




G635p Goncalves, Tays Amanda Felisberto.

         Papel modulador do carvacrol sobre células

      progenitoras endoteliais - investigação de mecanismos

      regenerativo em nível molecular / Tays Amanda

      Felisberto Goncalves. - João Pessoa, 2023.

         191 f. : il.

         Orientação: Isac Almeida de Medeiros.

         Tese (Doutorado)  - UFPB/CCS.

         1. Produtos naturais - Monoterpeno. 2. Monoterpeno -

      Carvacrol. 3. Hipertensão - Carvacrol. 4. Estresse

      oxidativo. 5. Disfunção endotelial. I. Medeiros, Isac

      Almeida de. II. Título.

UFPB/BC                                        CDU 547.9(043)

Catalogação na publicação

Seção de Catalogação e Classificação

Elaborado por ANNA REGINA DA SILVA RIBEIRO - CRB-15/24





































































































































































































































































































Citation: Gonçalves, T.A.F.; Lima,

V.S.; de Almeida, A.J.P.O.; de Arruda,

A.V.; Veras, A.C.M.F.; Lima, T.T.;

Soares, E.M.C.; Santos, A.C.d.;

Vasconcelos, M.E.C.d.; de Almeida

Feitosa, M.S.; et al. Carvacrol

Improves Vascular Function in

Hypertensive Animals by

Modulating Endothelial Progenitor

Cells. Nutrients 2023, 15, 3032.

https://doi.org/10.3390/

nu15133032

Academic Editor: Arrigo Cicero

Received: 31 May 2023

Revised: 29 June 2023

Accepted: 29 June 2023

Published: 4 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Carvacrol Improves Vascular Function in Hypertensive Animals
by Modulating Endothelial Progenitor Cells

Tays Amanda Felisberto Gonçalves , Viviane Silva Lima, Arthur José Pontes Oliveira de Almeida ,

Alinne Villar de Arruda, Ana Caroline Meneses Ferreira Veras, Thaís Trajano Lima,

Evyllen Myllena Cardoso Soares, Adhonias Correia dos Santos, Maria Eduarda Costa de Vasconcelos,

Mathania Silva de Almeida Feitosa, Robson Cavalcante Veras and Isac Almeida de Medeiros *

Department of Pharmaceutical Sciences, Federal University of Paraiba, João Pessoa 58059-900, PB, Brazil;

taysamanda@ltf.ufpb.br (T.A.F.G.); vivianelima@ltf.ufpb.br (V.S.L.); arthur-jp@hotmail.com (A.J.P.O.d.A.);

alinnevillar@ltf.ufpb.br (A.V.d.A.); carolmeneses@ltf.ufpb.br (A.C.M.F.V.);

thais.trajano@academico.ufpb.br (T.T.L.); evyllen.cardoso@academico.ufpb.br (E.M.C.S.);

adhonias.correia@academico.ufpb.br (A.C.d.S.); mecv@academico.ufpb.br (M.E.C.d.V.);

mathaniarez@ltf.ufpb.br (M.S.d.A.F.); robsonveras@ccs.ufpb.br (R.C.V.)

* Correspondence: isac.medeiros@academico.ufpb.br; Tel.: +55-(83)-3209-8787

Abstract: Carvacrol, a phenolic monoterpene, has diverse biological activities, highlighting its antiox-

idant and antihypertensive capacity. However, there is little evidence demonstrating its influence on

vascular regeneration. Therefore, we evaluated the modulation of carvacrol on endothelial repair

induced by endothelial progenitor cells (EPC) in hypertension. Twelve-week-old spontaneously

hypertensive rats (SHR) were treated with a vehicle, carvacrol (50 or 100 mg/kg/day), or resveratrol

(10 mg/kg/day) orally for four weeks. Wistar Kyoto (WKY) rats were used as the normotensive

controls. Their systolic blood pressure (SBP) was measured weekly through the tail cuff. The EPCs

were isolated from the bone marrow and peripherical circulation and were quantified by flow cy-

tometry. The functionality of the EPC was evaluated after cultivation through the quantification of

colony-forming units (CFU), evaluation of eNOS, intracellular detection of reactive oxygen species

(ROS), and evaluation of senescence. The superior mesenteric artery was isolated to evaluate the

quantification of ROS, CD34, and CD31. Treatment with carvacrol induced EPC migration, increased

CFU formation and eNOS expression and activity, and reduced ROS and senescence. In addition,

carvacrol reduced vascular ROS and increased CD31 and CD34 expression. This study showed

that treatment with carvacrol improved the functionality of EPC, contributing to the reduction of

endothelial dysfunction.

Keywords: oxidative stress; endothelial progenitor cells; endothelial dysfunction

1. Introduction

Endothelial progenitor cells (EPC), precursors of mature endothelial cells, are capable
of exerting functional effects on arteries, capillaries, and veins, which include maintenance
of the endothelial layer and vascular homeostasis, as well as participation in vascular
regeneration and neovascularization [1].

Under normal conditions, most EPC remains in the bone marrow, relatively inactivated,
in contact with stromal cells. However, in response to an injury through chemotactic factors,
EPCs are released from the bone marrow and mobilized to the injured tissue directly into
the damaged vessel structures, preventing blood vessel dysfunction [2,3]. In contrast, when
the percentage of EPC decreases, or its function is impaired, the angiogenic capacity is
weakened, reducing its regeneration capacity and potentiating vascular injury [4].

A series of experimental and clinical studies have been conducted in the context of
hypertension that demonstrate reductions in functionality and proliferative capacity [5]
with lower numbers of circulating EPCs [6–8]. The pathological mechanisms involving
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EPC dysfunction in arterial hypertension are complex and include abnormalities of the
oxidant and antioxidant system, which leads to the increased production of reactive oxygen
species [9]. A fundamental point of this process is that prolonged exposure to high levels
of ROS induces EPC dysfunction, causing premature cell senescence driven by telomere
wear, making the regeneration process difficult [10]. Thus, attenuating oxidative stress by
antioxidant molecules may maintain the functional integrity of EPC [11].

There is an increasing search for products of natural origin that act as the biologi-
cal aspect, helping the individual’s well-being in several areas of science. In this sense,
evidence has linked the Mediterranean diet with a variety of benefits to cardiovascular
health [12]. Origanum vulgare (oregano), an herb commonly used in this diet, has been
shown to possess various antioxidant, anti-inflammatory, antidiabetic, and antinociceptive
activities [13]. Such activities can be mainly attributed to the components present in this
herb’s essential oil [14]. Carvacrol, the main constituent of the essential oil of oregano,
stands out for its various pharmacological activities, such as an antioxidant properties [15],
including on the cardiovascular system [16–18].

Carvacrol leads to reduced levels of inflammatory factors [19,20], inhibits the formation
of atheroma plaques [21], increases the levels of antioxidant enzymes and activation of
endothelial nitric oxide synthase (eNOS) [22], and reduces senescence cell [23]. Furthermore,
carvacrol instigates the angiogenesis of human mesenchymal cells by modulating the
differentiation of these cells [24].

Therefore, the main objective of this work was to evaluate the regenerative potential
of carvacrol through EPC modulation in spontaneously hypertensive rats.

2. Materials and Methods

2.1. Animal and Experimental Design

Male Wistar Kyoto (WKY) and Spontaneously Hypertensive Rats (SHR), 12 weeks old,
were housed in temperature-controlled conditions (21 ± 1 ◦C), with a 12-h light–dark cycle
and with free access to food (NUVILAB CR-1, QUIMTIA®, Curitiba, PR, BR) and water. The
animals came from the Animal Production Unit of IPerFarm/UFPB and the Central Animal
Facility/UFAL. The Committee on Ethics and Use of Animals (CEUA) from the Federal
University of Paraíba under no. 2171120320 approved the current experimental protocols.

WKY animals were used as a negative control (WKY-CTL; n = 8). As a model of
hypertension, we used SHR animals, which have changes in EPC functionality associated
with impaired vascular function [25]. The SHR animals were randomly divided into four
experimental groups: hypertensive control (SHR-CTL; n = 8), hypertensive treated with
carvacrol 50 mg/kg (SHR-C50; n = 8) or 100 mg/kg (SHR-C100; n = 8), and hypertensive
treated with resveratrol 10 mg/kg (SHR-RE10; n = 8). All experimental groups received
daily doses of the respective treatments for four weeks.

2.2. Indirect Measurement of Systolic Blood Pressure (SBP) and Heart Rate (HR)

The tail plethysmography method was used to detect the SBP and HR at the start
and end of each treatment [26]. Before the measurements, the rats were allowed a 10-min
period to acclimate to the heated (28–30 ◦C) acrylic box environment. After this period, the
animals were transferred to an acrylic container, and the tail cuff and piezoelectric sensor
were connected to the tail for pulse measurements.

The piezoelectric sensor signals were amplified using ADinstruments® (Bella Vista,
NSW, Australia) and digitized using suitable software (Labchart7®). In addition, the SBP
and HR values were calculated using the average of three consecutive measurements.

2.3. Isolation and In Vitro Culture of EPC Derived from Bone Marrow and Peripheral Blood

After the animal was anesthetized, 10 mL of peripheral blood (PB) with EDTA was
collected in the hepatic portal vein to obtain circulating mononuclear cells [27,28]. After
euthanasia, the femur and tibia were separated and dissected [29]. Subsequently, the
epiphyses were removed, and the bone cavities were washed with 10 mL of PBS/EDTA.
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Then, the cells were centrifuged at 600× g for 10 min at 4 ◦C. Next, the supernatant was
discarded, and the pellet was resuspended in 10 mL of medium 199 (Sigma-Aldrich®,
St. Louis, MO, USA). Finally, the blood was collected, and bone marrow (BM) washing was
added to the Ficoll®-Paque PLUS density gradient media (Cytiva Life Sciences, Uppsala,
Sweden) for cell separation. Thus, the mononuclear cell layer was used for flow cytometry
to quantify, characterize, and follow seven-day cell cultures.

Suspensions with at least 95% viability were transferred to 6-well plates, in the propor-
tion of 1 × 106 mononuclear cells/1 cm2/0.5 mL of EBM-2 supplemented with endothelial
growth factors such as human epidermal growth factor (hEGF), vascular endothelial growth
factor (VEGF), basic human fibroblast growth factor (hFGF-b), insulin-like growth factor-1
(IGF-1), hydrocortisone, gentamicin and amphotericin, 2% fetal bovine serum, ascorbic
acid, and heparin (Lonza, Walkersville, MD, USA) and kept in a 5% CO2 incubator at 37 ◦C
for 24 h. In addition, nonadherent cells were plated in 24-well plates, previously prepared
with fibronectin (1 µg/mL), in proportions of 1 × 106 cells/1 cm2/0.5 mL of EBM-2. Every
2 days, the culture medium was changed until the seventh day, whereas the experimental
protocols were followed.

2.4. EPC Quantification and Characterization after Treatment with Carvacrol

After isolating cells from the peripheral blood and bone marrow, cells were diluted
to reach a ratio of 106/100 µL. Then, the cells were labeled with the following antibodies:
FITC-anti-VEGFR-2 (1:50; Santa Cruz Biotechnology, Dallas, TX, USA), plus PE-anti-CD34
(1:50; Santa Cruz Biotechnology), plus APC-anti-CD133 (1:10; BioLegend, Inc., San Diego,
CA, USA), and PerPCP-Cy5-7-AAD (0.25 µg/106; Cayman Chemical, Ann Arbor, MI, USA).
After adding the antibodies, the cells were incubated for 30 min and the 7-AAD for 10 min
at 4 ◦C away from light. Each analysis was performed on the population of 100,000 events
using a FACS Canto-II cytometer (BD, Santa Monica, CA, USA).

2.5. Functional Evaluation of Endothelial Progenitor Cells (EPCs) by Colony-Forming Units

Following carvacrol treatment, the EPC clonogenicity properties were evaluated. Thus,
to determine the number of colony-forming units (CFU), the cells were visually inspected
after seven days through an inverted microscope with 40× magnification (NIKON Eclipse
TS100, Tokyo, Japan). The results were expressed as a percentage of the average number
of colonies formed by 106 plated cells. Two different observers manually calculated the
average number of colonies from ten wells under a light microscope.

