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Abstract: Carveol is a monoterpene present in the structure of many plant products. It has a variety
of biological activities: antioxidant, anticancer and vasorelaxation. However, studies investigating
the effect of monoterpenoids on human vessels have not yet been described. Thus, the present
study aimed to characterize the effect of (−)-carveol on human umbilical arteries (HUAs). HUA
ring preparations were isolated and subjected to isometric tension recordings of umbilical artery
smooth muscle contractions. (−)-Carveol exhibited a significant vasorelaxant effect on KCl and
5-HT-induced contractions, obtaining EC50 values of 344.25 ± 8.4 and 175.82 ± 4.05 µM, respectively.
The participation of calcium channels in the relaxation produced by (−)-carveol was analyzed using
vessels pre-incubated with (−)-carveol (2000 µM) in a calcium-free medium, where the induction
of contractions was abolished. The vasorelaxant effect of (−)-carveol on HUAs was reduced by
tetraethylammonium (TEA), which increased the (−)-carveol EC50 to 484.87 ± 6.55 µM. The present
study revealed that (−)-carveol possesses a vasorelaxant activity in HUAs, which was dependent on the
opening of calcium and potassium channels. These results pave the way for further studies involving
the use of monoterpenoids for the vasodilatation of HUAs. These molecules have the potential to
treat diseases such as pre-eclampsia, which is characterized by resistance in umbilical arteries.

Keywords: carveol; human umbilical artery; vasorelaxant

1. Introduction

Over the years, science has shown that natural products are a source of numerous substances with
different chemical structures, which can be used in different biological studies [1]. Plants are capable
of producing secondary bioactive metabolites that have great potential to interact with biological
molecules. Thus, secondary metabolites facilitate the development of drugs and the identification and
characterization of new cellular targets, as well as provide an opportunity to elucidate the mechanism
of action of these molecular interactions [2]. Within the identified secondary plant metabolites are
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terpenoids, which constitute the largest secondary metabolite group. Importantly, they have been
shown to be bioactive in different animal models [3].

The monoterpene carveol is a molecule widely used in the perfume, soap and shampoo
industries [4]. Carveol has also been shown to be an interesting compound with pharmacological
activities, which include a repellent effect when used against Anopheles gambiae [5], a nematocidal
action against Meloidogyne incognita [6] and antibacterial activity [7]. Importantly, it has a low toxicity
profile [8]. Moreover, carveol administration to the diet of rats with breast cancer has shown efficacy in
combating early-stage cancer [9]. Additionally, an anti-inflammatory activity [10] and a prolongation of
anesthetic effects [11] have also been demonstrated for carveol. Carveol has also shown a myorelaxant
effect in isolated rat aorta sections in smooth muscle studies [12]. However, vasorelaxant effects have
not been described in human tissues.

Umbilical cords and their derivatives have been the targets of important research, such as in models
for cardiovascular disease studies [13], in tissue engineering and regenerative medicine [14], as well as
for investigating new substances with relaxant properties [15]. The umbilical cord, often classified as
biological waste, presents a range of possibilities for investigating these properties, standing out as
an excellent model for the discovery of vasoactive substances [16], in addition to being a biological
sample that is easy to obtain and that does not harm the mother nor the fetus [17].

Hypertensive syndromes in gestating women still portray a public health problem, with current
treatment for pre-eclampsia generating a lot of discussion, especially when the mother–fetus binomial
and its risks and benefits are taken into account [18]. While there are some drugs available for the
antihypertensive treatment of gestating women, such as alpha-methyldopa, propranolol, hydralazine
and nifedipine [19], the hypotensive treatment for this pathology still remains uncertain [20].
Investigating how new substances may be involved in this process can reveal great therapeutic
value in the treatment of pathologies, such as pre-eclampsia [21]. Thus, there exists a growing need for
further studies on the application and discovery of vasodilatory compounds. Few clinical studies have
analyzed the effects of natural products on the smooth muscle of human umbilical arteries (HUAs).
This study aims to investigate the effect of (−)-carveol on HUAs and to evaluate its possible vascular
effects, such as HUA vascular contractility relaxation. Such studies may bring new perspectives for the
therapeutic treatment of HUA vascular disorders, such as pre-eclampsia.

2. Experimental Section

2.1. Solutions and Drugs

The drugs and reagents used were of analytical purity, obtained from Sigma Chemical
Corporation (St. Louis, MO, USA), stored in accordance with the manufacturer’s instructions.
The following salts were used: potassium chloride (KCl), sodium chloride (NaCl), magnesium
sulfate (MgSO4), calcium chloride (CaCl2), glucose (C6H12O6), potassium phosphate (KH2PO4),
sodium carbonate (NaHCO3), barium chloride (BaCl2), ethylenediaminetetraacetic acid (EDTA),
-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) and the solubilizing agent Tween 80
(CAS Number 9005-65-6). The concentrations were expressed in millimole/liter (mM).

Substances such as serotonin (5-HT) and tetraethylammonium (TEA) were dissolved in distilled
water, while nifedipine was diluted in ethanol. The (−)-carveol was diluted in distilled water and 3%
Tween 80, at a temperature of ±22 ◦C, and stored with an initial concentration of 1 M. The solutions
obtained were stored at 0 to 4 ◦C and thawed at the time of the experiment.

