric oxide (NO) production, reducing
vascular inflammation, and improving endothelial function
under estrogen-deficient conditions. However, resveratrol
has a substantially lower affinity for estrogen receptors than
estradiol, suggesting that its effects likely depend on both
estrogen receptor activation and independent mechanisms,
mainly involving SIRT1 and AMPK. Xin et al. (2010)
[9] demonstrated that resveratrol benefited male Sprague-
Dawley rats in a model of ventricular stimulation with sin-
gle, double, and triple extrastimuli by reducing sympathetic
neural remodeling, oxidative stress, and inflammatory re-
sponses, which may reduce arrhythmias. Feng et al. (2020)
[10] reported that resveratrol protected mice against is-
chemic injury by regulating immune factors such as Sirtuin-
1 (SIRT1)/p53 and inhibiting NLRP3-mediated inflamma-
some activation. Resveratrol also modulates inflamma-
tory pathways involved in cardiovascular pathophysiology.
Several studies have shown that it inhibits NF-kappaB ac-
tivation, decreases the expression of pro-inflammatory cy-
tokines such as TNF-a, IL-1f3, and IL-6, and reduces en-
dothelial adhesion molecules, including vascular cell ad-
hesion molecule-1 (VCAM-1) and intercellular adhesion
molecule 1 (ICAM-1), which participate in monocyte re-
cruitment during atherosclerosis. In addition, resveratrol
activates nuclear factor erythroid 2-related factor 2 (Nrf2), a
key regulator of the antioxidant response, thereby increas-
ing cytoprotective genes such as heme oxygenase-1 (HO-
1) and NAD(P)H (reduced forms of nicotinamide adenine
dinucleotide) quinone oxidoreductase-1 (NQO1). Liu et
al. [11] also reported that resveratrol attenuated myocar-
dial injury by inducing KAT5/GPX4 (Lysine Acetyltrans-
ferase 5/glutathione peroxidase 4) in the ferroptosis path-
way. However, many preclinical studies evaluating the car-
dioprotective effects of resveratrol have been conducted in

male animals [10,12,13]. This highlights the need to eval-
uate the effects of this polyphenol in aged ovariectomized
females and to determine whether estrogen depletion modi-
fies the response to resveratrol. Accordingly, the aim of this
study was to evaluate resveratrol as an inflammatory mod-
ulator and to assess its impact on cardiac fibrosis and hy-
pertrophy in aged ovariectomized Wistar rats with chronic
ML

2. Methods
2.1. Animals

Thirty-six one-year-old female Wistar rats, weighing
450-500 g, were obtained from the Facultad de Estudios
Superiores Cuautitlan, UNAM animal facility. The animals
were housed at 24 degrees C under a 12 h light/dark cycle,
with free access to food and water. Animal care and ex-
perimental procedures were performed in accordance with
the Guide for the Care and Use of Laboratory Animals (8th
edition, National Academies Press). The project was ap-
proved by the Internal Committee for the Care of Experi-
mental Animals of FES Cuautitlan (C22_12) and complied
with the Mexican Official Standard NOM-062-Z00-1999,
which establishes technical specifications for the produc-
tion, care, and use of laboratory animals. The study was
carried out in accordance with the ARRIVE guidelines.

2.2 Experimental Protocol

Animals were randomized into six groups (n = 6 per
group). Resveratrol treatment is indicated by the suffix ‘R’.
The groups were: (1) SHAM-R; (2) SHAM; (3) bilateral
ovariectomy with resveratrol treatment (OVX-R); (4) bilat-
eral ovariectomy without resveratrol treatment (OVX); (5)
OVX followed by left anterior descending coronary artery
ligation for six weeks with resveratrol treatment (OVX-
LADL-R); and (6) OVX-LADL without resveratrol treat-
ment (OVX-LADL). LADL groups without ovariectomy
were not included because the objective of the study was
to evaluate the effect of resveratrol in a menopause-related
model. Bilateral ovariectomy was performed to model es-
trogen depletion. Resveratrol treatment began on the day of
ovariectomy. Six weeks after bilateral ovariectomy, LADL
was performed and treatment continued for six additional
weeks; thus, resveratrol was administered for a total of 12
weeks. Blood pressure was measured using the tail-cuff
method, followed by echocardiography under anesthesia
with ketamine (35 mg/kg) and xylazine (15 mg/kg) admin-
istered intraperitoneally. Animals were then euthanized,
and blood and tissue samples were collected. Serum was
used to quantify NO metabolites by the Griess reaction and
selected pro- and anti-inflammatory cytokines. Hearts and
aortas were harvested for histological analysis using Mas-
son’s trichrome and hematoxylin-eosin staining. Infarct
area was assessed using 2,3,5-triphenyltetrazolium chloride
staining (T8877, Merck, MA, USA).
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2.2.1 Resveratrol Treatment

Resveratrol was dispersed in purified water containing
0.5% Poloxamer 407 (Merck, MA, USA). The treatment
was administered orally by intragastric gavage at a dose of
33 mg/kg/day for 12 weeks (Best Naturals, premium for-
mula, 500 mg; NJ, USA).