2.6. Evaluation of EPC-eNOS Expression after Carvacrol Treatment

The expression of total endothelial nitric oxide synthase (eNOS) and phosphorylated
endothelial nitric oxide synthase (ps1177) are performed by the flow cytometry technique
as previously described [30]. In brief, after seven days of cell culture, EPC was fixed
with 4% paraformaldehyde for 20 min at 37 ◦C, following permeabilization with 0.1%
Triton X-100 for 10 min at 37 ◦C. Then, a blocking solution consisting of PBS and 5% BSA
was added for 2 h at room temperature. Subsequently, the EPCs were resuspended and
incubated with primary anti-eNOS (1:50; Bd Biosciences, Franklin Lakes, NJ, USA) or
anti-eNOS ps1177 (1:100; Bd Biosciences, Franklin Lakes, NJ, USA) antibodies for 1 h
at room temperature. Finally, the samples were washed with PBS and incubated with
PE-conjugated anti-mouse IgG (Invitrogen™, Waltham, MA, USA) for 1 h in the dark. The
samples were analyzed using a FACS Canto-II cytometer (BD, Santa Monica, CA, USA).

2.7. Evaluation of the Effect of Carvacrol Treatment on ROS Production

Superoxide anions (ROS) were measured by a dihydroethidium (DHE) probe
(Sigma-Aldrich, St. Louis, MO, USA). DHE, an oxidative fluorescent dye, was oxi-
dized to ethidium bromide and intercalated into DNA in the presence of superoxide
anions. Briefly, cultured EPC or superior mesenteric artery sections (10 µm) from differ-
ent groups were loaded with 10 µM DHE for 40 min at 37 ◦C in the dark. Subsequently,
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the samples were washed with PBS and analyzed by fluorescence microscopy (NIKON
Eclipse TS100, Tokyo, Japan). The analysis of ROS production in EPC was performed
by two different analyzers, quantifying the fluorescence intensity using NIS elemental®

software version 4.2 through the observations of 10 other fields. Data were normalized
by the control group.

2.8. Evaluation of Cellular Senescence by Flow Cytometry

To measure SA-β-gal activity by flow cytometry, the fluorogenic substrate C12FDG
(5-dodecanoylaminofluorescein Di-β-D-galactopyranoside, Invitrogen, Life Technologies
SAS; Waltham, MA, USA) was used as previously described [31]. Briefly, the EPC was
pretreated for 1 h with chloroquine (300 µM) to raise the pH of the lysosomes (pH = 6.0),
plus an additional 1 h of C12FDG (33 µM) in the dark. Finally, EPCs were washed with
ice-cold PBS, trypsinized, and immediately analyzed with a FACS Canto-II (BD, Santa
Monica, CA, USA).

2.9. Immunofluorescence

Initially, superior mesenteric artery segments of the treated animals were included
in Tissue Tek Compound (OCT), frozen in liquid nitrogen, and kept at −80 ◦C until the
experimental protocols. Subsequently, superior mesenteric artery sections (10 µm) from
different groups were fixed with 4% paraformaldehyde for 30 min at 37 ◦C. Next, the vessels
were blocked with PBS with 5% BSA for 30 min at room temperature. Finally, monoclonal
antibodies were incubated: FITC-conjugated anti-PECAM antibody (1:500; Santa Cruz
Biotechnology, Dallas, TX, USA) and PE-conjugated anti-CD34 antibody (1:500; Santa Cruz
Biotechnology, Dallas, TX, USA) overnight at 4 ◦C. Subsequently, the sections were washed
with PBS and mounted with DAPI mounting medium (Fluoroshield™, Sigma Aldrich,
St. Loius, MO, USA) for nuclear identification [32]. Data were acquired using fluorescence
microscopy (NIKON Eclipse TS100, Tokyo, Japan) and analyzed with ImageJ® software
version 1.50i.

2.10. Statistical Analysis

All data were expressed as the mean plus or minus the standard error of the mean
(e.p.m). The significant difference between the tested groups was tested by one-way or two-
way analysis of variance (ANOVA), followed by Tukey’s post-test. Data were considered
significant when p < 0.05. All analyses performed were calculated using the statistical
program Graph Pad Prism version 7.0®.

3. Results

3.1. Carvacrol Reduces SBP in SHR Animals

Changes in the SBP of WKY and SHR animals from the different experimental groups
after four weeks of treatment are shown in Table 1. At the beginning of the treatment, the
baseline SBP of the WKY-CTL group was significantly lower than the SHR-CTL (Table 1),
SHR-C50, SHR C100, and SHR-RE10 groups (p > 0.05). The pressure levels of the WKY-CTL
group remained lower than the SHR-CTL group (p > 0.05) at the end of the treatment.
The SHR-C50, SHR-C100, and SHR-RE10 groups significantly reduced SBP compared
to the SHR-CTL group at the end of the treatment (p < 0.05). Similarly, the SHR-C50,
SHR-C100, and SHR-RE10 groups significantly reduced SBP compared to the respective
groups at the beginning of the treatment. Thus, carvacrol effectively reduced SBP in
hypertensive animals.



Nutrients 2023, 15, 3032 5 of 14

Table 1. SBP (mmHg) measurements at the beginning and the end of the treatments for the different

experimental groups.

Groups Initial SBP Final SBP

WKY-CTL (n = 6) 138 ± 2.8 137 ± 3.4
SHR-CTL (n = 7) 186 ± 5.1 * 202 ± 5.1
SHR-C50 (n = 6) 193 ± 3.7 * 171 ± 3.8 # † ‡

SHR-C100 (n = 7) 188 ± 3.2 * 163 ± 2.7 # † ‡

SHR-RE10 (n = 6) 194 ± 3.2 * 168 ± 5.2 # † ‡

Results are expressed as the mean ± e.p.m. The ANOVA test was used for the statistical analysis, followed by
Tukey’s post-test. * p < 0.05 vs. initial WKY-CTL; # p < 0.05 vs. final WKY-CTL; † p < 0.05 vs. final SHR-CTL;
‡ p < 0.05 vs. start of treatment.

3.2. Carvacrol Enhances EPC Mobilization to the Peripheral Circulation

EPC was quantified in the bone marrow and peripheral circulation by expressing
surface antigens CD34+/CD133+/VEGFR-2+ (Figure 1a). Hematopoietic cells were se-
lected based on the forward and side scatter values, excluding debris, aggregates, and
dead cells [33]. The EPC levels in the bone marrow were lower in the WKY-CTL group
(0.26 ± 0.04, n = 4) compared to the hypertensive SHR-CTL group (0.42 ± 0.04, n = 4)
(p < 0.05) (Figure 1b). Treatments with carvacrol at doses of 50 mg/kg (0.23 ± 0.04, n = 6)
and 100 mg/kg (0.20 ± 0.03, n = 5) were similar to that of the WKY-CTL group and signif-
icantly different from the SHR-CTL group (p < 0.05). The SHR-RE10 group (0.17 ± 0.03,
n = 5) was also significantly different from the SHR-CTL group (p < 0.05) (Figure 1b).

Figure 1. Quantification and characterization of EPC after treatment with carvacrol. Representative

images of EPC characterization by flow cytometry in the bone marrow (a). Quantification of EPC

isolated from bone marrow (b) and peripheral circulation (c). EPC levels were expressed as the per-

centage of CD34+/CD133+/VEGFR2+ cells in relation to mononuclear cells. * p < 0.05 vs. WKY-CTL;
# p < 0.05 vs. SHR-CTL. Results are expressed as the mean ± e.p.m. The ANOVA test was used for

the statistical analysis, followed by Tukey’s post-test.

On the other hand, the circulating EPC levels were lower in the SHR-CTL group
(0.011 ± 0.004, n = 5) compared to the normotensive WKY-CTL group (0.036 ± 0.005,
n = 4) (p < 0.05) (Figure 1c). Interestingly, treatments with carvacrol at doses of 50 mg/kg
(0.029 ± 0.005, n = 4) and 100 mg/kg (0.029 ± 0.005, n = 5) significantly improved EPC
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circulation compared to the SHR group -CTL (p < 0.05). Similarly, the SHR-RE10 group
(0.026 ± 0.003, n = 4) also showed an increase in the circulating number of EPCs (Figure 1c).
These results indicated that carvacrol reduced the entrapment of EPC in the bone marrow,
favoring its migration to the peripheral circulation.

3.3. Characterization of EPC after Cell Culture

After 7 days of cell culture, EPC was characterized in the bone marrow and peripheral
circulation. The results obtained after evaluating the expression of the CD34 and VEGFR-2
surface antigens demonstrated the achievement of EPC in all the groups under study, with
no statistically significant differences between the treated groups (Figure 2a,b).

Figure 2. Effect of carvacrol treatment on CFU expression in EPC cultured 7 days after treatment.

Characterization of the EPC population confirmed by the expression of VEGFR-2 and CD34 in

the bone marrow, (a) peripheral circulation, and (b) cultured cells. Representative image of CFU

evaluated after seven days of cell culture (c). Number of CFU after seven days of cell culture of

cells isolated from bone marrow (d) and peripheral circulation (e). Results are expressed as the

mean ± e.p.m. The ANOVA test was used for the statistical analysis, followed by Tukey’s post-test.

* p < 0.05 vs. WKY-CTL; # p < 0.05 vs. SHR-CTL.

Treatment with carvacrol increased the proliferative capacity of EPC derived from
the bone marrow and peripheral circulation. After seven days of cultivation, the results
indicated that the SHR-CTL group (BM = 11.2 ± 0.8, n = 4; PB = 6.7 ± 1.1, n = 4) (Figure 2d,e)
markedly reduced the colony-forming units (CFU) when compared to the WKY-CTL group
(BM = 32.2 ± 1.0, n = 4; PB = 14.5 ± 0.6, n = 4) (p < 0.05). Interestingly, this effect was reversed
by the treatments of the SHR-C50 group (BM = 27.2 ± 1.6, n = 4; PB = 13.7 ± 0.8, n = 4),
SHR-C100 (BM = 21.5 ± 2.2, n = 4; PB = 13.7 ± 1.4, n = 4), and SHR-RE10 (BM = 26.0 ± 1.4,
n = 4; PB = 14.2 ± 1.3, n = 4). Therefore, these results indicate that carvacrol improved the
clonogenicity of EPC.

3.4. Carvacrol Treatment Increases eNOS Activity and Expression

The depletion in NO levels is linked to the low repair capacity mediated by EPC. In
contrast, NO signaling mediates the induction of proliferation, angiogenesis, and migration
of EPC to the peripheral circulation. Thus, we evaluated the expression and activity of
eNOS, the enzyme that synthesizes NO. In EPC isolated from bone marrow, the different
experimental groups did not show significant changes in eNOS expression (p > 0.005)
(Figure 3a). In contrast, the percentage of phosphorylated eNOS (p-eNOS) was significantly
reduced in the SHR-CTL group (BM = 5.50 ± 0.6; n = 4) compared to the WKY-CTL group
(BM = 8.34 ± 0.2; n = 5) (Figure 3b). Treatments with carvacrol at doses of 50 mg/kg
(BM = 7.50 ± 0.5; n = 4) and 100 mg/kg (BM = 7.17 ± 0.3; n = 4) were able to reverse the
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impairment of eNOS activity characterized in the hypertensive group. Treatment with
resveratrol (BM = 8.42 ± 0.5; n = 5) was similar to the groups treated with carvacrol.

(d) 

Figure 3. Evaluation of the total eNOS and phosphorylated eNOS in EPC cultured 7 days after

treatment. Evaluation of the total eNOS (a) and p-eNOS (b) expression in cultured EPC from bone

marrow. Quantification of the total eNOS (c) and p-eNOS (d) expression in EPC isolated from the

peripheral circulation. Results are expressed as the mean ± e.p.m. The ANOVA test was used for the

statistical analysis, followed by Tukey’s post-test. * p < 0.05 vs. WKY-CTL; # p < 0.05 vs. SHR-CTL.