2.2. Tissue Preparation and Isolation

Sample collection and processing were approved by the Human Research Ethics Committee from
the Regional University of Cariri (Comitê de Ética em Pesquisa Humana da Universidade Regional
do Cariri—URCA, Crato, CE, Brazil, no. 3.832.881) and by the São Francisco de Assis Hospital and
Maternity Ethics Committee (Comitê de ética do Hospital e Maternidade São Francisco de Assis, Crato,
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CE, Brazil). Human umbilical cord fragments (portions that would be destined for biological disposal)
of approximately 10 cm were obtained with the consent of the donor mothers, who were healthy,
normotensive and without any disturbances in their cord, following vaginal or cesarean delivery.
Samples were collected and stored in modified Krebs solution (mM): NaCl 125; KCl 4.8; CaCl2 1;
MgSO4 1.2; NaHCO3 25; KH2PO4 1.2; C6H12O6 11; HEPES 25; EDTA 0.3), refrigerated in a thermal
box and transported to the URCA Excitable Cell Physiopharmacology Laboratory (Laboratório de
Fisiofarmacologia das Células Excitáveis da URCA). The cord segments were stored in a refrigerator at
4 to 8 ◦C and were used within 48 h after the collection period [22]. The HUA was isolated from its
connective tissue and cut into 3 to 4 mm rings. The vascular endothelium was mechanically removed
with a cotton thread that was passed through the lumen of the artery to avoid interference from
substances released by endothelial cells.

2.3. Determination of the Tension Exerted on the HUA Rings

The HUA rings were cleaned of Wharton’s jelly and of connective and adipose tissues. Isometric
tension recordings from the HUA rings held in a thermostatic organ bath apparatus were measured
using a rod connected to a force transducer (MLT0420). The transducer was connected to an amplifier
(ADInstruments Bridge Amps), which was subsequently connected to an analog digital converter
platform (BCN/pod port) installed on a computer. The collected data were converted into traces and
stored in files using the LabChart Pro software for further analysis.

The rings were individually suspended with stainless steel hooks inserted into their lumens,
with an isometric tension of 3 g. This assembly was performed in glass chambers with 10 mL of
Krebs–Henseleit solution at 37 ◦C, with constant bubbling with a carbogenic mixture (95% O2; 5% CO2).
The solution was renewed every 15 min after the artery rings were suspended.

After a stabilization period of approximately 2.5 h, all protocols began with two subsequent
contractions, produced by the addition of 60 mM KCl (K60) to the studied HUA rings, in a hypertonic
manner, where the maximum response obtained after a plateau was reached—this was considered the
maximum contraction of the ring. Only experiments with reproducible contractions were considered
viable for the experimental series (Figure 1). Thereafter, the contractile agonists KCl (60 mM) or
5-HT (10 µM) were added to the preparations, followed by the increasing and cumulative addition of
(−)-carveol (1–5000 µM) (Figure 1). Sufficient time was allowed for the response to reach a plateau,
usually 5 to 15 min, for each new (−)-carveol concentration.

2.4. Statistical Analysis

Data are expressed as the mean ± SEM. The Sigma Plot version 11.0 (Systat Softaware-
San Jose, CA 95110, U.S.A.) software was used for statistical analysis and graphical production.
Results considered statistically significant had a null hypothesis probability of less than 5% (p < 0.05).
Student’s t-tests and analysis of variance (one- or two-way ANOVA), followed by Bonferroni and
Holm–Sidak t-tests, were performed where appropriate. EC50 values were determined as the substance
concentration capable of producing 50% inhibition of the maximum contraction. A logarithmic
interpolation was performed for each experiment in the calculations. Where this was not possible, a
linear relationship between two EC50 points was obtained.
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Figure 1. Illustrative scheme of experimental protocols. (1) Schematic representation of the effect of 
(−)-carveol on the basal tone of the HUA. (2) Schematic representation of the effect of (−)-carveol on 
contractions sustained by K60 or 5-HT. (3) Schematic representation of the effect of (−)-carveol on 
BaCl2 contractions in the presence of K80 without Ca+2. (4) Schematic representation of the effect of 
(−)-carveol on sustained contractions induced by 5-HT in the presence of potassium channel blockers 
(tetraethylammonium—TEA). (* KH = Krebs–Henseleit solution). 
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3. Results 
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Figure 1. Illustrative scheme of experimental protocols. (1) Schematic representation of the effect of
(−)-carveol on the basal tone of the HUA. (2) Schematic representation of the effect of (−)-carveol on
contractions sustained by K60 or 5-HT. (3) Schematic representation of the effect of (−)-carveol on
BaCl2 contractions in the presence of K80 without Ca+2. (4) Schematic representation of the effect of
(−)-carveol on sustained contractions induced by 5-HT in the presence of potassium channel blockers
(tetraethylammonium—TEA). (* KH = Krebs–Henseleit solution).

3. Results

To assess the effect of (−)-carveol on the basal tone of the HUA, increasing and cumulative
concentrations of the monoterpene (1–5000 µM) were added to HUA preparations to obtain a
concentration–response curve. In these preparations, (−)-carveol reduced the HUA basal tone by
up to 72.77 ± 4.69% (p < 0.05) (Figure 2A,B). In order to investigate whether (−)-carveol affected
the pharmacomechanical excitation-contraction couplig (ECC), HUA smooth muscle contractions
were induced with 10 µM of serotonin (5-HT), a potent vasoconstrictor, which activates 5-HT1B/D and
5-HT2A receptors [23]. Increasing and cumulative concentrations of (−)-carveol (1–5000 µM) were
added during the tonic phase of the 5-HT contraction, after reaching a plateau, where this induced
vasorelaxations in the HUA rings in a concentration-dependent manner. (−)-Carveol produced a
statistically significant relaxant effect from the 10 µM concentration, with an EC50 of 175.82 ± 4.05 µM
(p < 0.05, one-way ANOVA, followed by Holm–Sidak; Figure 2C).
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Figure 2. Relaxant effect of (−)-carveol in the HUA on contractions sustained by 5-HT and KCL
(60 mM). (A) Representative graph of the effect of (−)-carveol on the HUA basal tone. (B) Original
layout showing the relaxant effect of (−)-carveol (1–5000 µM) on the spontaneous basal tone in the
HUA. (C) Representative graph of the effect of (−)-carveol on contractions sustained by 5-HT (10 µM).
(D) Representative graph of the effect of (−)-carveol on contractions sustained by KCl (60 mM). Values
are expressed as the mean ± SEM; n = 6 (p < 0.05, one-way ANOVA followed by Holm–Sidak).