2.2.2 Bilateral Ovariectomy (OVX)

Female rats, one-year-old, were anesthetized with
pentobarbital (Sedal-Pharma, Mexico 63mg/mL) adminis-
tered intraperitoneally at 35 mg/kg. After anesthesia was
achieved, the ovaries were exposed through a small inci-
sion. The oviduct was ligated and the ovaries were re-
moved. The muscle and skin layers were sutured, and the
animals were allowed to recover. Postoperative care in-
cluded oral gabapentin-tramadol (Aurax, Mexico) at 300/25
mg/kg/day for two weeks. A 6-week recovery period was
allowed before LADL [5,6].

2.2.3 Left Anterior Descending Coronary Artery (LADL)

Before surgery, rats were anesthetized with ketamine
(100 mg/mL, 35 mg/kg) and xylazine (20mg/mL, 15 mg/kg)
administered intraperitoneally (Virbac, Jalisco, Mexico). A
thoracotomy was performed between the fourth and fifth in-
tercostal spaces to exteriorize the heart and locate the left
anterior descending coronary artery. The artery was ligated
using an atraumatic needle and 5/0 silk thread (Atramat,
Mexico City, Mexico). The heart was returned to the tho-
racic cavity, and the muscle and skin layers were sutured.
Postoperative analgesia consisted of gabapentin-tramadol
(300/25 mg/kg/day, orally) for two weeks. Additional tra-
madol (6 mg/kg; Aurax, Mexico) was provided in drinking
water for two weeks. Animals were allowed to recover for
6 weeks.

Humane endpoints were assessed by continuous mon-
itoring of grooming, food and water intake, and the pres-
ence of porphyrin staining, which may indicate pain or dis-
tress after surgery. Animals showing these signs were eu-
thanized with an overdose of pentobarbital (63 mg/mL, 100
mg/kg).

Quantification of the Infarct Area. After extraction, hearts
were perfused with physiological saline solution, wrapped
in Parafilm, and frozen at —20 °C for approximately 1 h.
Hearts were then cut into transverse slices approximately
3 mm thick. The slices were placed in a 10 mL Fal-
con tube containing 1% tetrazolium blue solution and pro-
tected from light with aluminum foil. Samples were in-
cubated at 37 °C for 20 min with shaking. The stained
tissue was then placed between two glass plates and pho-
tographed. Infarct area was quantified using Motic Im-
ages Plus 3.0 software (https://www.motic.com/As_micro
scope_software r/product 230.html).
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2.2.4 Arterial Blood Pressure Measurement

Before post-infarction measurements, rats were accli-
matized to restraint for two weeks using the SIEVART1
restraint device in the laboratory and cardboard tubes in
the animal facility. Blood pressure was measured in con-
scious rats using the tail-cuff method. A cuff connected to a
computerized oscilloscope was placed on the proximal half
of the tail, and measurements were obtained using SPEM
equipment and SIEVART version 1 software (Instituto Na-
cional de Cardiologia Ignacio Chavez, Mexico City, Mex-
ico). Mean arterial pressure (MAP) was calculated as fol-
lows: MAP = diastolic blood pressure + 1/3 (systolic blood
pressure — diastolic blood pressure).

2.2.5 Echocardiography (ECHO)

Before echocardiography, rats were anesthetized with
ketamine (35 mg/kg) and xylazine (15 mg/kg) adminis-
tered intraperitoneally. The anterior chest wall was shaved
and cleaned, and ultrasound gel was applied. Echocardio-
graphic evaluation was performed using a SonoScape X5V
system (Guangdong, China) in B-mode followed by M-
mode.

2.2.6 Quantification of NO by Griess Reaction

Blood samples were collected from each group to
quantify serum metabolites of nitric oxide (NO). To reduce
nitrate (NO3-) to nitrite (NO2-), VCI3 solution (0.8% in
10% HCI; Merck, MA, USA) was used. Serum proteins
were precipitated by adding 100 microL of serum to 200
microL of ethanol:water solution (7:1), followed by cen-
trifugation at 14,500 rpm for 20 min. Then, 100 microL
of the supernatant was mixed with 100 microL of VCI3 and
50 microL of sulfanilamide (2% in 10% HC]) in a microtiter
plate. After incubation for 20 min at room temperature, ab-
sorbance was read at 450 nm.

2.2.7 Histologic Analysis

Hearts were harvested, sectioned transversely into
three slices, and fixed in 10% formaldehyde (pH 7.4).
Left ventricular samples were formalin-fixed, paraffin-
embedded, and cut into 10 micrometre-thick sections using
a microtome. Sections were deparaffinized and rehydrated
by sequential immersion in xylene, a 1:1 ethanol:xylene
mixture, and graded ethanol solutions from 100% to
50%. Samples from the peri-infarct penumbra region were
stained with Weigert’s hematoxylin or Masson’s trichrome
for 10 min. Infarct area and collagen deposition were then
evaluated.