In the EPC isolated from the peripheral circulation, we verified a reduction in the
percentage of total eNOS and p-eNOS in the SHR-CTL animals (eNOS = 7.2 ± 0.1%, n = 6;
p-eNOS = 7.0 ± 0.2%, n = 6) when compared to the WKY group -CTL (eNOS = 13.3 ± 1.1%,
n = 6; p-eNOS = 10.0± 0.5%, n = 6) (Figure 3c,d). In contrast, the SHR-C50 (eNOS = 13.8± 1.2%,
n = 5; p-eNOS = 10.1 ± 0.5, n = 6), SHR-C100 (eNOS = 13.1 ± 0.9%, n = 5; p-eNOS = 10.1 ± 0.8,
n = 5), and SHR-RE10 groups (eNOS = 13.0 ± 1.6%, n = 5; p-eNOS = 8.42 ± 0.6, n = 5)
(Figure 3c,d) significantly increased in eNOS expression and activity, showing similar levels to
the WKY-CTL group. The results revealed that enhanced EPC functionality may be related to
increased eNOS activation.

3.5. Carvacrol Reduced Oxidative Stress and Cellular Senescence in EPCs

Elevated ROS levels, such as oxidative stress conditions, lead to reduced cell migration
due to, at least in part, an increase in senescence and cell apoptosis, in addition to reducing
the mobilization, migration, and adhesion factors. Therefore, we evaluated the fluorescence
intensity by quantifying superoxide anions in EPC after 7 days of cultivation using the
DHE probe.

The DHE probe emitted basal fluorescence in EPC-cultured cells in the different
experimental groups. In the SHR-CTL group, an increase in basal fluorescence intensity
(120.1 ± 4.3%; n =6) was verified when compared to the WKY-CTL group (100.0 ± 2.3%;
n = 6) (Figure 4a,c) in bone marrow-derived EPC. Interestingly, the SHR-C50 (94.7 ± 1.8%;
n = 6), SHR-C100 (98.1 ± 1.4%; n = 6), and SHR-RE10 (107.7 ± 3.2%, n = 4) groups showed
fluorescence similar to the WKY-CTL group.
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(f) 

Figure 4. Effect of carvacrol treatment on ROS production and cellular senescence in different experi-

mental groups in EPC cultured 7 days after treatment. Representative images of DHE fluorescence

in EPC from MO (a) and SP (b). Quantification of fluorescence intensity of EPC isolated from MO

(c) and SP (d) after seven days of cultivation. Evaluation of cellular senescence by quantifying the

fluorescence intensity of C12FDG from EPC isolated from MO (e) and SP (f). Results are expressed

as the mean ± e.p.m. The ANOVA test was used for the statistical analysis, followed by Tukey’s

post-test. * p < 0.05 vs. WKY-CTL; # p < 0.05 vs. SHR-CTL.

Similar results were observed in the EPC derived from the peripheral circulation,
where the levels of DHE fluorescence intensity of the WKY-CTL group (100.0 ± 2.1%; n = 6)
showed no significant difference between the SHR-C50 (108.1 ± 3.5%; n = 6), SHR-C100
(102.0 ± 4.4%; n = 6), and SHR-RE10 groups (106.1 ± 3.7%, n = 6) (Figure 4b,d). However,
the SHR-CTL group (130.5 ± 2.3%; n = 6) showed an increase in the basal production of
superoxide anions compared to the other experimental groups.

Cellular senescence decreases the functionality and migration of EPC, hampering
its ability to restore endothelial dysfunction. Thus, we evaluated senescence through the
activity of SA-β-gal through the C12FDG probe. As a result, the SHR-C50 (BM = 3.8 ± 0.4,
n = 6; PB = 2.0 ± 0.2, n = 6) and SHR-C100 (BM = 6.2 ± 0.4, n = 5; PB = 1.7 ± 0.3, n = 6) groups
and SHR-RE10 (BM = 8.1 ± 0.5, n = 4; PB = 2.6 ± 0.3, n = 6) prevented increase induced
by the SHR-CTL group (BM = 13.8 ± 0.3, n = 4; PB = 4.7 ± 0.4, n = 6) during SA-β-gal
activity (Figure 4e,f), showing levels similar to the WKY-CTL group (BM = 4.3 ± 0.5, n = 4;
PB = 2.3 ± 0.2, n = 6) both in bone marrow-derived EPC and in peripheral circulation
EPC. Considering these results, we can infer that carvacrol negatively modulated cellular
senescence due to reduced oxidative stress.
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3.6. Carvacrol Reduces Vascular Oxidative Stress and Induces EPC-Mediated Reendothelialization

Vascular oxidative stress is related to a lower recovery of the endothelial layer, as it
can damage adjacent endothelial cells and reduce the cell adhesion capacity. In our study,
the SHR-CTL animals (112.9 ± 1.5; n = 6) showed an increase in the intensity of DHE
fluorescence compared to the WKY-CTL group (100 ± 0.6; n = 6) (Figure 5a,d). Interestingly,
the treatments of the SHR-C50 (101.9 ± 1.9; n = 6), SHR-C100, and SHR-RE10 groups were
able to reduce the fluorescence intensity observed in the SHR-CTL group (p < 0.05). These
results show that carvacrol inhibited the production of ROS characteristic of hypertension,
reducing vascular damage.

Figure 5. Assessment of vascular oxidative stress and reendothelialization after the treatment.

Representative images of the fluorescence intensity of DHE (a), CD34 (b), and CD31 (c) in superior

mesenteric arteries isolated from the treated animals. The cell nucleus (blue) was stained with DAPI.

Bar graph expressing the measure of the relative intensity of the basal fluorescence (%) of DHE (d),

CD34 (e), and CD31 (f) in histological sections of the superior mesenteric artery. Results are expressed

as the mean ± E.P.M. Data were analyzed using the one-way ANOVA statistical test, followed by

Tukey’s post-test. * p < 0.05 vs. WKY; # p < 0.05 vs. SHR.

The improvement in EPC functionality was directly related to the increase in regen-
erative capacity. Thus, we evaluated the expressions of CD34 and CD31 in the blood
vessels of treated animals. SHR-CTL animals showed a reduction in CD34 (Figure 5b,e)
and CD31 (Figure 5c,f) fluorescence intensity compared to WKY-CTL animals. However,
this effect was reversed by treating animals SHR-C50, SHR-C100, and SHR-RE10. There-
fore, these results indicate that carvacrol improved endothelial dysfunction in the treated
hypertensive animals.

4. Discussion

A critical component of the Mediterranean diet includes the herb oregano, which is
commonly added to salads, spaghetti, soups, and sauces and is also used in the prepa-
ration of meats, sausages, and canned foods and to preserve cucumbers, mushrooms,
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and tomatoes [12]. Essential oils are responsible for the main pharmacological properties
attributed to oregano, with carvacrol as the main constituent [34]. This monoterpene has
been extensively studied and has been shown to present several benefits, including antiox-
idant [35], anti-inflammatory [36], and cardioprotective [17,22,37] properties, especially
antihypertensive action [18,38], as demonstrated by our results.

Furthermore, in the present study, carvacrol prevents endothelial dysfunction in hyper-
tensive animals by upregulating EPC mobilization, increasing the proliferative and functional
capacity, and reducing the oxidative stress and senescence of cells isolated from bone marrow
and peripheral blood, which contribute to EPC-mediated reendothelialization.

Multiple data indicate that EPC has diverse surface markers, which depend on the EPC
maturation levels. Furthermore, EPC is a heterogeneous group of cells characterized by
expressing on their surface CD133 and CD34 as hematopoietic progenitor cell markers and
VEGFR2 as an endothelial lineage marker, characterizing the most reliable cell marking [39].
Thus, to characterize the EPC population, we adopted the concomitant labeling of CD133+,
CD34+, and VEGRF-2+.

When quantifying the number of EPCs, we verified that carvacrol reduced the entrap-
ment of EPCs in the bone marrow, making them more available to perform endothelial
repair in the peripheral circulation. Studies have reported that increased EPC mobiliza-
tion in the circulation aims to preserve the endothelial integrity in response to vascular
damage [8]. The increase in EPC migration is associated with functional maintenance, a
necessary condition for their repair capacity [40]. Thus, carvacrol efficiently increased the
mobilization of EPC to the peripheral circulation, improving cell function. Similar results
were observed by treatment with resveratrol, as demonstrated by Huang, who reported an
increase in the biological process of EPC [41].

The clonogenic capacity of EPC has been used as an index of functional analyses, being
correlated as a cardiovascular risk factor when it presents a low formation of CFU [9]. In
hypertension, the decline in the functionality of the EPC occurs primarily in the reduction
of circulating EPC, and this factor is accentuated as hypertension progresses [42]. The low
functionality of these cells has been reported in patients with hypertension that is difficult
to control and with damage to the target organs [43–45]. In our study, we also demonstrated
that hypertensive animals have a deficiency in repair mediated by these cells by reducing
the proliferation of these cells, corroborating with studies in SHR animals [46,47] and
hypertensive patients [48–50].

Furthermore, treatment with carvacrol increased the proliferative capacity of EPC
similarly to animals treated with resveratrol and the normotensive group. Studies have
demonstrated that consuming resveratrol can enhance the proliferative capacity of EPCs
through increasing nitric oxide (NO) signaling [41].

NO is an essential mediator for angiogenesis by inducing EPC mobilization and
improving the migratory and proliferative capacity [4]. This fact was evidenced through
experiments with knockout eNOS-/- mice, which failed in the mobilization of EPC to the
peripheral circulation [51]. The malfunction in NO bioavailability is a characteristic of
endothelial dysfunction, which depends on the balance between eNOS production and
inactivation triggered by ROS. Interestingly, carvacrol treatment not only repaired the
inactivation of the PI3K/AKT-eNOS-NO pathway but also attenuated ROS production
in SHR EPCs. The NO-mediated pathway can promote the growth and mobilization
of EPC from the bone marrow into the peripheral circulation [52,53]. Thus, we suggest
that carvacrol increases the EPC migratory capacity by reversing the damage to the NO
signaling pathway in hypertensive animals.

Experimental studies have indicated that hypertensive patients have high rates of ROS
formation associated with increased cellular senescence [54,55]. Thus, when produced in
the bone marrow, due to the deficiency of chemotactic factors and the accelerated state of
senescence, the mobilization of these cells does not occur properly, becoming trapped in
the bone marrow and intensifying the endothelial dysfunction [56]. Therefore, we demon-
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strated that carvacrol reduced cellular senescence, causing an increase in the migratory
capacity of EPC and making them available to perform the repair of damaged organs.

The antioxidant capacity of carvacrol [20] acts beneficially on the cardiovascular
system, restoring vascular function [18,38] and reducing the activity of the NADPH oxidase
enzyme, the main enzyme involved in the formation of ROS [21]. Recently, carvacrol has
been shown to increase SOD activity in human mesenchymal stem cells [24]. Thus, we
can suggest that the increase in performance observed in EPC isolated from hypertensive
animals treated with carvacrol is associated with its antioxidant capacity.

Marketou et al. reported that EPC plays an important role in arterial stiffness and
remodeling in hypertensive patients, where reduced mobilization reflects inefficient re-
pair [57]. Therefore, we investigated how the increase in EPC mobilization induced by
carvacrol altered vascular remodeling. In SHR animals, treatment with carvacrol reversed
vascular oxidative stress, which may contribute to the increase in EPC-mediated reendothe-
lialization, as demonstrated by the increase in CD31- and CD34-labeled cells in the vessels
of treated hypertensive animals. Similar results were observed with SHR-RE10, corroborat-
ing previous studies demonstrating that resveratrol accelerates the reendothelialization of
balloon-injured arterial segments [58].

Furthermore, Matluobi et al. showed through in vitro experiments that carvacrol
increased the migration, angiogenesis, and transdifferentiation of mesenchymal cells to en-
dothelial cells. This effect was mediated by an increase in the expression of VEGF, a critical
chemotactic factor involved in EPC-mediated reendothelialization [24]. However, in our
study, the expression of chemotactic factors was not quantified, which is the main limitation.
Therefore, additional studies are needed to prove this hypothesis and better elucidate the
mechanisms by which carvacrol modulates EPC function and the reendothelization process.