After investigation of the effect of (−)-carveol on the pharmacomechanical ECC, its effect on the
electromechanical ECC was then evaluated, where HUA smooth muscle contractions were induced
with Krebs–Henseleit solution modified with 60 mM KCl [23]. (−)-Carveol induced vasodilation
in HUA pre-contracted rings in a concentration-dependent manner; this relaxation was statistically
significant from 100 µM. In these conditions, (−)-carveol presented a rightward shift in the curve,
increasing the EC50 to 344.25 ± 5.41 µM (p < 0.05, one-way ANOVA, followed by Holm–Sidak; Figure 2
D). This demonstrates that (−)-carveol was less potent at relaxing rings pre-contracted with KCL
than those pre-contracted with 5-HT, in which a greater potency (EC50 of 175.82 ± 4.05 µM) was
observed, with this difference being statistically significant (p < 0.001, one-way ANOVA, followed by
Holm–Sidak).

To investigate the involvement of L-type voltage-operated calcium channels (VOCCs) in the
relaxation produced by (−)-carveol, experiments were carried out where HUA rings were depolarized
in a calcium-free medium in the presence of a supra-maximum concentration of K+ (80 mM K+). In the
absence of (−)-carveol, BaCl2 induced contractions in a concentration-dependent manner (Figure 3A),
since in the absence of calcium, barium permeates the calcium channel better. These contractions
reached a maximum value with 30 mM Ba+2 in the control preparation.
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Figure 3. Relaxant effect of (−)-carveol on HUA and evaluation of the participation of voltage-operated
calcium channels (VOCCs) and large conductance Ca2+ activated K+ channels (BKCa). (A) Effect of
(−)-carveol (1000 and 2000 µM) on contractions evoked by exogenous BaCl2, where nifedipine (1 µM)
was used as a positive control. (B) Representative graph of the effect of (−)-carveol on contractions
sustained by 5-HT (10 µM) in HUA sections pre-incubated with TEA (10 mM). Values are expressed as
the mean ± SEM; n = 6 (p < 0.05, one-way ANOVA followed by Holm–Sidak). Please correct the unit in
the Figure 3B.

In preparations pre-incubated with 2000 µM of (−)-carveol, a complete blockage of contractions
in HUA preparations occurred, a behavior similar to that of nifedipine (1 µM), a selective L-type
Ca2+ channel blocker, which did not show a statistically significant contraction with the 30 mM Ba+2

concentration (p < 0.05, one-way ANOVA, followed by Holm–Sidak). In this same experimental series,
another (−)-carveol concentration (1000 µM) was evaluated; however, this was unable to inhibit the
contractions caused by increasing concentrations of Ba+2 (Figure 3A).

To investigate the participation of Ca2+ activated large conductance potassium channels (BKCa)
in the vasorelaxant response promoted by (−)-carveol, 10 mM of tetraethylammonium (TEA) was
added to the preparation and incubated for 30 min, followed by a contraction induced with 10 µM
of 5-HT. Increasing concentrations of (−)-carveol (1–5000 µM) were cumulatively added to obtain
a concentration–response curve, where a change in the EC50 was observed, presenting a value of
484.87 ± 6.55 µM (p < 0.05, one-way ANOVA, followed by Holm–Sidak; Figure 3B). Moreover,
the observed EC50 was greater than in the absence of TEA, with this difference being statistically
significant (p < 0.001, one-way ANOVA, followed by Holm–Sidak), thus demonstrating a partial
participation of voltage-dependent potassium channels.

4. Discussion

The HUA contractile mechanism is conditioned mostly by the release of local vasoactive substances
that regulate umbilical blood flow. These substances include serotonin (5-HT), histamine (His),
thromboxane and ions, such as calcium (Ca2+) and potassium (K+). These substances regulate the
activation of receptors or ion channels, which involve mechanisms dependent on and/or independent of
Ca2+ to elicit a contractile response [23]. Studies contributing to the understanding of the mechanisms
involved in HUA contractility are of great pharmacological and physiological value, since this vessel is
extremely important for the exchange of gases and nutrients between the fetus and the placenta. In this
respect, studies investigating the action of natural products on HUA contractile mechanisms are scarce.

Carveol, a natural monoterpene used in increasing and cumulative concentrations of 1 to 5000 µM,
altered the HUA tone in a relaxant manner, demonstrating a vasorelaxant effect in the presence of
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contractions evoked by 5-HT and K+, as well as demonstrating the involvement of L-type Ca2+ channels
as well as the partial contribution of voltage-dependent K+ channels. These results also corroborate
the vasorelaxant effects of carveol observed in rat aortas [12].