2.2.7.1 Cardiomyocytes Area Measurement. Cardiomy-
ocyte area was measured in left ventricular sections stained
with hematoxylin and eosin. A preliminary microscopic
scan was performed using 4x and 10x objectives. Regions
containing cardiomyocytes were then identified and exam-
ined using the 40 objective. Three fields were captured per
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Fig. 1. Echocardiographic parameters. (a) LVM, left ventricular mass; (b) IVSd, interventricular septal thickness at end-diastole; (c)

SV, stroke volume; and (d) IVSs, interventricular septal thickness at end-systole. Data are presented as mean = SEM (n = 6 biological

replicates per group; two measurements per animal are displayed individually, resulting in 12 plotted points per group). Statistical analysis

was performed using two-way ANOVA followed by Tukey’s post hoc test. Horizontal brackets indicate the groups compared; exact p

values are shown above each bracket. Differences were considered statistically significant at p < 0.05.

sample using AmScope software (4.11.20131.20220108,
United Scope LLC, Irvine, CA, USA). Six cardiomyocytes
were randomly selected from each sample, and their area
was measured using Motic Images Plus 3.0 software. Re-
sults were expressed in square micrometres. Increased car-
diomyocyte area was used as a morphometric indicator of
hypertrophy.

2.2.7.2 Quantification of Collagen in the Myocardium.

Collagen deposition was measured in left ventricular sam-
ples stained with Masson’s trichrome. A preliminary mi-
croscopic scan was performed to identify regions with the
highest collagen content in the free wall of the left ven-
tricle. Three fields were captured from each sample us-
ing AmScope software (4.11.20131.20220108). Collagen-
positive area was measured using Motic Images Plus 3.0
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software. Collagen deposition was expressed as the per-
centage of collagen-positive tissue relative to total tissue
area.

2.2.8 IL-4, IL-10, and IFN-y Quantification

Serum cytokine concentrations were quantified using
a multiplex bead-based flow cytometry assay (Cytometric
Bead Array, CBA; BD Biosciences, CA, USA) according
to the manufacturer’s instructions. Briefly, rat serum sam-
ples were diluted (1:4) in assay diluent and incubated with
fluorescence-coded capture beads coated with antibodies
specific for IFN-y, IL-10, and IL-4, allowing bead-analyte
complexes to form. PE-conjugated detection antibodies
were then added to generate sandwich complexes propor-
tional to analyte concentration. After sequential incuba-
tions at room temperature and washing steps, samples were
acquired on a FACSCanto II flow cytometer using SSC-
A for bead discrimination and PE/APC/APC-Cy?7 fluores-
cence channels for analyte detection. Cytokine concentra-
tions were calculated from standard curves generated by se-
rial dilution of recombinant standards using FCAP Array
software.

2.2.9 Heat Maps

To explore the relationship between structural remod-
eling, cardiac function, and inflammatory mediators, Spear-
man’s rank correlation coefficients were calculated among
cardiac morphometric variables, echocardiographic param-
eters, nitric oxide metabolites, and cytokine concentrations.
Correlation analyses were performed independently within
each experimental group to preserve group-specific asso-
ciation patterns. For each pairwise correlation, the corre-
sponding p value was estimated and adjusted for multiple
testing using the false discovery rate method. Missing data
were managed by pairwise exclusion.

Group-specific correlation matrices were visualised as
heatmaps. Prior to visualisation, variables were scaled to
facilitate comparison across parameters with different mea-
surement units. Hierarchical clustering was performed for
both rows and columns using Euclidean distance and com-
plete linkage. Heatmaps were generated using R version
4.4.1 and the pheatmap package version 1.0.12. Because
this approach is based on correlation analysis, heatmaps
were considered exploratory and were not interpreted as ev-
idence of direct mechanistic or causal relationships.

2.2.10 Statistical Analysis

Data are presented as mean = SEM. The animal was
considered the biological experimental unit. For histolog-
ical and morphometric analyses involving multiple fields
or cells per animal, technical measurements were averaged
to generate one value per animal before group-level anal-
ysis. Normality was assessed using the Shapiro—Wilk test
and inspection of residuals; homogeneity of variance was
assessed using Levene’s or Brown—Forsythe’s test.
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Primary analyses were performed using two-way
ANOVA with experimental condition — Sham, OVX,
OVX-LADL — and treatment — vehicle or resveratrol
— as fixed factors. When appropriate, a focused 2 x 2
ANOVA was performed in OVX animals using LADL and
resveratrol as fixed factors. Interaction terms were re-
ported. Tukey’s post-hoc test was used for multiple com-
parisons when significant main effects or interactions were
detected. For non-normally distributed data, equivalent
non-parametric or rank-based analyses were applied. A p
value < 0.05 was considered statistically significant.

Sample Size Calculation. Sample size was estimated us-
ing G*Power [14], considering a confidence level of 95%
(a= 0.05), statistical power of 86%, an effect size of 0.8,
and variability. The test family was F tests, using ANOVA:
fixed effects, omnibus, one-way, with an a priori power
analysis to calculate the required sample size. The esti-
mated total sample size was N = 28, with a statistical power
of 92%. To reduce the number of animals, we also evalu-
ated whether N = 24 would be sufficient; this yielded a sta-
tistical power of 86%, which is within an acceptable range
for this type of study [15].