5. Conclusions

This study elucidated the effects of carvacrol on EPC-mediated endothelial repair,
improving mobilization, proliferation, and cell function; increasing eNOS expression; and
reducing oxidative stress and cell senescence. However, additional studies to evaluate the
intracellular signaling mechanisms involved in the regenerative potential of carvacrol are
necessary to consolidate its protective action in the cardiovascular system.
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5-ISOPROPYL-2-METHYLPHENOL ENHANCES PENILE FUNCTION IN 

SPONTANEOUSLY HYPERTENSIVE RATS 

Abstract: 5-isopropyl-2-methylphenol, a monoterpene found in essential oils from various 

plants, has been shown to have anti-inflammatory, antioxidant, vasorelaxant, and hypotensive 

effects. The current study looked at the effects of 5-isopropyl-2-methylphenol on male 

hypertensive rats with erectile dysfunction. During four weeks, 12-week-old spontaneously 

hypertensive rats (SHR) were given intragastrically with saline, 5-isopropyl-2-methylphenol 

(50 or 100 mg/kg/day), or sildenafil (1.5 mg/kg/day). Wistar Kyoto (WKY) rats were utilized 

as normotensive controls. All the drugs examined throughout the treatment period lowered 

systolic blood pressure. Treatments with 5-isopropyl-2-methylphenol and sildenafil enhanced 

the intracavernosal pressure/mean arterial pressure ratio in hypertensive rats. The 

acetylcholine- and SNP-induced relaxation responses in isolated rat corpora cavernosa were 

considerably improved by sildenafil or 5-isopropyl-2-methylphenol treatments. Treatment with 

5-isopropyl-2-methylphenol reduced hypercontractility produced by phenylephrine or electric 

field stimulation in corpora cavernosa SHR. The contractile response of rats treated with 5-

isopropyl-2-methylphenol was not affected in the presence of tempol. The fluorescence 

intensity emitted by the DHE probe in rat corpora cavernosa was considerably lower in SHR-

treated groups compared to SHR-CTL. The present study suggests that 5-isopropyl-2-

methylphenol enhances SHR erectile performance while decreasing endothelial dysfunction, 

smooth muscle cell hypercontractility, and superoxide anion production.   

Keywords: corpus cavernosum, erectile dysfunction, reactive oxygen species, SHR. 

  



INTRODUCTION 

Erectile function is dependent on a balance between relaxing and contracting factors acting 

on cavernous smooth muscle, which is regulated by neural and local control mechanisms. 

Therefore, changes in these mechanisms may lead to erectile dysfunction (ED) (De Souza et 

al., 2022). This clinical condition has been defined by the United States National Institutes of 

Health as the inability to achieve or maintain a penile erection that would enable satisfactory 

sexual activity (Consensus, 1993). 

ED is closely associated with chronic diseases, such as diabetes and systemic arterial 

hypertension (Hernandez-Cerda et al., 2020). Several studies describe a higher incidence of 

ED in hypertensive men when they occur in normotensive individuals (Doumas et al., 2006; 

Moreira et al., 2002; Seftel et al., 2004). In addition, studies have identified ED as a predictive 

factor for the development of hypertension (Wang et al., 2021). In both situations, ED is 

triggered by the deregulation of endothelial factors and increased smooth muscle contraction, 

which consequently causes an increase in vascular pressure, poor cavernous perfusion, and 

inadequate intumescence (Wang et al., 2021).  

ED treatment is based on the use of phosphodiesterase type 5 inhibitors (iPDE-5), such as 

sildenafil, vardenafil, and tadalafil (Ganapathy et al., 2021). However, the number of studies 

seeking to develop new strategies for the treatment of ED has been increasing (Decaluwe et 

al., 2014) since treatment with iPDE-5 is less effective in patients with an impaired nitric oxide 

(NO) pathway, especially in individuals with vascular diseases (Albersen et al., 2010). 

Antioxidant compounds have been gaining prominence in these studies as they reduce 

oxidative damage, improve NO bioavailability and have a protective effect on erectile function 

(Akomolafe et al., 2018; Cevik et al., 2013; Ushiyama et al., 2008; Yu et al., 2013).  

5-isopropyl-2-methylphenol  is an aromatic monoterpene found in essential oils from 

various plants, such as Origanum vulgarem (oregano), Thymus vulgaris (thyme), and Citrus 



aurantium bergamia (bergamot) (Sharifi-Rad et al., 2018), and has been shown to have potent 

antioxidant activity (El-Sayed et al., 2015; Samarghandian et al., 2016) in addition to 

antifungal (Chavan et al., 2014), antibacterial (Nostro et al., 2007),  antiviral (Gilling et al., 

2014),  anti-inflammatory (Fachini-Queiroz et al., 2012) and anticarcinogenic (Yin et al., 2012) 

activities.  

Some studies highlight the free radical scavenging activity induced by 5-isopropyl-2-

methylphenol, with the compound enhancing antioxidant enzyme activity and non-enzymatic 

antioxidant activity  (Sharifi-Rad et al., 2018). In addition, 5-isopropyl-2-methylphenol  plays 

a role in the cardiovascular system, acting as a vasodilator through the interaction with voltage-

gated calcium (CaV) and transient receptor potential (TRP) channels, which also contribute to 

a hypotensive effect (Dantas et al., 2015;  et al., 2010). Based on the range of 

pharmacological activities already described for 5-isopropyl-2-methylphenol and especially its 

antioxidant activity, this study aimed to evaluate the effect of 5-isopropyl-2-methylphenol on 

the erectile dysfunction of SHR.  

MATERIALS AND METHODS  

Animals 

All protocols were carried out using 12-week-old Wistar Kyoto (WKY) and SHR from the 

IPeFarM Animal Production Unit of the Federal University of Paraiba, where the rats were 

held under a controlled temperature (21 ± 1 °C) in a 12-hour light/12-hour dark cycle with 

water and food ad libitum. All experimental protocols were approved by the Animal Research 

Ethics Committee (CEUA) of the Federal University of Paraiba under certificate no 132/2017.  

Study design  

The rats were randomly divided into five experimental groups: normotensive control 

(WKY-CTL; n = 8); hypertensive control (SHR-CTL; n = 8); hypertensive rats treated with 50 

mg/kg/day 5-isopropyl-2-methylphenol  (SHR-C50; n = 8) or 100 mg/kg/day 5-isopropyl-2-



methylphenol  (SHR-C100; n = 8); and hypertensive rats treated with 1.5 mg/kg/day sildenafil 

(SHR-S1.5, n = 8). All animals received their treatments intragastrically for four weeks.  

Reagents  

To carry out the experiments, the following substances were used: sodium heparin, L(-)-

phenylephrine (Phe) hydrochloride, acetylcholine (ACh) hydrochloride, sodium nitroprusside 

(SNP), dihydroethidium (DHE), 4-hydroxy-TEMPO (tempol) and Cremophor®, all of which 

were obtained from SigmaAldrich Brazil Ltda. (São Paulo-SP, Brazil); xylazine hydrochloride 

and ketamine hydrochloride, which were both obtained from Syntec (Santana de Parnaíba - SP, 

Brazil); and sildenafil citrate, which was obtained from the Sigma-Aldrich Brazil Ltda. (São 

Paulo-SP, Brazil). 5-isopropyl-2-methylphenol (carvacrol) was obtained from Sigma-Aldrich 

Brazil Ltda at 98% purity, with the reference 28219710G, batch #STBH1940, molecular 

formula C10H14O, molecular mass 150.217 g/mol and density 0.98 g/mL. The stock solutions 

of 5-isopropyl-2-methylphenol were prepared from the solubilization of this substance with 

Cremophor®. The desired concentrations were obtained by diluting it in saline solution. The 

concentrations of Cremophor® in the solution did not exceed 0.03%. 

Systolic blood pressure measurement  

The rats' systolic blood pressure (SBP) was evaluated weekly using the tail cuff method 

(Panlab, Harvard Apparatus, Spain). To measure the blood pressure, the rats were kept in a 

heated acrylic container (28-30ºC) for 10 minutes prior to the measurement to make the caudal 

artery pulsation more readily detectable. At least three successive measurements were recorded 

in the data acquisition system (LabChart® software, version 7.1; ADInstruments, Colorado 

Springs, CO) to obtain the mean SBP.   

Intracavernosal pressure (ICP) measurement  

Under anesthesia, a small incision was made in the cervical region for dissection and 

exteriorization of the right common carotid artery, where a polyethylene (PE) catheter was 



implanted (PE-10 tube soldered to a PE-50 catheter) to access the thoracic aorta and perform 

continuous measurements. mean arterial pressure (MAP). Then, the cavernous nerve was 

identified and stimulated using a bipolar bronze electrode (Animal Nerve Stimulating 

Electrode, MLA0320, ADInstruments) connected to a stimulus generator (Stimulus generators 

contained in PowerLab®, ADInstruments). Consecutive electrical stimulation with 1 ms and 6 

V pulses at different frequencies (0.2, 0.4, 0.6, 1, 2, 4, 8 and 12 Hz) and lasting 45 s were 

induced in the ganglion to measure the PIC and to construct a frequency response curve. ICP 

was measured by introducing a 30 G needle connected to a catheter in the crura region of the 

left corpora cavernosa. MAP and ICP variations were measured with pressure transducers 

(Disposable BP Transducer, MLT0699, ADInstruments) coupled to the PowerLab® data 

acquisition system (LabChart® software, version 8.1; ADInstruments, Colorado Springs, CO).   

Functional studies in strips of rat corpora cavernosa  

For dissection and removal of the rat corpora cavernosa, the penis was removed at the level 

of the attachment to the ischium and immersed in Krebs solution with the following 

composition (mM): 118.0 NaCl; 4.7 KCl; 1.56 CaCl2 2H2O; 1.2 KH2PO4; 1.17 MgSO4; 25.0 

NaHCO3 and 5.5 glucose. Strips of corpus cavernosum were suspended by metal rods 

connected to a force transducer and inserted into tanks for isolated organ baths (Panlab Multi 

Chamber Organ Baths, ADInstruments) containing 10 mL of solution at 37°C that was 

continuously bubbled with a mixture of 95% O2 and 5% CO2 (pH 7.4). The strips were 

maintained under a basal tension of 0.5 g for a stabilization period of 60 minutes. The tension 

changes were measured using isometric transducers (MLT020, ADInstruments, Australia) and 

recorded in the PowerLab® system (ML870/P, LabChart version 7.0, ADInstruments, 

Australia).  

The contractility of the rat corpora cavernosa was evaluated by increasing the cumulative 

concentration of Phe (10 nM - 300 µM) and via electrical field stimulation (EFS). The EFS 



was performed using 50 V electric pulses having a duration of 1 ms at different frequencies (1, 

2, 4, 8, and 16 Hz) with a duration of 10 seconds for each frequency. The contractile response 

of the corpora cavernosa to Phe was also evaluated by pre-incubation for 30 minutes with 

tempol (1 mM), which is a superoxide dismutase (SOD) mimetic. The relaxation response of 

the corpora cavernosa in the different treatment groups was assessed by increasing the 

cumulative concentration to ACh (0.1 nM - 100 µM), which is an endothelial muscarinic 

agonist, or to SNP (10 nM - 300 µM), which is a spontaneous NO donor.   

Evaluation of superoxide anion production  

Reactive oxygen species (ROS) generation in the rat corpus cavernosum was detected with 

the fluorescent dye DHE. The rat corpora cavernosa were isolated, embedded into the Tissue 

Tek Compound (OCT) embedding medium, and frozen in liquid nitrogen. Subsequently, 

sections of corpora cavernosa (10 µM) were incubated with 5 µM DHE at 37 ºC for 30 minutes 

in a humid chamber and protected from light. The intensity of the fluorescence emitted by DHE 

was used to measure the superoxide anion production in the different groups. The digital 

images were captured using a fluorescence microscope (NIKON Eclipse Ti-E, NIKON, Japan) 

for further analysis.   

Statistical analysis  

The data are expressed as the mean ± SEM. For statistical analysis, one-way or two-way 

ANOVA was used, followed by the Bonferroni post-hoc test. The differences between the 

means were considered significant when p < 0.05. The data were analyzed and plotted in the 

statistical software GraphPad Prism 7.0®. The maximum relaxation corresponded to the 

maximum effect (Emax) for the highest concentration used. Pharmacological potency was 

determined using the EC50 (concentration that induces a response halfway between the baseline 

and maximum). 