It is known that the contractile response of smooth muscle cells depends on the increase and
maintenance of [Ca2+]I, through the influx of calcium from the extracellular medium, or from the
efflux from intracellular stores. Increases in [Ca2+]i can be triggered by transmembrane potential
alterations, which can arise from an increased concentration of K+ ions in the extracellular medium,
resulting in membrane depolarization through the extracellular influx of Ca2+ via the opening of
voltage-dependent Ca2+ channels (electromechanical coupling) [24]. Elevation of [Ca2+]i can also occur
through the binding of external agonists such as 5-HT or His, including others, which trigger a signaling
mechanism involving the activation of a complex cascade of secondary messengers. These include IP3

and diacyl glycerol which activate internal receptors on the sarcoplasmic reticulum, which contain
intracellular Ca2+ stores (pharmacomechanical coupling) [25,26].

The pharmacological potency of (−)-carveolin HUAs was statistically greater in the presence
of contractions evoked by 5-HT than in contractions evoked by K+ (KCl 60 mM), which is
reflected by the EC50 values for (−)-carveolin and the presence of 5-HT (175.8 ± 4.0 µM) and K+

(344.2 ± 5.4 µM). The greater pharmacological potency of (−)-carveol over serotonergic receptors is of
great pharmacological value, since 5-HT is the most potent HUA vasoconstrictive agent, as well as the
most common vasoconstrictor used to evoke contractions in HUA vasoactive mechanistic studies [23].

5-HT2A receptors together with 5-HT1B/5-HT1D activation are primarily responsible for the
contractile effects of 5-HT. The 5-HT2A receptor is coupled to Gq proteins and activates phospholipase
C resulting in increased levels of the IP3 inositol, while 5-HT1B and 5-HT1D receptors are coupled to
adenyl cyclase, the Gi/0 protein inhibitor [26,27].

Our data differ from what has been found for carveol on rat aorta, where a greater pharmacological
potency was observed in the presence of K+ [12]. However, it is noteworthy that differences in response
can occur both between vessels from experimental animals (rodents) and humans, which may be due to
distinctions between them in terms of physiology, types of receptors and the action of certain signaling
pathways [15,23,28]. Given that studies suggest little participation of endothelium-dependent factors
in the vasorelaxant effect of HUAs [28], only preparations from Cardoso-Teixeira et al. [12], which were
devoid of an endothelium, were used as a comparative value where the effect of carveol on HUAs had
been previously evaluated.

(−)-Carveol administration altered the baseline vascular tone values sustained in HUA vessels.
This may be important because some authors report that an elevated basal tone, associated with
a greater vasoconstriction of umbilical vessels, may be associated with vascular changes, such as
pre-eclampsia and delayed uterine growth, wherein an effective vasodilator improves umbilical blood
flow. It is also known that this umbilical arterial system responds poorly to relaxant agents, such as
acetylcholine, sodium nitrite and adenosine, despite these agents being shown to be effective in other
systemic arterial systems [28–30]. Thus, the present (−)-carveol data on the HUA basal tone indicate
that this plant derivative is an effective vasodilatory reagent.

It is also worth noting the pharmacological potency of (−)-carveol observed differs from those
reported in the literature, where the present EC50 values are lower. Moreover, other studies using
monoterpenes in animal vessels, such as citral [31] and carvacrol [32], obtained EC50 values greater
than those found for (−)-carveol in HUAs. Other studies that evaluated the effect of several
endogenous substances in HUAs also revealed higher EC50 values than those found in the present
study.Perusquía et al. [33] evaluated vasorelaxations mediated by the steroid hormones progesterone
and 5β-pregnanediol in human umbilical arteries, reporting EC50 values of 276.7 and 933.7 µM,
respectively. In summary, the present results demonstrate a greater pharmacological potency for
(−)-carveol in HUA vessels than in animal vessels, when compared to other monoterpene animal
studies, as well as in comparison to endogenous HUA substances.
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Studies using natural products in human umbilical vessels are scarce. Studies demonstrating
a vasorelaxant effect in HUAs include Campos et al. [34], which used the polyphenol rich fraction
(chlorogenic acid, isoorientin and swertiajaponin) from the Cymbopogon citratus extract; Lorigo et al. [35],
which used octyl methoxycinnamate, an organic compound used in the manufacture of sunscreens;
Speroni et al. [36], which used genistein, a natural phytoestrogen belonging to the isoflavone group;
and Massaro et al. [37], which used bee propolis, which induced a vasorelaxant effect in HUAs in the
presence of K+ (60 mM).

We investigated the involvement of membrane ionic channels in the muscle relaxation caused by
(−)-carveol in HUAs. An inhibitory effect on L-type Ca2+ channels was found, especially at 2000 µM.
Preparations containing (−)-carveol (1000 and 2000 µM) were compared to control preparations
incubated with nifedipine and to preparations using BaCl2, a L-type Ca2+ channel blocker and a L-type
Ca2+ agonist, respectively. In comparison with the control, it was found that (−)-carveol promotes
an inhibitory effect similar to that of nifedipine, and (−)-carveol inhibited the contractions promoted
by BaCl2.

Corroborating with our findings, Cardoso-Teixeira et al. [12] demonstrated that carveol promoted
relaxation in rat aortic preparations that were pre-contracted with BayK-8644. This suggests that this
monoterpene may be acting by inhibition of L-type Ca2+ channels, since BayK-8644 is an agonist in
L-type Ca2+ channels [38]. Within the different types of Ca2+ channels, L-type VOCCs are sensitive to
dihydropyridines, and they are the most commonly studied channels in smooth muscle cells [39,40].
Studies performed by Salemme et al. [41] demonstrated that 1 µM nifedipine antagonizes L-type Ca2+

channels, verifying that nifedipine induced a rapid and complete inhibition of Ca2+ currents.
Similar to our results, several monoterpenes have been suggested to block VOCCs in smooth

muscles from various rat organs; these include citral in the aorta [31], 1,8-cineole, citral and limonene
in the trachea [42,43], as well as citral and limonene in the uterus [44]. In addition, endogenous
substances, such as progesterone and 5β-pregnanediol, have shown that VOCC inhibition is the main
vascular relaxation route stimulated by these hormones in HUA vessels [33]. Other aforementioned
natural products, such as octyl methoxycinnamate [35] and genistein [36], have also demonstrated a
relaxant effect on HUAs through the inhibition of VOCCs.