3. Results

A significant change in body mass was observed only
in the OVX-LADL group, and this change was attenuated
by resveratrol treatment. Both the OVX and OVX-R groups
showed a numerical reduction in body mass, with a greater
decrease observed in the OVX group (—19.12 g) than in the
OVX-R group (—6.7 g) (Table 1).

No significant differences in heart weight were de-
tected among groups. Systolic blood pressure (SBP), dias-
tolic blood pressure (DBP), mean arterial pressure (MAP),
and heart rate were measured using the tail-cuff method (Ta-
ble 2). No significant differences were observed in these
hemodynamic parameters across groups; however, a non-
significant trend towards increased blood pressure was ob-
served in the OVX-LADL group.

Interventricular septal thickness at end-systole and
end-diastole increased in the OVX-LADL group (Fig. 1),
and these changes were reversed towards normal values
by resveratrol treatment. These alterations were associ-
ated with increased left ventricular mass in the OVX-LADL
group (Fig. 1a). End-systolic and end-diastolic septal thick-
ness were also increased in OVX-LADL animals and were
accompanied by increased stroke volume (Fig. 1c).

Table 3 summarizes the echocardiographic parameters
measured across experimental groups.

Fig. 2a shows reversal of concentric hypertrophy in
the resveratrol-treated groups, together with a trend towards
reduced infarct area (Fig. 2b). Myocyte area increased in
infarcted animals; however, resveratrol tended to reduce
hypertrophy in the ovariectomized infarcted group (Fig.
2¢). Collagen deposition increased significantly in OVX-
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Table 1. Body and heart mass index.

GROUP
Parameter (g) SHAM SHAM-R p value OovVX p value OVX-R p value OVX-LADL p value OVX-LADL-R p value
Index mass of heart 0.0028 [0.0024, 0.0035] 0.0030 [0.0028, 0.0035] 0.918 0.0028 [0.0024, 0.0052] 0.87 0.0027 [0.0023, 0.0031] 0.99 0.0029 [0.0024, 0.0035] 0.67 0.0030 [0.0020, 0.0037] 0.75
—5.45 12.6 -19.12 —63.7 79.4 30.0
A of corporal mass 0.329 0.423 0.41 0.029 0.27
[-154.7,72.9] [43.4,101.0] [-70.9, 134.7] [-96.4,-4.9] [17.9, 140.3] [-16.9, 66.7]

Heart mass index was calculated as heart mass divided by total body mass. Delta body mass was calculated as the final body mass minus the initial body mass after ovariectomy. Data are presented as mean
[minimum-maximum] from n = 6 animals per group and were analyzed using Two-way ANOVA. A p-value of p < 0.05 was considered statistically significant vs sham group.

Table 2. Blood pressure and heart rate.

GROUP
Arterial pressure (mmHg) SHAM SHAM-R p value OovVX p value OVX-R p value OVX-LADL p value OVX-LADL-R p value
Systolic 143.1[123.7,158.0] 145.0[108.7,168.0] 0.107 148.5[142.8,153.7] 0.107 158.4[142.3,170.9] 0.14 159.5[151.6,170.9] 0.09  133.6[106.0, 151.6] 0.54
Diastolic 86.5[50.1, 118.0] 70.8 [20.7, 105.8] 0.25 94.9[76.5, 127.3] 0.549  104.4[60.1, 150.9] 0.74  103.7[82.2,138.7] 0.38 90.6 [72.1, 125.8] 0.12
Mean 105.4 [74.6,131.3]  110.7[90.3, 125.1] 0.76  112.8[100.8,134.0] 0.629  122.4[91.1, 154.5] 0.59 122.3[106.0,149.4] 0.98 106.8 [83.4, 132.2] 0.88

Cardiac frequency (BPM) 235.2[92.3,384.61] 126.7[110.7,138.56] 0.31  123.1[73.62,210.53] 0.307 287.0[123.45,555.5] 0.42 251.9[65.14,555.5] 0.22 195.6[46.15,391.91] 0.67

This table shows mean arterial pressure (MAP), systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate values, expressed as mean [minimum—maximum] for n = 6 animals per group. Statistical