 



RESULTS 

5-isopropyl-2-methylphenol induces antihypertensive effect in SHR 

Treatment with 5-isopropyl-2-methylphenol at doses of 50 mg/kg and 100 mg/kg and 

sildenafil 1.5 mg/kg decreased blood pressure in SHR animals compared to the SHR-CTL 

group after the second week of treatment. However, none of the experimental groups could 

revert the SBP value to the level of the WKY-CTL group (Figure 1; table 1).  

5-isopropyl-2-methylphenol improves the ICP/MAP ratio in SHR 

The representative records of the ICP/MAP ratio in the different experimental groups are 

shown in figure 2a. The ICP/MAP ratio was significantly lower in the SHR-CTL group when 

compared to that in the WKY-CTL group (Figure 2b, c). Treatment with 5-isopropyl-2-

methylphenol at a dose of 100 mg/kg and with sildenafil at a dose of 1.5 mg/kg significantly 

improved hypertensive animals' ICP/MAP ratio. Meanwhile, the SHR-C50 group showed a 

significant increase in the ICP/MAP ratio only at the 12Hz frequency compared to the SHR-

CTL group. 

5-isopropyl-2-methylphenol improves relaxation of the corpora cavernosa when exposed 

to ACh and SNP in SHR  

ACh (0.1 nM - 100 µM) induced significantly lower relaxation in the corpora cavernosa 

of the SHR-CTL group when compared to that in the corpora cavernosa of the WKY-CTL 

group (p < 0.05) (Figure 3a). The treatments of the SHR-C100 and SHR-S1.5 groups improved 

the relaxation response induced by ACh in hypertensive rats, presenting a reply similar to that 

observed in the WKY-CTL group, thus reversing the endothelial dysfunction associated with 

hypertension. However, treatment of the SHR-C50 group was not able to improve the 

inadequate relaxant response in hypertension (Figure 3a).  

SNP (10 nM - 300 µM) induced significantly lower relaxation in the corpora cavernosa of 

the SHR-CTL group when compared to that in the corpora cavernosa of the WKY-CTL group 



(p < 0.05) (Figure 3b). However, in the SHR-C50, SHR-C100, and SHR-S1.5 groups, the SNP-

induced relaxation response in the corpora cavernosa was restored (p < 0.05) (Figure 3b). 

5-isopropyl-2-methylphenol reduces hypercontractility of the corpora cavernosa in SHR 

Phe (10 nM - 300 µM) induced significantly greater contraction in the corpora cavernosa 

of the SHR-CTL group when compared to the corpora cavernosa of the WKY-CTL group (p < 

0.05) (Figure 4a). In the SHR-C50 and SHR-C100 groups (Figure 4a), the hypercontractility 

response to Phe observed in the SHR-CTL group was reduced (p < 0.05). On the other hand, 

the SHR-S1.5 group did not change the Phe hypercontractility observed in the SHR-CTL group 

(Figure 4a).  

The representative records of the EFS in the different experimental groups are shown in 

figure 4c. Similarly observed with Phe, the SHR-C50 and SHR-C100 groups attenuated the 

hypercontractility response in the corpora cavernosa to EFS compared to that in the SHR-CTL 

group (Figure 4b). The SHR-S1.5 group did not alter the hypercontractility to EFS induced by 

hypertension compared to the SHR-CTL group (Figure 4b).  

5-isopropyl-2-methylphenol reduces hypercontractility in a similar way to tempol of the 

corpora cavernosa in SHR  

The contractile response induced by Phe in the SHR-CTL group was significantly reduced 

by pre-incubation of tempol in corpora cavernosa compared to the respective group without 

this antioxidant (Figure 5a, e). A similar effect was observed in the SHR-S1.5 group (Figure 

5d, e). In contrast, the contractile response remained unchanged in the SHR-C50 and SHR-

C100 groups compared to their respective groups in the absence of tempol (Figure 5b and c, 

respectively). 

5-isopropyl-2-methylphenol reduces reactive oxygen species in the corpus cavernosum of 

SHR 



The DHE probe emitted baseline fluorescence in the rat corpora cavernosa sections of all 

experimental groups. The SHR-CTL showed an increase in DHE fluorescence intensity (226.0 

± 13.1%; n =5) when compared to the DHE fluorescence intensity of the WKY-CTL group 

(103.3 ± 12.0%; n = 5) (Figure 6a, b). The corpora cavernosa sections of the SHR-C50 (101.3 

± 10.1%; n = 5), SHR-C100 (103.4 ± 5.0%; n = 6), and SHR-S1.5 (142.5 ± 6.1%; n = 6) groups 

showed a significant reduction in the fluorescence intensity emitted by the DHE probe when 

compared to that emitted by the DHE probe in the SHR-CTL group.  

DISCUSSION 

This study revealed that 5-isopropyl-2-methylphenol improves the erectile function of 

SHR, likely through a mechanism involving restoring endothelial dysfunction and reducing rat 

corpus cavernosum hypercontractility.  

First-line therapy for the treatment of ED consists of the administration of iPDE-5. 

However, their efficacy is reduced when NO bioavailability is decreased. Thus, endothelial 

dysfunction may limit the efficacy of this therapy (Kedia et al., 2020; Toque et al., 2014). 

Therefore, it is necessary to develop new therapeutic options that may attenuate the progression 

of the problem in patients with this condition (Decaluwe et al., 2011).  

Plant products have been an important alternative and the subject of several studies that 

demonstrate a significant effect in the treatment of ED (Cevik et al., 2013; Li et al., 2014; 

Ushiyama et al., 2008). In this context, monoterpenes, particularly the isomers carvacrol and 

thymol, stand out in the literature due to their important activity on the cardiovascular system 

(Aydin et al., 2007; Dantas et al., 2015;  et al., 2010). In general, these 

compounds have antioxidant activity (El-Sayed et al., 2015) and may, thus, be indicated for 

protecting cellular constituents susceptible to chronic oxidative damage (Samarghandian et al., 

2016). Therefore, our group sought to assess whether 5-isopropyl-2-methylphenol would 

benefit erectile dysfunction in hypertensive animals. 



Our study confirmed the antihypertensive activity of 5-isopropyl-2-methylphenol at both 

doses, corroborating previous studies carried out with SHR animals (Costa et al., 2021). The 

SHR-S1.5 group also showed reduced blood pressure levels, which aligns with literature data 

showing a reduction in SBP after two months of treatment (Yaguas et al., 2010). Interestingly, 

treatments with 5-isopropyl-2-methylphenol or sildenafil reduced SBP almost to the same 

level. 

Erectile function was assessed by the ICP/MAP ratio. The ICP/MAP ratio in the SHR-

CTL group was significantly reduced compared to that in the WKY-CTL group, confirming 

the development of ED in SHRs, as previously observed in the literature (He et al., 2020). In 

contrast, the SHR-C100 group exhibited a restored erectile function in most stimulation 

frequencies tested compared to the SHR-CTL group.  

These results demonstrate that 5-isopropyl-2-methylphenol, in addition to having an 

antihypertensive effect, which may contribute to improving or delaying the development of 

ED, also influences erectile function, capable of reversing hypertension-associated ED. This 

statement is in agreement with the results showing that the reduction in pressure levels alone 

is not effective in improving ED, as demonstrated by the effects induced by some 

antihypertensive drugs, such as beta-blockers and thiazide diuretics (Cordero et al., 2010; 

Sharp et al., 2017). In addition, the SHR-S1.5 group presented an improved erectile function, 

corroborating with reports in the literature (Da Silva et al., 2019; Liu et al., 2010; Sung et al., 

2017).  

Since NO is considered the primary peripheral pro-erectile physiological regulator and 

changes in its synthesis or bioavailability may lead to the development of ED (Alves-Lopes et 

al., 2017; Sangiorgi et al., 2021), the activity of ACh, was assessed to determine whether there 

is any impairment endothelial function. Thus, in the present study, we confirmed the 



dysfunction of ACh-induced relaxation in SHR, as previously described (Behr-Roussel et al., 

2005; Toblli et al., 2007).  

5-isopropyl-2-methylphenol at a dose of 100 mg/kg wholly restored endothelial function 

in corpora cavernosa SHR, which may suggest the involvement of this mechanism in reversing 

erectile dysfunction. This effect corroborates data from the literature, demonstrating that 

different antioxidant substances also improve endothelial function in rat corpora cavernosa 

(Long et al., 2018; Murat et al., 2016; Ushiyama et al., 2008).  

SNP was used to assess endothelium-independent relaxation. Our study showed that 

hypertension decreases the response to components of the NO-mediated signaling cascade in 

smooth muscle cells of cavernous corpora of rats, corroborating data already presented in the 

literature (Ushiyama et al., 2004).  

5-isopropyl-2-methylphenol and sildenafil treatments improved the SNP-mediated 

response, similar to the results observed for the WKY-CTL group. These data suggest that the 

abovementioned treatments improved the NO-mediated signaling cascade. This result is quite 

significant compared to data in the literature that showed that treatment with other antioxidants, 

-tocopherol, could not change this parameter (Ushiyama et al., 2008).  

In hypertension, some pathophysiological mechanisms involved in developing ED are 

related to cavernous smooth muscle hypertrophy, inducing hypercontractility. In our study, we 

demonstrated that SHR-CTL animals showed an increase in erectile tissue tone, which may 

contribute to a reduction in blood flow and intracavernous pressure, as identified in previous 

studies (Toblli et al., 2007; Toblli et al., 2000; Wang et al., 2018). Differing results were 

observed by Toblli (2007), who showed reduced contractility to Phe in strips of cavernous 

bodies of SHR at 24 weeks of age.  

Treatment with 5-isopropyl-2-methylphenol at both doses (50 or 100 mg/kg) reduced 

hypercontractility for Phe and EFS in SHR. These results suggest that the improvement in the 



contractile response induced by   appears to involve a common pathway mediated by a 

reduction in the sensitivity of smooth muscle machinery to contractile substances, which 

contributed to an improvement in erectile function. However, treatment with sildenafil could 

not reduce hypercontractility, similar to that demonstrated by Toblli (2007), suggesting that the 

improvement of erectile function does not involve the modulation of contractile muscle 

response. 

Oxidative stress appears to significantly modulate the neurovascular alteration involved in 

the development of ED. Antioxidant agents act by limiting the activity of ROS-generating 

enzymes, reversing oxidative damage (Agarwal et al., 2006; De Oliveira et al., 2021).  

Therefore, the modulation by O2
- of Phe-induced contraction in corpus cavernosum strips 

of rats pretreated with tempol, a SOD mimetic, was evaluated. In present study demonstrated 

that the reduced levels of O2
-, evoked by pre-incubation with tempol, negatively modulate the 

Phe-induced contraction in the corpora cavernosa of SHR -CTL rats.  

In contrast, The pre-incubation with tempol in SHR-C50 and SHR-C100 rats had no 

additive effect in reducing Phe-induced contraction compared to the effect in the absence of 

this scavenger. Therefore, treatment with 5-isopropyl-2-methylphenol at both doses probably 

reduces contractility through a mechanism similar to that induced by tempol. Conversely, pre-

incubation with tempol in the SHR-S1.5 group reduced the Phe-mediated contractile response 

compared to the SHR-CTL group. This suggests that treatment with sildenafil seems to 

improve erectile function mainly by other mechanisms.   

To confirm the modulating effect of oxidative stress, we evaluated whether treatment with 

5-isopropyl-2-methylphenol was able to modify baseline ROS levels in corpus cavernosum 

sections of SHR by measuring the DHE fluorescence intensity.  

Our results corroborate data in the literature that show an increase in oxidative stress in the 

cavernous bodies of SHR (Ushiyama et al., 2004). Treatment with 5-isopropyl-2-methylphenol 



at the two doses studied (50 and 100 mg/kg) was able to reverse the oxidative damage of 

hypertension. Animals from the SHR-S1.5 group also showed a reduction in the DHE 

fluorescence intensity; however, this response was not reversed to the baseline levels of the 

WKY-CTL group. This result suggests that treatment with sildenafil reduces oxidative stress; 

however, this does not appear to be the primary mechanism by which erectile function is 

improved. 

The increase in superoxide anion production in hypertension-associated ED is related to 

increased NADPH activity (Agarwal et al., 2006). Studies have shown that 5-isopropyl-2-

methylphenol reduces ROS formation through the modulation of NADPH expression, 

suggesting that 5-isopropyl-2-methylphenol can prevent the formation of pathological lesions 

of atherosclerosis (Lee et al., 2015).  