The above cited data corroborate those found with HUAs in the present study. Together,
they demonstrate the relaxant efficacy of numerous substances, including natural products such as
(−)-carveol. They all act on the vasculature through their involvement with L-type Ca2+ channels.
In addition, the data obtained from (−)-carveol in the presence of elevated K+ also support this
evidence, since the contraction induced by potassium chloride (KCl) is mainly due to the influx of
extracellular Ca2+ through VOCCs, where this effect is partially inhibited by specific L-type Ca2+

channel antagonists (LTCC) [26].
K+ channels play an important role in vascular contractility. The increased (−)-carveol EC50 in the

presence of tetraethylammonium (TEA) suggests an involvement of (−)-carveol with large conductance
Ca2+ activated K+ channels (BKCa), since TEA is a known inhibitor of BKCa channels in vascular
smooth muscle cells [40]. Experiments performed by Milesi et al. [45] demonstrated the expression of
BKCa channel types in HUA cells, and they showed that TEA completely blocked BKCa channels.

The mechanisms used herein to evaluate the effect of (−)-carveol on the HUA vascular musculature
demonstrate its vasorelaxant effect, through the inhibition of L-type voltage-operated Ca2+ channels,
as well as its partial involvement with large conductance Ca2+ activated K+ channels (BKCa). Further
studies aiming to understand the possible mechanisms adjacent to those found in this study with
(−)-carveol are thus proposed.

5. Conclusions

In conclusion, our results clearly demonstrate that (−)-carveol has an important vasorelaxant
effect on the contractility of HUA smooth muscle cells, with its greater pharmacological potency in the
pharmacomechanical coupling involving the serotonergic ECC standing out. Our study provides data
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that demonstrate the effective participation provided of VOCCs and a partial modulation of BKCa
channels by (−)-carveol, suggesting that blockade of these channels may contribute to the relaxation
produced by (−)-carveol. These unprecedented and innovative results with the natural monoterpene
(−)-carveol suggest this compound may be a promising natural product in the vasorelaxant therapy of
diseases that result in increased resistance in umbilical arteries, such as pre-eclampsia.

Author Contributions: Conceptualization, R.E.R.d.S., A.d.A.S., L.P.M. and R.B.; methodology, R.E.R.d.S., A.d.A.S.,
L.P.M. and R.B.; validation, R.E.R.d.S., A.d.A.S., L.P.-d.-M. and R.B.; formal analysis, R.B., M.I., M.R.K., I.R.A.d.M.
and H.D.M.C.; investigation, R.E.R.S., A.d.A.S., L.P.-d.-M. and N.d.S.A.; resources, R.B.; writing—original draft
preparation, R.E.R.d.S.; writing—review and editing, R.E.R.d.S., A.d.A.S., L.P.-d.-M. R.B., M.I., M.R.K., I.R.A.d.M.
and H.D.M.C.; visualization, R.B., M.I., M.R.K., I.R.A.d.M. and H.D.M.C.; supervision, R.B.; project administration,
R.B.; funding acquisition, R.B. All authors have read and agreed to the published version of the manuscript.

Funding: The APC was funded by the Fundação Cearense de Apoio ao Desenvolvimento Científico e Tecnológico
(FUNCAP). Funding code BPI: BP3. 00139-00072.0200/18.

Acknowledgments: Professor Daniel Weinreich, Department of Pharmacology, University of Maryland, Baltimore,
USA, for contributions in this article. The development of this research was supported by the Coordenação
de Aperfeiçoamento de Pessoal de Nível Superior (CAPES) and the Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq).

Conflicts of Interest: The authors declare no conflict of interest. The funding bodies had no role in the design of
the study, collection, analyses, or interpretation of data, nor in the writing of the manuscript, nor in the decision to
publish the results.

References

1. Lacerda-Neto, L.J.; Barbosa, A.G.R.; Quintans-Junior, L.J.; Coutinho, H.D.M.; Da Cunha, F.A.B. The complex
pharmacology of natural products. Future Med. Chem. 2019, 11, 797–799. [CrossRef]

2. Schmitt, E.K.; Moore, C.M.; Krastel, P.; Petersen, F. Natural products as catalysts for innovation:
A pharmaceutical industry perspective. Curr. Opin. Chem. Biol. 2011, 15, 497–504. [CrossRef] [PubMed]

3. Dewick, P.M. The Mevalonate and Methylerythritol Phosphate Pathways: Terpenoids and Steroids.
In Medicinal Natural Products: A Biosynthetic Approach, 3rd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2009;
pp. 187–310. ISBN 9780470741689.