analysis was performed using Two-way ANOVA.
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Table 3. Echocardiographic parameters.
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GROUP
Parameter SHAM SHAM-R p value ovVX p value OVX-R pvalue OVX-LADL pvalue OVX-LADL-R  pvalue
4 .54 .52 . . 4
LVIDd (cm) 046 0.5 0.127 05 0.09 0-50 0.34 065 0.096 047 0.21
[0.36,0.59] [0.4,0.71] [0.35,0.8] [0.32, 0.86] [0.33, 0.93] [0.31,0.73]
0.31 0.30 0.30 0.30 0.31 0.30
LVPWd (cm) 1.000 0.94 0.99 0.095 0.96
[0.15,0.52] [0.21, 0.44] [0.25, 0.38] [0.15, 0.46] [0.22, 0.43] [0.21,0.41]
0.19 0.20 0.19 0.23 0.32 0.20
LVIDs (cm) 0.262 0.33 0.67 0.067 0.39
[0.14,0.24] [0.06, 0.39] [0.06, 0.36] [0.06, 0.42] [0.09, 0.59] [0.12,0.38]
0.38 0.45 0.48 0.43 0.50 0.41
LVPWs (cm) 0.112 0.46 0.23 0.087 0.093
[0.24, 0.57] [0.35,0.61] [0.26, 0.58] [0.32,0.56] [0.37,0.65] [0.22, 0.58]
0.25 0.42 0.37 0.38 0.85 0.31
EDV (mL) 0.383 0.81 0.0001 0.020 0.012
[0.11, 0.49] [0.15,0.79] [0.11, 1.1] [0.08, 1.38]* [0.09, 1.68]* [0.07, 0.86]*
0.02 0.04 0.03 0.05 0.18 0.04
ESV (mL) 0.002 0.002 0.002 0.002 0.007
[0.01, 0.04] [0, 0.15]* [0, 0.12]* [0, 0.18]* [0, 0.491* [0, 0.16]*
90.49 91.24 91.01 84.02 86.30 81.59
EF (%) 0.484 0.27 0.86 0.47 0.55
[78.8,97.19] [75.69, 99.73] [58.04, 99.92] [48.78, 99] [71.08, 98.69] [39.91, 99.78]
0.051 0.053 0.035 0.049 0.026 0.063
CO (L/min) 0.045 0.08 0.81 0.90 0.86
[0.02,0.092] [0.014,0.110]* [0.021, 0.053] [0.017, 0.08] [0.012, 0.038] [0.010, 0.282]
57.02 62.85 64.65 55.61 55.09 54.32
FS (%) 0.719 0.61 0.65 0.54 0.59
[41.56,70.8] [38.75, 86.87] [26.26,91.23] [20.88, 79.6] [36.17,77.38] [16.13, 87.8]
.94 . . 4.1 1.2 2.1
IVS (%) 67.9 7797 0.581 69.63 0.087 54.18 0.78 51.20 0.35 7219 0.63
[19.12, 133] [32.31, 117.5] [4.17,128.21] [13.41,98.11] [27.63,73.77] [0, 134.15]
31.00 58.09 59.18 51.57 67.71 41.19
LVPW (%) 0.135 0.24 098 0.091 0.39
[23.3,62.71] [-12.22, 112.77] [3.92, 94.55] [-1.35,116.6] [50, 87.23] [0, 102.5]
IVS/LVPW 089 0.77 0.462 0-86 1.00 0.37 1.05 0.5 086 0.61
[0.39,2.27] [0.42,1.11] [0.64, 1.47] [0.64, 1.3] [0.72, 1.39] [0.59, 1.3]

Data are presented as mean [minimum—maximum] (n = 6 animals per group). Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc test. *p
< 0.05 versus the Sham group. LVIDd, left ventricular internal diameter at end-diastole; LVPWd, left ventricular posterior wall thickness at end-diastole; EDV, end-diastolic
volume; LVIDs, left ventricular internal diameter at end-systole; LVPWs, left ventricular posterior wall thickness at end-systole; ESV, end-systolic volume; EF, ejection fraction;
FS, fractional shortening.
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LADL animals compared with the Sham (p = 0.006), Sham-
R (p = 0.006), and OVX-R (p = 0.006) groups (Fig. 2d,e).
Resveratrol treatment reduced collagen deposition in OVX-
LADL-R (p = 0.004) animals. In addition, myocyte area
was lower in OVX animals, whereas LADL increased my-
ocyte size, consistent with infarction-induced hypertrophy.
In OVX-LADL-R animals, myocyte area returned towards
values comparable to those of non-infarcted groups. The
myocardial fiber structure also appeared better preserved in
the resveratrol-treated groups (Fig. 2e).

Regarding inflammatory mediators, NO levels de-
creased in the OVX-LADL-R group compared with the
Sham group (Fig. 3a). IFN-ylevels increased significantly
in OVX-LADL-R animals, reaching approximately three
times the Sham value (Fig. 3b). Resveratrol treatment was
also associated with a trend towards increased IL-4 and IL-
10 levels (Fig. 3c,d).

Heatmaps in Fig. 4 were constructed to analyze cor-
relations among structural, functional, and inflammatory
variables. In the Sham groups, myocyte arca was closely
associated with NO levels, whereas this relationship was
lost in the ovariectomized and infarcted groups. A posi-
tive correlation between IFN-y and left ventricular colla-
gen percentage was observed only in the Sham, Sham-R,
and OVX-LADL-R groups, whereas this relationship was
absent in the OVX and OVX-R groups. Another relevant
positive correlation was observed between NO and IL-4
in resveratrol-treated groups (OVX-R and OVX-LADL-R).
In contrast, the OVX-LADL group showed a greater num-
ber of positive correlations and a warmer heatmap pattern,
whereas the OVX-LADL-R group showed fewer positive
correlations.

4. Discussion

In this study, we evaluated the effects of resveratrol,
a phytopharmaceutical compound, on adverse cardiac re-
modeling under estrogen-deficient post-MI conditions. Our
findings indicate that resveratrol reduced body mass, helped
preserve cardiac output, and improved septal thickness, left
ventricular mass, and myocyte area. Resveratrol also re-
duced NO-related metabolites and was associated with a
trend towards reduced infarct area and lower collagen de-
position in the left ventricle of OVX-LADL animals. These
effects were associated with a selective increase in IFNy in
OVX-LADL-R animals, suggesting that this cytokine may
participate in the remodeling response. However, this asso-
ciation should not be interpreted as evidence of causality.