Finalmente, os canais TRPC3 e TRPC4 estão envolvidos na modulação positiva do 

estresse oxidativo. O canal TRPC3 amplifica a formação de ROS por meio da interação com a 

NADPH oxidase (Nox2), que causa a estabilização desse complexo proteico e 

consequentemente aumenta a produção de ERO, levando a alteração funcional das células que 

culmina em dano tecidual (Kitajima et al., 2016; Poteser et al., 2006). Considering the wide 

action of 5-isopropyl-2-methylphenol on the blockade of TRP receptors, we can hypothesize a 

possible involvement of the monoterpene studied in the inhibition of these receptors for a more 

pronounced reduction of oxidative stress, which needs future investigations.  

CONCLUSIONS 

In conclusion, our results demonstrate that treatment with 5-isopropyl-2-methylphenol 

improves hypertension-associated erectile dysfunction in SHR, at least by a mechanism 

involving endothelial function restoration and reduction of rat corpora cavernosa 

hypercontractility.  



Acknowledgments: The authors wish to sincerely thank José Crispim Duarte and Mirian 

Graciela da Silva Stiebbe Salvadori for their technical assistance. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Funding: This work was supported by the Coordenação de Aperfeiçoamento de Pessoal de 

Nível Superior (CAPES, grant number 1803735) and Conselho Nacional de Desenvolvimento 

Científico e Tecnológico (CNPq, grant number 311711/2018-9). 

REFERENCES 

Agarwal, A; Nandipati, KC; Sharma, RK; Zippe, CD; Raina, R. Role of oxidative stress in the pathophysiological 

mechanism of erectile dysfunction. J Androl, 2006; 27(3):335-347 

 

Akomolafe, SA; Oyeleye, SI; Olasehinde, TA; Oboh, GJIJoFP. Phenolic characterization, antioxidant activities, 

and inhibitory effects of Physalis angulata and Newbouldia laevis on enzymes linked to erectile dysfunction. 2018; 

21(1):645-654 

 

Albersen, M; Shindel, AW; Mwamukonda, KB; Lue, TF. The future is today: emerging drugs for the treatment 

of erectile dysfunction. Expert Opin Emerg Drugs, 2010; 15(3):467-480 

 

Alves-Lopes, RU; Neves, KB; Silva, MA; Olivon, VC; Ruginsk, SG; Antunes-Rodrigues, J; Ramalho, LN; Tostes, 

RC; Carneiro, FS. Functional and structural changes in internal pudendal arteries underlie erectile dysfunction 

induced by androgen deprivation. Asian J Androl, 2017; 19(5):526-532 

 

Aydin, Y; Kutlay, O; Ari, S; Duman, S; Uzuner, K; Aydin, S. Hypotensive effects of carvacrol on the blood 

pressure of normotensive rats. Planta Med, 2007; 73(13):1365-1371 

 

Behr-Roussel, D; Gorny, D; Mevel, K; Compagnie, S; Kern, P; Sivan, V; Bernabe, J; Bedigian, MP; Alexandre, 

L; Giuliano, F. Erectile dysfunction: an early marker for hypertension? A longitudinal study in spontaneously 

hypertensive rats. Am J Physiol Regul Integr Comp Physiol, 2005; 288(1):R276-283 

 

Cevik, O; Cadirci, S; Sener, TE; Tinay, I; Akbal, C; Tavukcu, HH; Cetinel, S; Kiran, D; Sener, G. Quercetin 

treatment against ischemia/reperfusion injury in rat corpus cavernosum tissue: a role on apoptosis and oxidative 

stress. Free Radic Res, 2013; 47(9):683-691 

 

Chavan, PS; Tupe, SG. Antifungal activity and mechanism of action of carvacrol and thymol against vineyard 

and wine spoilage yeasts. Food Control, 2014; 46:115-120 

 

Consensus, N. Development Panel on Impotence. NIH Consensus Conference. Impotence. JAMA, 1993; 270:83-

90 

 

Cordero, A; Bertomeu-Martinez, V; Mazon, P; Facila, L; Bertomeu-Gonzalez, V; Conthe, P; Gonzalez-Juanatey, 

JR. Erectile dysfunction in high-risk hypertensive patients treated with beta-blockade agents. Cardiovasc Ther, 

2010; 28(1):15-22 

 

Costa, HA; Dias, CJM; Martins, VA; de Araujo, SA; da Silva, DP; Mendes, VS; de Oliveira, MNS, Jr.; Mostarda, 

CT; Borges, ACR; Ribeiro, RM; Filho, NS. Effect of treatment with carvacrol and aerobic training on 

cardiovascular function in spontaneously hypertensive rats. Exp Physiol, 2021; 106(4):891-901 

 



da Silva, CN; Nunes, KP; Almeida, FDM; Costa, FLS; Borges, PV; Lacativa, P; Pimenta, AMC; de Lima, ME. 

PnPP-19 Peptide Restores Erectile Function in Hypertensive and Diabetic Animals Through Intravenous and 

Topical Administration. The Journal of Sexual Medicine, 2019; 16(3):365-374 

 

Dantas, BP; Alves, QL; de Assis, KS; Ribeiro, TP; de Almeida, MM; de Vasconcelos, AP; de Araujo, DA; de 

Andrade Braga, V; de Medeiros, IA; Alencar, JL; Silva, DF. Participation of the TRP channel in the cardiovascular 

effects induced by carvacrol in normotensive rat. Vascul Pharmacol, 2015; 67-69:48-58 

 

de Oliveira, AA; Nunes, KP. Hypertension and Erectile Dysfunction: Breaking Down the Challenges. Am J 

Hypertens, 2021; 34(2):134-142 

 

de Souza, ILL; Ferreira, EDS; Vasconcelos, LHC; Cavalcante, FA; da Silva, BA. Erectile Dysfunction: Key Role 

of Cavernous Smooth Muscle Cells. Front Pharmacol, 2022; 13:895044 

 

Decaluwe, K; Pauwels, B; Boydens, C; Van de Voorde, J. Treatment of erectile dysfunction: new targets and 

strategies from recent research. Pharmacol Biochem Behav, 2014; 121:146-157 

 

Decaluwe, K; Pauwels, B; Verpoest, S; Van de Voorde, J. New therapeutic targets for the treatment of erectile 

dysfunction. J Sex Med, 2011; 8(12):3271-3290 

 

Doumas, M; Tsakiris, A; Douma, S; Grigorakis, A; Papadopoulos, A; Hounta, A; Tsiodras, S; Dimitriou, D; 

Giamarellou, H. Factors affecting the increased prevalence of erectile dysfunction in Greek hypertensive 

compared with normotensive subjects. J Androl, 2006; 27(3):469-477 

 

El-Sayed, EM; Abd-Allah, AR; Mansour, AM; El-Arabey, AA. Thymol and carvacrol prevent cisplatin-induced 

nephrotoxicity by abrogation of oxidative stress, inflammation, and apoptosis in rats. JBMT, 2015; 29(4):165-172 

 

Fachini-Queiroz, FC; Kummer, R; Estevao-Silva, CF; Carvalho, MD; Cunha, JM; Grespan, R; Bersani-Amado, 

CA; Cuman, RK. Effects of Thymol and Carvacrol, Constituents of Thymus vulgaris L. Essential Oil, on the 

Inflammatory Response. Evid Based Complement Alternat Med, 2012; 2012:657026 

 

Ganapathy, AA; Priya, VH; Kumaran, AJJoE. Medicinal plants as a potential source of Phosphodiesterase-5 

inhibitors: A review. 2021; 267:113536 

 

Gilling, DH; Kitajima, M; Torrey, JR; Bright, KR. Antiviral efficacy and mechanisms of action of oregano 

essential oil and its primary component carvacrol against murine norovirus. J Appl Microbiol, 2014; 116(5):1149-

1163 

 

He, W; Liu, J; Liu, D; Hu, J; Jiang, Y; Li, M; Wang, Q; Chen, P; Zeng, G; Xu, D; Wang, X; DiSanto, ME; Zhang, 

X. Alterations in the phosphodiesterase type 5 pathway and oxidative stress correlate with erectile function in 

spontaneously hypertensive rats. J Cell Mol Med, 2020; 24(24):14280-14292 

 

Hernandez-Cerda, J; Bertomeu-Gonzalez, V; Zuazola, P; Cordero, A. Understanding Erectile Dysfunction in 

Hypertensive Patients: The Need for Good Patient Management. Vasc Health Risk Manag, 2020; 16:231-239 

 

Kedia, GT; Uckert, S; Tsikas, D; Becker, AJ; Kuczyk, MA; Bannowsky, A. The Use of Vasoactive Drugs in the 

Treatment of Male Erectile Dysfunction: Current Concepts. J Clin Med, 2020; 9(9):2987 

 

Kitajima, N; Numaga-Tomita, T; Watanabe, M; Kuroda, T; Nishimura, A; Miyano, K; Yasuda, S; Kuwahara, K; 

Sato, Y; Ide, T; Birnbaumer, L; Sumimoto, H; Mori, Y; Nishida, M. TRPC3 positively regulates reactive oxygen 

species driving maladaptive cardiac remodeling. Sci Rep, 2016; 6:37001 

 

Lee, KP; Sudjarwo, GW; Jung, SH; Lee, D; Lee, DY; Lee, GB; Baek, S; Kim, DY; Lee, HM; Kim, B; Kwon, SC; 

Won, KJ. Carvacrol inhibits atherosclerotic neointima formation by downregulating reactive oxygen species 

production in vascular smooth muscle cells. Atherosclerosis, 2015; 240(2):367-373 

 

Li, Y; Jiang, J; He, Y; Jiang, R; Liu, J; Fan, Z; Cheng, Y. Icariin combined with breviscapine improves the erectile 

function of spontaneously hypertensive rats. J Sex Med, 2014; 11(9):2143-2152 



 

Liu, G; Sun, X; Dai, Y; Zheng, F; Wang, D; Huang, Y; Bian, J; Deng, C. Chronic administration of sildenafil 

modified the impaired VEGF system and improved the erectile function in rats with diabetic erectile dysfunction. 

J Sex Med, 2010; 7(12):3868-3878 

 

Long, H; Jiang, J; Xia, J; Jiang, R. Icariin improves SHR erectile function via inhibiting eNOS uncoupling. 

Andrologia, 2018; 50(9):e13084 

 

Moreira, ED, Jr.; Bestane, WJ; Bartolo, EB; Fittipaldi, JA. Prevalence and determinants of erectile dysfunction in 

Santos, southeastern Brazil. Sao Paulo Med J, 2002; 120(2):49-54 

 

Murat, N; Korhan, P; Kizer, O; Evcim, S; Kefi, A; Demir, O; Gidener, S; Atabey, N; Esen, AA. Resveratrol 

Protects and Restores Endothelium-Dependent Relaxation in Hypercholesterolemic Rabbit Corpus Cavernosum. 

J Sex Med, 2016; 13(1):12-21 

 

Nostro, A; Sudano Roccaro, A; Bisignano, G; Marino, A; Cannatelli, MA; Pizzimenti, FC; Cioni, PL; Procopio, 

F; Blanco, AR. Effects of oregano, carvacrol and thymol on Staphylococcus aureus and Staphylococcus 

epidermidis biofilms. J Med Microbiol, 2007; 56(Pt 4):519-523 

 

isolated aorta. Fundamental & clinical pharmacology, 2010; 24(3):341-350 

 

Poteser, M; Graziani, A; Rosker, C; Eder, P; Derler, I; Kahr, H; Zhu, MX; Romanin, C; Groschner, K. TRPC3 

and TRPC4 associate to form a redox-sensitive cation channel. Evidence for expression of native TRPC3-TRPC4 

heteromeric channels in endothelial cells. J Biol Chem, 2006; 281(19):13588-13595 

 

Samarghandian, S; Farkhondeh, T; Samini, F; Borji, A. Protective Effects of Carvacrol against Oxidative Stress 

Induced by Chronic Stress in Rat's Brain, Liver, and Kidney. Biochem Res Int, 2016; 2016:2645237 

 

Sangiorgi, G; Cereda, A; Benedetto, D; Bonanni, M; Chiricolo, G; Cota, L; Martuscelli, E; Greco, F. Anatomy, 

Pathophysiology, Molecular Mechanisms, and Clinical Management of Erectile Dysfunction in Patients Affected 

by Coronary Artery Disease: A Review. Biomedicines, 2021; 9(4):432 

 

Seftel, AD; Sun, P; Swindle, R. The prevalence of hypertension, hyperlipidemia, diabetes mellitus and depression 

in men with erectile dysfunction. J Urol, 2004; 171(6 Pt 1):2341-2345 

 

Sharifi-Rad, M; Varoni, EM; Iriti, M; Martorell, M; Setzer, WN; Del Mar Contreras, M; Salehi, B; Soltani-Nejad, 

A; Rajabi, S; Tajbakhsh, M; Sharifi-Rad, J. Carvacrol and human health: A comprehensive review. Phytother Res, 

2018; 32(9):1675-1687 

 

Sharp, RP; Gales, BJ. Nebivolol versus other beta blockers in patients with hypertension and erectile dysfunction. 