4. Bhatia, S.P.; McGinty, D.; Letizia, C.S.; Api, A.M. Fragrance material review on carveol. Food Chem. Toxicol.
2008, 46, 85–87. [CrossRef] [PubMed]

5. Omolo, M.O.; Okinyo, D.; Ndiege, I.O.; Lwande, W.; Hassanali, A. Repellency of essential oils of some
Kenyan plants against Anopheles gambiae. Phytochemistry 2004, 65, 2797–2802. [CrossRef] [PubMed]

6. Echeverrigaray, S.; Zacaria, J.; Beltrão, R. Nematicidal activity of monoterpenoids against the root-knot
nematode Meloidogyne incognita. Phytopathology 2010, 100, 199–203. [CrossRef] [PubMed]

7. Guimarães, A.C.; Meireles, L.M.; Lemos, M.F.; Guimarães, M.C.C.; Endringer, D.C.; Fronza, M.; Scherer, R.
Antibacterial activity of terpenes and terpenoids present in essential oils. Molecules 2019, 24, 2471. [CrossRef]
[PubMed]

8. Rossi, Y.E.; Palacios, S.M. Fumigant toxicity of Citrus sinensis essential oil on Musca domestica L. adults in the
absence and presence of a P450 inhibitor. Acta Tropica 2013, 127, 33–37. [CrossRef]

9. Wagner, K.H.; Elmadfa, I. Biological relevance of terpenoids: Overview focusing on mono-, di- and
tetraterpenes. Ann. Nutr. Metab. 2003, 47, 95–106. [CrossRef]

10. Marques, F.M.; Figueira, M.M.; Schmitt, E.F.P.; Kondratyuk, T.P.; Endringer, D.C.; Scherer, R.; Fronza, M.
In vitro anti-inflammatory activity of terpenes via suppression of superoxide and nitric oxide generation
and the NF-κB signalling pathway. Inflammopharmacology 2019, 27, 281–289. [CrossRef]

11. Li Lin, A.; Shangari, N.; Chan, T.S.; Remirez, D.; O’Brien, P.J. Herbal monoterpene alcohols inhibit propofol
metabolism and prolong anesthesia time. Life Sci. 2006, 79, 21–29. [CrossRef]

12. Cardoso-Teixeira, A.C.; Ferreira-Da-Silva, F.W.; Peixoto-Neves, D.; Oliveira-Abreu, K.; Pereira-Gonçalves, Á.;
Coelho-De-Souza, A.N.; Leal-Cardoso, J.H. Hydroxyl group and vasorelaxant effects of perillyl alcohol,
carveol, limonene on aorta smooth muscle of rats. Molecules 2018, 23, 1430. [CrossRef] [PubMed]

13. Medina-Leyte, D.J.; Domínguez-Pérez, M.; Mercado, I.; Villarreal-Molina, M.T.; Jacobo-Albavera, L. Use of
human umbilical vein endothelial cells (HUVEC) as a model to study cardiovascular disease: A review.
Appl. Sci. 2020, 10, 938. [CrossRef]

http://dx.doi.org/10.4155/fmc-2018-0327
http://dx.doi.org/10.1016/j.cbpa.2011.05.018
http://www.ncbi.nlm.nih.gov/pubmed/21684800
http://dx.doi.org/10.1016/j.fct.2008.06.032
http://www.ncbi.nlm.nih.gov/pubmed/18640224
http://dx.doi.org/10.1016/j.phytochem.2004.08.035
http://www.ncbi.nlm.nih.gov/pubmed/15474566
http://dx.doi.org/10.1094/PHYTO-100-2-0199
http://www.ncbi.nlm.nih.gov/pubmed/20055654
http://dx.doi.org/10.3390/molecules24132471
http://www.ncbi.nlm.nih.gov/pubmed/31284397
http://dx.doi.org/10.1016/j.actatropica.2013.03.009
http://dx.doi.org/10.1159/000070030
http://dx.doi.org/10.1007/s10787-018-0483-z
http://dx.doi.org/10.1016/j.lfs.2005.12.029
http://dx.doi.org/10.3390/molecules23061430
http://www.ncbi.nlm.nih.gov/pubmed/29899230
http://dx.doi.org/10.3390/app10030938


Molecules 2020, 25, 2681 10 of 11

14. Velarde, F.; Castañeda, V.; Morales, E.; Ortega, M.; Ocaña, E.; Álvarez-Barreto, J.; Grunauer, M.;
Eguiguren, L.; Caicedo, A. Use of Human Umbilical Cord and Its Byproducts in Tissue Regeneration.
Front. Bioeng. Biotechnol. 2020, 8. [CrossRef] [PubMed]

15. Fei, J.Q.; Bin Zhou, H.; Shen, Y.L.; Chen, X.Z.; Wang, L.L. A comparison study on the responses of umbilical
arteries and thoracic aorts to the adrenergic receptor agonists. Cell Biology Int. 2008, 32, S55. [CrossRef]

16. Kaye, A.D.; Kaye, A.M.; Urman, R.D.; Banik, R.K.; Berger, J.S. Essentials of pharmacology for anesthesia,
pain medicine, and critical care (Peripheral Vasodilators). In Essentials of Pharmacology for Anesthesia, Pain
Medicine, and Critical Care; Springer: New York, NY, USA, 2015; pp. 1–904. ISBN 9781461489481.