Several molecular mechanisms have been attributed to
resveratrol, including inhibition of cell proliferation, mod-
ulation of cell-mediated cytotoxicity, and regulation of cy-
tokine production, at least in part through inhibition of
NF-kappaB activation [16,17]. Resveratrol also activates
Sirtuin-1 (SIRT1), which has been associated with reduced
insulin resistance [18].

In the present study, resveratrol reduced body mass.
Heatmap analysis also showed that body mass was directly
related to cardiac function parameters, including ejection
fraction (EF), systolic blood pressure (SBP), and left ven-
tricular mass (LVM). Resveratrol may modulate body mass
in OVX rats through at least two mechanisms: reduction of
insulin resistance and modulation of the gut microbiota, as
reported by Zhou et al. [19] and Wang et al. [20].

During the climacteric and menopausal periods,
weight gain is common and has been associated with
changes in the gut microbiome [17]. These changes are
also linked to reduced metabolism and insulin resistance
in women and rodent models, potentially contributing to
cardiometabolic disease [21]. Oxidative events during
menopause are also associated with both pathological con-
ditions and aging. Although NO contributes to beneficial
processes such as endothelial vasodilation, it is also a free
radical and weak oxidant whose actions are influenced by
its rapid reaction with superoxide. In the present study,
resveratrol reduced NO-related metabolites, consistent with
Tsai et al. [22], who discovered that resveratrol signifi-
cantly inhibits NO generation in macrophages by reduc-
ing iNOS mRNA expression and protein levels. Similarly,
reported by Bi et al. [23] a decrease in nitric oxide and
TNF-a levels in microglia. We also observed a direct re-
lationship between NO and body mass only in the OVX-
LADL-R group, in agreement with Becerril et al. [24], who
described a relationship between NO, leptin, and weight
regulation. A positive association between NO and IL-4
was observed only in the resveratrol-treated OVX groups
(OVX-R and OVX-LADL-R), consistent with the regula-
tion of NO by resveratrol described by Abolfazli et al. [25].
In addition, resveratrol-associated increases in IL-4 may be
relevant to fibrosis modulation, as Yu et al. [26] reported
that IL-4-related mechanisms reduced fibrosis in a CCl4-
induced liver fibrosis model.

MI is more common in females of advanced age.
MI severity is related to infarct size, because ischemia in-
duces cardiomyocyte death and loss of contractile func-
tion [3]. During repair, endothelial cells initiate angio-
genesis through PI3K/AKT and JAK/STAT pathways [16].
Newly formed capillaries supply nutrients to the infarcted
area and support fibroblast differentiation into myofibrob-
lasts [27]. This response contributes to compensation of
the injured region. Myofibroblasts activate pathways such
as TGF-B, Wnt/B-catenin, Notch, Ras, and RhoA/ROCK,
which participate in regeneration, fibrosis, and hypertro-
phy. In the present study, resveratrol reduced infarct area
and collagen deposition in aged ovariectomized female rats
with chronic MI. Resveratrol has been shown to modulate
SIRT1, PTEN/Akt/Smad2/3, and NF-kappaB pathways as-
sociated with myocardial fibrosis [12]. Furthermore, Arafa
et al. (2014) [13] showed that, resveratrol treatment atten-
uated cardiac fibrosis and collagen deposition associated
with TGF-B1 signalling in doxorubicin-induced cardiotox-
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Fig. 2. Collagen deposition. (a) Representative transverse heart sections stained with Masson’s trichrome; arrows indicate the left
ventricular lumen. (b) Quantification of myocardial infarct area. (c) Cardiomyocyte area. (d) Collagen content in the left ventricle. (e)
Representative 40x Masson’s trichrome images of the peri-infarct penumbra region. Scale bar: 100 um. Samples were quantified using
Motic Images Plus 3.0. Data are presented as mean +/— SEM (n = 6 biological replicates per group; three measurements per animal are
displayed individually, resulting in 18 plotted points per group). Statistical analysis was performed using two-way ANOVA followed by
Tukey’s post hoc test. Horizontal brackets indicate the groups compared; exact p values are shown above each bracket. Differences were
considered statistically significant at p < 0.05.

icity. We also observed that untreated ovariectomized in- has been associated with sex hormones [28]. Sex-related
farcted rats developed concentric hypertrophy, which was differences in left ventricular remodeling have been re-
attenuated by resveratrol [13]. Concentric hypertrophy  ported in response to pressure overload; in patients with iso-
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Fig. 3. Inflammatory mediators quantification. (a) Serum nitrate/nitrite concentration as an index of nitric oxide (NO)-related metabo-
lites. (b) IFN-y concentration. (c) IL-10 concentration. (d) IL-4 concentration. Data are presented as mean +/— SEM (n = 6 animals per
group). Statistical analysis was performed using two-way ANOVA followed by Tukey’s post hoc test. Horizontal brackets indicate the

groups compared; exact p values are shown above each bracket. Differences were considered statistically significant at p < 0.05.
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Fig. 4. Heat maps of experimental groups. (a) Sham; (b) Sham-R; (c) OVX; (d) OVX-R; (e) OVX-LADL; and (f) OVX-LADL-R.
Red indicates positive correlations between parameters, whereas blue indicates negative correlations. Overall, OVX showed stronger

positive correlations than Sham, and myocardial infarction (MI) further increased this pattern. Resveratrol-treated groups showed changes

in clustering relationships; notably, the OVX-LADL-R group exhibited reduced heatmap intensity, suggesting weaker correlations among

parameters.