Ther Adv Urol, 2017; 9(2):59-63 

 

Sung, HH; Kang, SJ; Chae, MR; Kim, HK; Park, JK; Kim, CY; Lee, SW. Effect of BKCa Channel Opener 

LDD175 on Erectile Function in an In Vivo Diabetic Rat Model. J Sex Med, 2017; 14(1):59-68 

 

Toblli, JE; Cao, G; Lombrana, A; Rivero, M. Functional and morphological improvement in erectile tissue of 

hypertensive rats by long-term combined therapy with phosphodiesterase type 5 inhibitor and losartan. J Sex Med, 

2007; 4(5):1291-1303 

 

Toblli, JE; Stella, I; Inserra, F; Ferder, L; Zeller, F; Mazza, ON. Morphological changes in cavernous tissue in 

spontaneously hypertensive rats. Am J Hypertens, 2000; 13(6 Pt 1):686-692 

 

Toque, HA; Caldwell, RW. New approaches to the design and discovery of therapies to prevent erectile 

dysfunction. Expert Opin Drug Discov, 2014; 9(12):1447-1469 

 



Ushiyama, M; Kuramochi, T; Yagi, S; Katayama, S. Antioxidant treatment with alpha-tocopherol improves 

erectile function in hypertensive rats. Hypertens Res, 2008; 31(5):1007-1013 

 

Ushiyama, M; Morita, T; Kuramochi, T; Yagi, S; Katayama, S. Erectile dysfunction in hypertensive rats results 

from impairment of the relaxation evoked by neurogenic carbon monoxide and nitric oxide. Hypertens Res, 2004; 

27(4):253-261 

 

Wang, TD; Lee, CK; Chia, YC; Tsoi, K; Buranakitjaroen, P; Chen, CH; Cheng, HM; Tay, JC; Teo, BW; Turana, 

Y; Sogunuru, GP; Wang, JG; Kario, K; Network, HA. Hypertension and erectile dysfunction: The role of 

endovascular therapy in Asia. J Clin Hypertens (Greenwich), 2021; 23(3):481-488 

 

Wang, X-y; Huang, W; Zhang, YJIJoIR. Relation between hypertension and erectile dysfunction: a meta-

analysisof cross-section studies. 2018; 30(3):141-146 

 

Yaguas, K; Bautista, R; Quiroz, Y; Ferrebuz, A; Pons, H; Franco, M; Vaziri, ND; Rodriguez-Iturbe, B. Chronic 

sildenafil treatment corrects endothelial dysfunction and improves hypertension. Am J Nephrol, 2010; 31(4):283-

291 

 

Yin, QH; Yan, FX; Zu, XY; Wu, YH; Wu, XP; Liao, MC; Deng, SW; Yin, LL; Zhuang, YZ. Anti-proliferative 

and pro-apoptotic effect of carvacrol on human hepatocellular carcinoma cell line HepG-2. Cytotechnology, 2012; 

64(1):43-51 

 

Yu, W; Wan, Z; Qiu, XF; Chen, Y; Dai, YT. Resveratrol, an activator of SIRT1, restores erectile function in 

streptozotocin-induced diabetic rats. Asian J Androl, 2013; 15(5):646-651 

 

  

  



Figure Legends 

Figure 1  SBP (mmHg) weekly changes measured by tail-cuff. Groups: WKY- -CTL (n = 

-C50 (n = 6; ); SHR-C100 (n = 6; ); SHR-S1.5 (n = 6; ). Results are expressed as mean ± standard 

error of mean (SEM). *p < 0.05 vs WKY-CTL; #p < 0.05 vs SHR-CTL.  

Figure 2  Effect of carvacrol on ICP/MAP ratio in response to pelvic ganglion stimulations (0.2  12 Hz). a) 

original tracings of ICP/MAP ratio. b) ICP/MAP ratio curves. c) ICP/MAP values as a function of the different 

frequencies (Hz) of stimulation in the different groups of animals treated for four weeks. Groups: WKY-CTL (n 

- -C50 (n = 5; ); SHR-C100 (n = 5; ); SHR-S1.5 (n = 6; ). Results are 

expressed as mean ± SEM *p < 0.05 vs WKY- CTL; #p < 0.05 vs SHR-CTL. 

Figure 3  Vascular reactivity to ACh (a) and SNP (b) in rat corpora cavernosa. Groups: WKY-CTL (n = 5 and 

- - -C100 

(n = 5 and 6, respectively; ); SHR-S1.5 (n = 5 and 7, respectively; ). Results are expressed as mean ± SEM*p 

< 0.05 vs WKY-CTL; #p < 0.05 vs SHR-CTL. 

Figure 4  Concentration-response curves to Phe (10 nM  300 µM) (a) and EFS (1  16 Hz) (b) in rat corpora 

cavernosa. (c) Original representative trancings showing the contractile frequency-response curves in rat corpora 

cavernosa. Groups: WKY- - -C50 (n = 6 and 

5, respectively; SHR-C100 (n = 5 and 6, respectively; ); SHR-S1.5 (n = 6; ). Results are expressed as mean 

± SEM*p< 0.05 vs WKY-CTL: #p< 0.05 vs SHR-CTL. 

Figure 5  Effect of carvacrol on concentration-response curves to Phe (10 nM  300 µM), in presence of tempol 

(1 mM), in rat corpora in in different groups (a-d). Percentage of the maximum effect of the Phe-induced 

contractile response in the presence and absence of tempol (e). Groups: WKY- -CTL (n = 5; 

-CTL- -C50 (n= 6; ); SHR-C50-

SHR-C100-TEMPOL (n = 6; ); SHR -S1.5-TEMPOL (n = 5; ). Results are expressed as 

mean ± SEM. *p < 0.05 vs WKY-CTL; #p < 0.05 vs SHR-CTL. 

Figure 6  Effect of carvacrol on reactive oxygen species (ROS) in rat corpora cavernosa. Basal fluorescence 

intensity of DHE in transverse sections of rat corpora cavernosa. Groups: WKY-CTL (n = 5); SHR-CTL (n = 5); 

SHR-C50 (n = 5); SHR-C100 (n = 6); SHR-S1.5 (n = 6). a) Basal fluorescence intensity emitted by the DHE in 

transverse sections of rat corpora cavernosa (objective 10X). b) Measurement of basal fluorescence intensity of 



DHE (%) in transverse sections of corpora cavernosa. The data are expressed as mean of percentage of 

fluorescence in relations to the control ± SEM. *p < 0.05 vs WKY-CTL, #p < 0.05 vs SHR-CTL. 
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The global population above 60 years has been growing exponentially in the last decades, which is accompanied by an increase in
the prevalence of age-related chronic diseases, highlighting cardiovascular diseases (CVDs), such as hypertension, atherosclerosis,
and heart failure. Aging is the main risk factor for these diseases. Such susceptibility to disease is explained, at least in part, by the
increase of oxidative stress, in which it damages cellular components such as proteins, DNA, and lipids. In addition, the chronic
inflammatory process in aging “inflammaging” also contributes to cell damage, creating a stressful environment which drives to
the development of CVDs. Taken together, it is possible to identify the molecular connection between oxidative stress and the
inflammatory process, especially by the crosstalk between the transcription factors Nrf-2 and NF-κB which are mediated by
redox signalling and are involved in aging. Therapies that control this process are key targets in the prevention/combat of age-
related CVDs. In this review, we show the basics of inflammation and oxidative stress, including the crosstalk between them,
and the implications on age-related CVDs.

1. Introduction

The average life expectancy of the global population has been
increasing rapidly [1]. According to the United Nations
(UN), the world population over 60 years will keep growing
exponentially in the next decades, rising from 12%, data from
2015, to 22% in 2050 [2]. In parallel, age-related diseases have
also been increasing, highlighting cardiovascular diseases
(CVDs) as the main cause of morbidity and mortality
worldwide, aging being the main risk factor for these dis-
eases [3–5].

Cardiovascular aging (cardiac and vascular aging) is
characterized by a progressive decline in physiological pro-
cesses at the molecular, cellular, and tissue levels [6–8].
Two factors play a key role in this process: the gradual and
persistent increase in inflammation “inflammaging” and the
oxidative stress, including the crosstalk between them [9,
10]. These processes are associated with the pathophysiology
of aging-related CVDs, such as hypertension, acute myocar-
dial infarction, and stroke (Figure 1) [11–13].

This review brings an integrated approach to the role of
inflammation and oxidative stress associated with the
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Carboxymethyl-glucan from Saccharomyces
cerevisiae reduces blood pressure and improves
baroreflex sensitivity in spontaneously
hypertensive rats
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Carboxymethyl-glucan (CMG) is a derivative of β-D-glucan extracted from Sacharomyces cerevisae. This

polymer presents improved physicochemical properties and shows health benefits, such as immunomo-

dulation, antioxidant, anti-inflammatory, anti-tumor, and antiplatelet activities, and improved vascular

function. However, studies concerning the effect of administration of CMG on the cardiovascular para-

meters, mainly in the field of hypertension, are scarce. This study aimed to investigate the effect of admin-

istration of CMG in spontaneously hypertensive rats (SHR) and normotensive rats (WKY) models.

Normotensive and hypertensive animals received CMG at doses of 20 mg kg−1 and 60 mg kg−1 for four

weeks. Then, weight gain, lipid profile, renal function, blood pressure, cardiac hypertrophy, baroreflex sen-

sitivity, and sympathetic tone were evaluated. Oral administration of CMG influenced weight gain and

cholesterol levels, and significantly reduced urea in the hypertensive animals. It decreased blood pressure

levels and cardiac hypertrophy, improved baroreflex response, and reduced the influence of sympathetic

tone. The results demonstrate the antihypertensive effect of CMG through improvement in baroreflex

sensitivity via sympathetic tone modulation.

1. Introduction

Saccharomyces cerevisae is the largest source of β-D-glucans

among the yeasts. β-D-Glucans are chemically characterized by

a linear central backbone of glucose residues linked via β-(1–3)

linkages, and glucose side-chains of various sizes linked

through β-(1–6) linkages.1 This polysaccharide has been used

to treat cancer in Japanese traditional medicine for decades,

mainly due to its potent immunomodulatory role and anti-

cancer activity.2,3 Furthermore, it has demonstrated other

health benefits, such as anti-inflammatory, anti-mutagenic,

hypocholesterolemic, anti-hypertensive, hypoglycemic and

antioxidant properties. Therefore, there is a great interest in

expanding its use as a functional ingredient in the develop-

ment of health foods and pharmaceutical products.2,4–11

The nutritional and health benefits of β-D-glucans are

related to the physicochemical properties of this polymer.11,12

Carboxymethyl-Glucan (CMG) is a carboxymethylated form

and is considered an alternative as a therapeutic agent with

greater potency or effectiveness. Its lower molar mass ensures

greater solubility in water, while its higher degree of branching

increases the affinity for cell receptors and, consequently,

improves the biological response.13–15 Another relevant aspect

for its use is that, despite not proved yet for CMG, soluble

derivatives of β-D-glucans had demonstrated the ability to

translocate from the gastrointestinal wall into the systemic cir-

culation when orally administered.16

Some health benefits of CMG have already been reported.