17. Stefos, T.; Sotiriadis, A.; Vasilios, D.; Tsirkas, P.; Korkontzelos, I.; Avgoustatos, F.; Lolis, D. Umbilical cord
length and parity-The Greek experience. Eur. J. Obstet. Gynecol. Reprod. Biol. 2003, 107, 41–44. [CrossRef]

18. Yankowitz, J. Pharmacologic treatment of hypertensive disorders during pregnancy. J. Perinat. Neonatal Nurs.
2004, 18, 230–240. [CrossRef]

19. Constantine, G.; Reynolds, A.L.; Luesley, D.M.; BEEVERS, D.G. Nifedipine as a second line antihypertensive
drug in pregnancy. BJOG An. Int. J. Obstet. Gynaecol. 1987, 94, 1136–1142. [CrossRef]

20. De Sousa, D.P.; De Farias nóbrega, F.F.; De Almeida, R.N. Influence of the chirality of (R)-(−)- and
(S)-(+)-carvone in the central nervous system: A comparative study. Chirality 2007, 19, 264–268. [CrossRef]

21. Santos-Silva, A.J.; Cairrão, E.; Morgado, M.; Álvarez, E.; Verde, I. PDE4 and PDE5 regulate cyclic nucleotides
relaxing effects in human umbilical arteries. Eur. J. Pharmacol. 2008, 582, 102–109. [CrossRef]

22. Mildenberger, E.; Biesel, B.; Siegel, G.; Versmold, H.T. Nitric oxide and endothelin in oxygen-dependent
regulation of vascular tone of human umbilical vein. Am. J. Physiol. Circ. Physiol. 2003, 285, 1730–1737.
[CrossRef]

23. Santos-silva, A.J.; Cairrão, E.; Verde, I. Study of the mechanisms regulating human umbilical artery
contractility. Health (Irvine. Calif). 2010, 2, 321–331. [CrossRef]

24. Rembold, C.M. Regulation of contraction and relaxation in arterial smooth muscle. Hypertension 1992, 20,
129–137. [CrossRef] [PubMed]

25. Horowitz, A.; Menice, C.B.; Laporte, R.; Morgan, K.G. Mechanisms of smooth muscle contraction. Physiol. Rev.
1996, 76, 967–1003. [CrossRef] [PubMed]

26. Lorigo, M.; Mariana, M.; Feiteiro, J.; Cairrao, E. How is the human umbilical artery regulated? J. Obstet.
Gynaecol. Res. 2018, 44, 1193–1201. [CrossRef]

27. Lovren, F.; Li, X.; Lytton, J.; Triggle, C. Functional characterization and m-RNA expression of 5-HT receptors
mediating contraction in human umbilical artery. Br. J. Pharmacol. 1999, 127, 1247–1255. [CrossRef]

28. Leung, S.W.S.; Quan, A.; Lao, T.T.; Man, R.Y.K. Efficacy of different vasodilators on human umbilical arterial
smooth muscle under normal and reduced oxygen conditions. Early Hum. Dev. 2006, 82, 457–462. [CrossRef]

29. Xie, H.; Triggle, C.R. Endothelium-lndependent Relaxations to Acetylcholine and A23187 in the Human
Umbilical Artery. J. Vasc. Res. 1994, 31, 92–105. [CrossRef]

30. Bertrand, C.; Duperron, L.; St-Louis, J. Umbilical and placental vessels: Modifications of their mechanical
properties in preeclampsia. Am. J. Obstet. Gynecol. 1993, 168, 1537–1546. [CrossRef]

31. Silva, R.E.R.; De Morais, L.P.; Silva, A.A.; Bastos, C.M.S.; Pereira-gonçalves, Á. Vasorelaxant effect of the Lippia
alba essential oil and its major constituent, citral, on the contractility of isolated rat aorta. Biomed. Pharmacother.
2018, 108, 792–798. [CrossRef]

32. Peixoto-Neves, D.; Silva-Alves, K.S.; Gomes, M.D.M.; Lima, F.C.; Lahlou, S.; Magalhães, P.J.C.; Ceccatto, V.M.;
Coelho-De-Souza, A.N.; Leal-Cardoso, J.H. Vasorelaxant effects of the monoterpenic phenol isomers, carvacrol
and thymol, on rat isolated aorta. Fundam Clin. Pharmacol. 2010, 24, 341–350.

33. Perusquía, M.; Navarrete, E.; González, L.; Villalón, C.M. The modulatory role of androgens and progestins in
the induction of vasorelaxation in human umbilical artery. Life Sci. 2007, 81, 993–1002. [CrossRef] [PubMed]

34. Campos, J.; Schmeda-Hirschmann, G.; Leiva, E.; Guzmán, L.; Orrego, R.; Fernández, P.; González, M.;
Radojkovic, C.; Zuñiga, F.A.; Lamperti, L.; et al. Lemon grass (Cymbopogon citratus (D.C) Stapf) polyphenols
protect human umbilical vein endothelial cell (HUVECs) from oxidative damage induced by high glucose,
hydrogen peroxide and oxidised low-density lipoprotein. Food Chem. 2014, 151, 175–181. [CrossRef]
[PubMed]

35. Lorigo, M.; Quintaneiro, C.; Lemos, M.C.; Martinez-De-Oliveira, J.; Breitenfeld, L.; Cairrao, E. UV-B filter
octylmethoxycinnamate induces vasorelaxation by Ca2+ channel inhibition and guanylyl cyclase activation
in human umbilical arteries. Int. J. Mol. Sci. 2019, 20, 1376. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fbioe.2020.00117
http://www.ncbi.nlm.nih.gov/pubmed/32211387
http://dx.doi.org/10.1016/j.cellbi.2008.01.234
http://dx.doi.org/10.1016/S0301-2115(02)00307-X
http://dx.doi.org/10.1097/00005237-200407000-00006
http://dx.doi.org/10.1111/j.1471-0528.1987.tb02312.x
http://dx.doi.org/10.1002/chir.20379
http://dx.doi.org/10.1016/j.ejphar.2007.12.017
http://dx.doi.org/10.1152/ajpheart.00938.2002
http://dx.doi.org/10.4236/health.2010.24049
http://dx.doi.org/10.1161/01.HYP.20.2.129
http://www.ncbi.nlm.nih.gov/pubmed/1639454
http://dx.doi.org/10.1152/physrev.1996.76.4.967
http://www.ncbi.nlm.nih.gov/pubmed/8874491
http://dx.doi.org/10.1111/jog.13667
http://dx.doi.org/10.1038/sj.bjp.0702647
http://dx.doi.org/10.1016/j.earlhumdev.2005.11.009
http://dx.doi.org/10.1159/000159035
http://dx.doi.org/10.1016/S0002-9378(11)90795-9
http://dx.doi.org/10.1016/j.biopha.2018.09.073
http://dx.doi.org/10.1016/j.lfs.2007.07.024
http://www.ncbi.nlm.nih.gov/pubmed/17804019
http://dx.doi.org/10.1016/j.foodchem.2013.11.018
http://www.ncbi.nlm.nih.gov/pubmed/24423518
http://dx.doi.org/10.3390/ijms20061376
http://www.ncbi.nlm.nih.gov/pubmed/30893788