lated systolic hypertension, women predominantly exhib-
ited a concentric hypertrophic pattern, whereas men showed
an eccentric pattern [29]. These findings may be related
to the ability of resveratrol to act as an estrogen mimic.
Its stilbene scaffold contains aromatic rings that resem-
ble structural features of 17B-estradiol and diethylstilbe-
strol, and this effect has been supported by both in vitro
and in vivo studies [30]. Resveratrol interacts with estro-
gen receptors as a mixed agonist/antagonist [31,32,33], al-
though Kobylka et al. (2022) [30] reported agonistic ac-
tivity towards ERa and ERP. Resveratrol has also been re-
ported to modulate IL-2 and IFN-y and to promote TNF-
o production [30]. Although resveratrol treatment reduced
collagen deposition in OVX-LADL animals, the present
study did not directly evaluate cardiac fibroblast activa-
tion or myofibroblast differentiation. Therefore, we can-
not conclude that resveratrol directly inhibited fibroblast-
to-myofibroblast transition. Future studies should assess
a-SMA, periostin, vimentin/DDR2, COL1A1, COL3Al,
TGF-B1, p-Smad2/3, MMP2/MMP9, and TIMP1 to de-
termine whether the reduction in collagen deposition re-
flects direct modulation of fibroblast activation, altered
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macrophage—fibroblast crosstalk, or secondary improve-
ment of the post-infarction inflammatory environment.

Furthermore, MI triggers an inflammatory response as
an adaptive mechanism to ventricular tissue injury. Several
studies have demonstrated the immunomodulatory effects
of resveratrol both in vivo and in vitro [17,18,26,34]. In
the present study, resveratrol increased IFN-y levels in aged
ovariectomized female rats with MI. This finding should
be interpreted cautiously, as resveratrol has been reported
to either enhance or suppress IFN-y depending on dose,
cell type, and inflammatory context [35]. IFN-y has been
widely studied in several tumor cell lines, and some stud-
ies have demonstrated anti-proliferative and anti-fibrotic
effects [36,37] In 2019, Lee et al. [38] showed that co-
administration of IFN-y and 1-methyl tryptophan amelio-
rated fibrosis in cardiac myofibroblasts by inducing apopto-
sis through indoleamine 2,3-dioxygenase, resulting in cell-
cycle arrest [38]. Based on these observations, the selective
increase in [FN-y observed in OVX-LADL-R animals may
be associated with the anti-fibrotic and anti-hypertrophic
effects observed in this group. However, the present data
do not indicate that resveratrol universally increases [FN-y
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[34]. The increase was observed only in OVX-LADL-R an-
imals, suggesting that this effect is conditional on the com-
bined presence of estrogen deficiency and ischemic my-
ocardial injury. Therefore, in this chronic post-infarction
setting, increased IFN-y should be interpreted not as gener-
alized pro-inflammatory activation, but as a possible com-
ponent of a remodeling-associated anti-fibrotic response.

Resveratrol was also associated with increased IL-
4 and IL-10 levels, both of which are considered anti-
inflammatory mediators. The anti-inflammatory effects
of resveratrol may involve several mechanisms, including
suppression of NF-kappaB and JAK/STAT signaling. Gal
et al. (2021) [39] demonstrated that resveratrol can di-
rectly inhibit TLR4 expression, thereby attenuating TLR-
mediated inflammatory responses and chronic diseases re-
lated to TLR activation, including CVD, obesity, and dia-
betes mellitus [39]. Heatmap correlation analysis revealed
strong associations between inflammatory mediators and
fibrotic markers in ovariectomized infarcted rats. These
correlations were attenuated by resveratrol treatment, sug-
gesting reduced coupling between inflammatory signaling
and extracellular matrix deposition. This finding suggests
that resveratrol may limit adverse remodeling by attenuat-
ing inflammation-fibrosis interactions. Nevertheless, the
present findings do not establish whether resveratrol acts
through a direct anti-inflammatory mechanism or primar-
ily mitigates the exaggerated inflammatory and pro-fibrotic
state generated by the combination of estrogen deficiency
and LADL. Both mechanisms are biologically plausible.
OVX-LADL likely creates a high-risk inflammatory mi-
croenvironment characterized by ischemic injury, damage-
associated molecular pattern release, immune-cell recruit-
ment, fibroblast activation, and extracellular matrix depo-
sition. In this context, resveratrol may attenuate adverse re-
modeling by reducing the coupling between inflammatory
signaling and fibrotic remodeling rather than by globally
suppressing inflammation. Therefore, the cardioprotec-
tive phenotype observed in OVX-LADL-R animals should
be interpreted as being associated with modulation of the
inflammation-fibrosis axis, not as definitive proof of a di-
rect anti-inflammatory mechanism. Because the study did
not include IFN-y neutralization, receptor blockade, genetic
loss-of-function, or direct evaluation of downstream IFN-y
signaling in cardiac tissue, IFN-y should be considered an
associated immunological signal rather than a proven mech-
anistic driver.