In healthy humans, CMG acted as adjuvant in preventing oxi-

dative stress,17 while in patients with advanced prostate

cancer, it exhibited a protective effect against DNA damage

after oral administration.18 The administration of 20 mg kg−1

dose for 8 days modulated vascular function, reduced platelet

aggregation, and showed an anti-inflammatory effect in
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Introduction

Hypertension is a condition that accounts for 9.4 million deaths

around the world every year, thereby constituting a public health

challenge [1]. Data reveal that hypertension is present in 69% of

patients in the first episode of acute myocardial infarction, 77%

of cerebrovascular accidents, 75% with heart failure, and 60% with

peripheral arterial disease [2]. It is also responsible for 45% of car-
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ABSTRACT

Hypertension is a chronic disease and a global health prob-

lem. Due to its high prevalence, it constitutes the most impor-

tant risk factor for cardiovascular disease. Fruit peels from Pas-

siflora edulis fo. flavicarpa are rich in bioactive natural com-

pounds that may have action in hypertension. This study

aimed to perform a fingerprinting analysis of Passiflora edulis

fruit peel extract and evaluate its actions on the cardiovascu-

lar system in an in vivo model. The extract was obtained from

the dried and powdered fruit peels of Passiflora edulis. Glyco-

side flavonoids were identified in the extract by HPLC‑ESI‑MSn.

The extract showed a significant hypotensive effect after

28 days of treatment and improved vascular function in the

mesenteric artery. This effect was verified by decreased

vascular hypercontractility and increased vasorelaxant in re-

sponse to sodium nitroprusside and acetylcholine. There was

also a decrease in endothelial dysfunction, which can be at-

tributed to nitric oxideʼs increased bioavailability. Thus, we hy-

pothesize that all these effects contributed to a reduction in

peripheral vascular resistance, leading to a significant hypo-

tensive effect. These results are novel for fruit peels from

P. edulis. Also, there was a decrease in plasma and cardiac ma-

londialdehyde levels and an increase in glutathione, suggest-

ing a reduction in oxidative stress, as well as an increase of

anti-inflammatory cytokines such as IL-10 in the plasma. This

study demonstrated that the extract can be a new source of

raw material to be applied as food or medicine adjuvant for

treating hypertension.

Cardiovascular Effects Induced by Fruit Peels from Passiflora edulis

in Hypertensive Rats and Fingerprint Analysis by HPLC‑ESI‑MSn

spectrometry

Original Papers

Cabral B et al. Cardiovascular Effects Induced… Planta Med | © 2021. Thieme. All rights reserved.
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Abstract

Passiflora edulis fo. flavicarpa (Passifloraceae) is popularly known as yellow passion fruit and its fruit peels are considered 

a rich by-product in bioactive compounds which has greatly beneficial health properties. The objective of this study was 

to evaluate the effects of P. edulis fruit peel extracts in a type 1 diabetes model and the potential vasorelaxant effect. The 

aqueous and hydroethanolic extracts were obtained from P. edulis fruit peels and orientin and isorientin flavonoids were 

identified in both extracts through ultra-high performance liquid chromatography. Pectin was only identified in the aque-

ous extract by high-performance steric exclusion chromatography and nuclear magnetic resonance. Regarding the vascular 

system, the hydroethanolic extract showed better vasorelaxant effects in the mesenteric artery rings when compared to the 

aqueous extract. These effects mainly occur by opening the potassium channels. In the type 1 diabetes model, extracts at 

doses of 400 and 600 mg/kg were able to restore the effect of insulin in diabetic rats which were not responding to its action. 

The antidiabetic effect was more significant for the aqueous extract. Thus, the results suggest that the hydroethanolic and 

aqueous extracts have greater potential to be used to treat cardiovascular diseases such as hypertension and as a hypoglycemic 

agent, respectively. Taken together, P. edulis fruit peel extracts proved to be a source of valuable bioactive raw material to 

produce nutraceuticals or pharmaceutical products.

Keywords Yellow passion fruit peel · Type 1 diabetes mellitus · Vasorelaxant · Nutraceuticals

Introduction

Systemic arterial hypertension (SAH) and diabetes mellitus 

(DM) are public health problems worldwide. Due to their 

high prevalence, they are the most important risk factors for 

cardiovascular and renal diseases [1, 2]. Several drugs used 

to treat these diseases are often limited in their effectiveness 

and have adverse reactions that affect the patient’s quality 

of life [3, 4]. Thus, natural products with hypoglycemic and 

hypotensive properties are valuable sources for developing 

new nutraceuticals with physiological benefits or pharma-

ceutical products [5, 6].

Previous pharmacological studies reported in the liter-

ature regarding P. edulis fo. flavicarpa O. Deg. (Passiflo-

raceae) species have revealed its potential antidiabetic and 

antihipertensive effects [7, 8]. Specifically for the fruit peels 

of P. edulis, it is possible to find several studies with the 

powder (dried and crushed peels) in type 2 diabetes mel-

litus models. However, its vasorelaxant and hypoglycemic 
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Abstract

Erectile dysfunction (ED) is defined as the inability to achieve and/or maintain penile erec-

tion sufficient for satisfactory sexual relations, and aging is one of the main risk factors

involved. The D-(+)-Galactose aging model is a consolidated methodology for studies of car-

diovascular aging; however, its potential for use with ED remain unexplored. The present

study proposed to characterize a new experimental model for ED, using the D-(+)-Galactose

aging model. For the experiments, the animals were randomly divided into three groups

receiving: vehicle (CTL), D-galactose 150 mg/kg (DGAL), and D-(+)-galactose 150 mg/Kg +

sildenafil 1.5 mg/Kg (DGAL+SD1.5) being administered daily for a period of eight weeks. All

of the experimental protocols were previously approved by the Ethics Committee on the

Use of Animals at the Federal University of Paraı́ba n˚ 9706070319. During the treatment,

we analyzed physical, molecular, and physiological aspects related to the aging process

and implicated in the development of ED. Our findings demonstrate for the first time that

D-(+)-Galactose-induced aging represents a suitable experimental model for ED assess-

ment. This was evidenced by an observed hyper-contractility in corpora cavernosa, signifi-

cant endothelial dysfunction, increased ROS levels, an increase in cavernous tissue

senescence, and the loss of essential penile erectile components.

Introduction

Erectile dysfunction (ED) is defined as the inability to achieve and/or maintain sufficient

erection for satisfactory sexual relations [1]. Its prevalence tends to increase throughout the

individual’s life, affecting mainly men over 40 years old [2]. With the global increase in life
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Original Research Article 
Beneficial effects of Carvacrol in a D-(+)-

galactose-induced aging model  
 
 

.

ABSTRACT  
 

Aim: To evaluate the cardiovascular effect of carvacrol treatment in a D(+)galactose accelerated aging model, 
investigating effects on vascular reactivity, oxidative stress, and systolic blood pressure (SBP).  
Methodology: Eight-week-old male Wistar rats (Rattus norvegicus) were used for oral treatment for eight weeks. Organ 
baths were used for vascular reactivity studies (FEN, ACh, and NPS), fluorescence microscopy to detect reactive oxygen 
species (ROS, using DHE probe), and Tail-Cuff for systolic blood pressure (SBP) measurements. Non-linear regression 
was used to create the concentration-response curves. Emax denotes the tissue's maximum response.  
Results: The aged rats showed a significant increase in fluorescence intensity by the DHE probe compared to the CTL 
group (CTL=100 ± 3.6%, n=5 and Dgal=167.7 ± 7.9%, n=5, respectively). However, the levels of ROS in the carvacrol-
treated groups were significantly attenuated in the Dgal+C50 (138.8 ± 4.5%, n=5) and Dgal+C100 (130.0 ± 5.5%, n=5) 
groups. The animals of the Dgal group presented hypertension through the significant increase in SBP compared to the 
CTL group (CTL=135.9 ± 3.9 mmHg, n=6, Dgal=170.9 ± 2.0 mmHg, n=9, respectively). The increased SBP of Dgal rats 
could be reversed by treatment with carvacrol (Dgal+C50=137.9 ± 2.7 mmHg, n=5, and Dgal+C100=124.6 ± 8.2 mmHg, 
n=5, respectively. On the other hand, carvacrol was unable to restore the ACh-induced vasorelaxation effect found in CTL 
(Emax=100.0 ± 3.9%), Dgal (Emax=84.9 ± 4.4%), Dgal+C50 (Emax=84.9 ± 4.4%) and Dgal+C100 (Emax=82.1 ± 6.2 %).  
Conclusion: Carvacrol shows protective antioxidant effects capable of reducing SBP in aged animals, being an important 

tool in promoting healthy aging. 

 
Keywords: carvacrol, aging, d-galactose-induced aging model, oxidative stress, antioxidant, systolic blood pressure,   
 
 

1. INTRODUCTION  
  
The aging process, characterized by the gradual decline of cellular, molecular, and tissue functions, is regarded as the 
leading risk factor for the development of age-related diseases, such as cardiovascular diseases (CVDs), which are the 
leading cause of morbidity and mortality worldwide [1, 2]. Data indicate that by 2050, approximately a quarter of the 
world's population will comprise the elderly. However, despite the population's increased life expectancy, individuals do 
not necessarily experience an improvement in their quality of life [3, 4].  

Cardiovascular aging is a dynamic process caused by several mechanisms, including progressive function and structure 
change, resulting in compromised cardiovascular homeostasis [5]. These changes are associated with increased 
synthesis and release of Reactive Oxygen Species (ROS [4]. Briefly, with oxidative stress, vessels and the heart become 
stiffer, and endothelial dysfunction as one ages, a factor that predisposes to the onset of CVDs [6]. Due to the high 
prevalence of CVDs in aging, understanding the causes and associated mechanisms is important [7, 8]. 

It has been shown in the literature that rats given D-(+)-galactose for eight weeks to induce aging developed oxidative 
stress, vascular remodeling, changes in cardiac anatomy, and senescent cell accumulation, similar to naturally aged rats. 
Thus, this accelerated aging model is a reliable experimental aging model at the cardiovascular system level and can be 
widely used [9, 10]. The exploration of biomarkers and the search for new therapeutic targets, especially those with 
antioxidant activity that can act to slow or reverse the aging process, has aroused much interest [11]. Natural products 
have been a constant inspiration for medication research and development. Carvacrol, a natural compound of the 
monoterpene class, is the constituent of the essential oil produced by numerous aromatic plants and spices, such as 
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Reactive oxygen species (ROS) are bioproducts of cellular metabolism. There is a range of molecules with oxidizing properties
known as ROS. Despite those molecules being implied negatively in aging and numerous diseases, their key role in cellular
signaling is evident. ROS control several biological processes such as inflammation, proliferation, and cell death. The redox
signaling underlying these cellular events is one characteristic of the new generation of scientists aimed at defining the role of
ROS in the cellular environment. The control of redox potential, which includes the balance of the sources of ROS and the
antioxidant system, implies an important target for understanding the cells’ fate derived from redox signaling. In this review,
we summarized the chemical, the redox balance, the signaling, and the implications of ROS in biological aging.

1. Introduction

All living organisms produce reactive oxygen species (ROS) as
a result of cellular metabolism [1, 2]. Despite the presence of
antioxidant defenses (e.g., enzymes, proteins, and vitamins) in
organisms, ROS can accumulate due to overproduction or fail-
ure in the antioxidant system, leading to the stage of “oxidative
stress” [3], a key hallmark of aging [4–6].

Harman, in 1956, proposed the “free radical theory of
aging,” which argued that ROS derived from metabolism were
the primary cause of aging [7]. Since then, several publications
have reported the deleterious effects of ROS on aging [8, 9].
However, recent studies on long-lived models and genetically
altered animals challenge the role of ROS in aging [10]. In this

way, ROS appear to have a dual effect, first as an activator of a
homeostatic compensatory response that increases with age to
maintain survival, and then, beyond a certain point, as a factor
that, rather than alleviating, aggravat the damages associated
with aging [11, 12].

In this context, this review drafts an integrated approach
to the dual role of ROS on aging, addressing molecular, cel-
lular, and physiological aspects of ROS.

2. A General Overview of ROS

A range of molecules with oxidizing properties contributes
to oxidative stress [3]. These ROS include superoxide anions
(O2

• −), hydroxyl radical (HO•), nitric oxide (•NO), and lipid
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