Molecules 2020, 25, 2681 11 of 11

36. Speroni, F.; Rebolledo, A.; Salemme, S.; Roldán-Palomo, R.; Rimorini, L.; Añón, M.C.; Spinillo, A.; Tanzi, F.;
Milesi, V. Genistein effects on Ca2+ handling in human umbilical artery: Inhibition of sarcoplasmic reticulum
Ca2+ release and of voltage-operated Ca2+ channels Efectos de la genisteína en los niveles del Ca2+ citosólico
en células musculares de arteria umbilical hum. J. Physiol. Biochem. 2009, 65, 113–124. [CrossRef]

37. Massaro, F.C.; Brooks, P.R.; Wallace, H.M.; Nsengiyumva, V.; Narokai, L.; Russell, F.D. Effect of australian
propolis from stingless bees (Tetragonula carbonaria) on pre-contracted human and porcine isolated arteries.
PLoS ONE 2013, 8, 1–10. [CrossRef]

38. Marom, M.; Hagalili, Y.; Sebag, A.; Tzvier, L.; Atlas, D. Conformational changes induced in voltage-gated
calcium channel Cav1.2 by BayK 8644 or FPL64176 modify the kinetics of secretion independently of Ca2+

influx. J. Biol. Chem. 2010, 285, 6996–7005. [CrossRef] [PubMed]
39. Nelson, M.T.; Quayle, J.M. Channels in arterial smooth muscle\I. Am. J. Physiol. 1995, 268, C799–C822.

[CrossRef] [PubMed]
40. Gollasch, M.; Nelson, M.T. Voltage-Dependent Ca2+ channels in arterial smooth muscle cells. Kidney Blood

Press. Res. 1997, 20, 355–371. [CrossRef]
41. Salemme, S.; Rebolledo, A.; Speroni, F.; Milesi, V. L, P- / Q- and T-type Ca 2 + Channels in Smooth Muscle

Cells from Human Umbilical Artery. Cell. Physiol. Biochem. 2007, 1900, 55–64. [CrossRef]
42. Pereira-Gonçalves, Á.; Ferreira-da-Silva, F.W.; de Holanda-Angelin-Alves, C.M.; Cardoso-Teixeira, A.C.;

Coelho-de-Souza, A.N.; Leal-Cardoso, J.H. 1,8-Cineole blocks voltage-gated L-type calcium channels in
tracheal smooth muscle. Pflugers Arch. Eur. J. Physiol. 2018, 470, 1803–1813. [CrossRef]

43. Carvalho, P.M.M.; Macêdo, C.A.F.; Ribeiro, T.F.; Silva, A.A.; Da Silva, R.E.R.; de Morais, L.P.; Kerntopf, M.R.;
Menezes, I.R.A.; Barbosa, R. Effect of the Lippia alba (Mill.) N.E. Brown essential oil and its main constituents,
citral and limonene, on the tracheal smooth muscle of rats. Biotechnol. Rep. 2018, 17, 31–34. [CrossRef]
[PubMed]

44. Pereira-de-Morais, L.; de A. Silva, A.; da Silva, R.E.R.; da Costa, R.H.S.; Monteiro, Á.B.; dos S. Barbosa, C.R.;
de S. Amorim, T.; de Menezes, I.R.A.; Kerntopf, M.R.; Barbosa, R. Tocolytic activity of the Lippia alba essential
oil and its major constituents, citral and limonene, on the isolated uterus of rats. Chem. Biol. Interact. 2019,
297, 155–159. [PubMed]

45. Milesi, V.; Raingo, J.; Rebolledo, A.; Grassi De Gende, A.O. Potassium channels in human umbilical artery
cells. J. Soc. Gynecol. Investig. 2003, 10, 339–346. [CrossRef]

Sample Availability: Samples of the compounds are available from the authors.

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/BF03179062
http://dx.doi.org/10.1371/journal.pone.0081297
http://dx.doi.org/10.1074/jbc.M109.059865
http://www.ncbi.nlm.nih.gov/pubmed/20054004
http://dx.doi.org/10.1152/ajpcell.1995.268.4.C799
http://www.ncbi.nlm.nih.gov/pubmed/7733230
http://dx.doi.org/10.1159/000174250
http://dx.doi.org/10.1159/000104153
http://dx.doi.org/10.1007/s00424-018-2201-5
http://dx.doi.org/10.1016/j.btre.2017.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29619330
http://www.ncbi.nlm.nih.gov/pubmed/30447181
http://dx.doi.org/10.1016/S1071-5576(03)00117-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Solutions and Drugs 
	Tissue Preparation and Isolation 
	Determination of the Tension Exerted on the HUA Rings 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