IFN-vy has context-dependent effects in cardiac remod-
eling. On one hand, it has been reported to exert anti-
proliferative and anti-fibrotic effects in cardiac myofibrob-
last models. On the other hand, IFN-y can amplify chronic
inflammation by promoting macrophage activation, anti-
gen presentation, T-cell recruitment, and STAT-dependent
inflammatory gene expression [40]. Thus, in the present
chronic post-infarction setting, the selective increase in
IFN-y in OVX-LADL-R animals may reflect a repara-
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tive, compensatory, or remodeling-associated immune re-
sponse. Future studies using IFN-y neutralization or loss-
of-function models are required to determine whether IFN-y
is necessary for the anti-fibrotic effect of resveratrol.

Resveratrol may also attenuate inflammatory re-
sponses through estrogen receptor-related mechanisms and
SIRT1 upregulation. Fan et al. (2022) [41] reported
that resveratrol inhibits RelA acetylation and negatively
regulates inflammatory mediators through SIRT1 activa-
tion. Jo et al. (2022) [42] showed that resveratrol inhibits
M1 macrophage polarization and increases M2 marker
expression through the VEGFB/AMPK/NF-kappaB path-
way, thereby exerting anti-inflammatory effects and in-
hibiting cardiac remodeling. Resveratrol may also inter-
fere with TLR4/NF-kappaB and STAT signaling through
SIRT1, reducing the release of pro-inflammatory mediators
secreted by macrophages and mast cells, including platelet-
activating factor, TNF-a, and histamine [42].

While the present study provides evidence for bene-
ficial effects of resveratrol, some limitations should be ac-
knowledged. Although inflammatory markers were evalu-
ated, direct interrogation of specific signaling pathways was
beyond the scope of this work. Finally, the experimental de-
sign does not allow direct extrapolation to clinical settings,
and the doses and timing of resveratrol administration may
influence the magnitude of its effects.

5. Conclusion

Estrogen deficiency aggravated post-infarction car-
diac fibrosis and adverse remodeling. Resveratrol treat-
ment was associated with reduced collagen deposition,
partial preservation of myocardial architecture, improved
remodeling-related parameters, and a selective increase in
IFN-y in OVX-LADL-R animals. These findings suggest
that resveratrol modulates the inflammation—fibrosis axis
under estrogen-deficient post-MI conditions. However, the
role of IFN-y remains correlative and requires functional
validation. These findings underscore the relevance of sex-
specific approaches in cardiovascular research and support
further investigation of resveratrol based interventions in
postmenopausal cardiovascular disease.

6. Limitations of the Study

This study has several limitations that should be con-
sidered when interpreting the results. First, although resver-
atrol treatment was associated with reduced collagen de-
position and increased serum IFN-y in OVX-LADL-R an-
imals, the study does not demonstrate that IFN-y is neces-
sary or sufficient for the observed anti-fibrotic effects. IFN-
v neutralisation, receptor blockade, loss-of-function ap-
proaches, and assessment of downstream IFN-y signalling
in cardiac tissue, such as STAT1 phosphorylation, IRF1, or
SOCSI, were not performed. Therefore, the role of IFN-y
should be interpreted as correlative rather than causal.
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Second, the inflammatory profile was assessed using
a restricted panel of mediators. Although IFN-y, IL-4, IL-
10, and NO-related metabolites provide information about
selected immune pathways, major post-infarction inflam-
matory and fibrotic mediators, including IL-1p, TNF-q, IL-
6, IL-18, MCP-1, and TGF-B1, were not comprehensively
evaluated. In addition, cytokines were measured only at the
terminal time point, limiting interpretation of the temporal
inflammatory response.

Third, direct markers of cardiac fibroblast activa-
tion and myofibroblast differentiation, such as a-SMA, pe-
riostin, COL1A1, COL3A1, TGF-B1, p-Smad2/3, MMPs,
and TIMPs, were not assessed. Thus, the reduction in col-
lagen deposition cannot be attributed specifically to direct
modulation of fibroblast activity. Additionally, the study
did not include LADL groups without ovariectomy, which
limits the ability to separate the independent effects of my-
ocardial infarction and estrogen depletion on the response
to resveratrol.

Finally, some methodological aspects may affect
interpretation. Echocardiography was performed using
the SonoScape X5V system, which is not an ultra-high-
frequency platform specifically designed for small rodents
and may affect the estimation of ventricular dimensions and
ejection fraction. Heart weight-to-tibia length ratio was
not determined, limiting hypertrophy assessment. Plasma
or myocardial resveratrol concentrations and pharmacody-
namic target engagement were also not measured. There-
fore, future studies should include pharmacokinetic analy-
sis, dose-response evaluation, and direct molecular valida-
tion of inflammatory and fibrotic pathways.
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