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thesized from Senecio nutans SCh.
Bip (chachacoma) reduces calcium influx in the
vascular contractile response in rat aorta†

Javier Palacios, *a Daniel Asunción-Alvarez, a Diego Aravena,a Mario Chiong, b

Marcelo A. Catalán, c Claudio Parra, d Fredi Cifuentes e and Adrián Paredes *f

Senecio nutans Sch. Bip is an endemic plant commonly employed in the Andes culture to counteract the

effects of mountain sickness, and its bioactive molecules could provide new drugs for treating

hypertension. The purpose was to determine whether the vascular response of the plant bioactive

molecules, such as (5-acetyl-6-hydroxy-2-isopropenyl-2,3-dihydrobenzofurane; Sn–I), could be

improved by a simple structural modification to synthesize oximes (Ox–Sn–I). We characterized both

compounds using IR and NMR spectroscopy and Heteronuclear Multiple Quantum Coherence (HMQC).

We investigated vascular relaxation mechanisms in response to Sn–I and Ox–Sn–I using rat aorta and

vascular smooth muscle cells (A7r5) as experimental models. Preincubation of aortic rings with Sn–I

(10−5 M) significantly (p < 0.001) decreased the contractile effect in response to phenylephrine (PE) and

potassium chloride (KCl). The sensitivity (EC50) to PE significantly (p < 0.01) decreased in the presence of

Sn–I (10−5 M), but not with Ox–Sn–I. Sn–I significantly (p < 0.001) reduced the PE-induced contraction

under calcium-free conditions. When A7r5 cells were preincubated with Sn–I and Ox–Sn–I (10−5 M),

both compounds blunted the increase in intracellular Ca2+ induced by KCl. 2,3-Dihydrobenzofurane

derived from S. nutans (Sn–I) reduces the contractile response probably by blocking Ca2+ entry through

voltage-gated Ca2+ channels (VGCC) in vascular smooth cells. This effect also causes relaxation in rat

aorta mediated by reduction of intracellular Ca2+ concentration, rather than an increase of NO

generation in endothelial vascular cells.
Introduction

Over the past few decades, village people have sought new
alternative medicines, herbal medicines, to cure various
diseases, such as hypertension.1 Both Andean communities and
the village culture of northern Chile oen use medicinal plants
as a source of pharmaceuticals.2 The most representative species
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
of the area used to prevent mountain sickness are Senecio nutans
Sch. Bip,3,4 and Xenophyllum poposum (Phil) V.A. Funk,5 also
referred to as “Chachacoma” and “Popusa”, respectively.6

In S. nutans, 51 compounds were identied by high-resolution
mass spectrometry (UHPLC-MS), such as simple organic acids,
amino acids, acetophenones and related compounds, phenolic
acids, oxylipins, avonoids, and coumarins.7 In X. poposum, 19
compounds were identied by UHPLC-MS, such as isomers caf-
feoylquinic acid, avonoids, and acetophenones.5 Interestingly,
two compounds were isolated in both plants, 4-hydroxy-3-(3-
methyl-2-butenyl) acetophenone and 5-acetyl-6-hydroxy-2-iso-
propenyl-2,3-dihydrobenzofurane.4,5

In previous studies, we demonstrated that the extracts of S.
nutans and X. poposum signicantly reduced the blood pressure
in mice, due to a decrease in atrial sinus rhythm and negative
inotropic effect.3,5 Moreover, both S. nutans and X. poposum
decrease the contractile response to PE in vascular smooth
muscle by reducing the calcium inux from the extracellular
space in an endothelium-dependent way.4,5

Interestingly, a few metabolites are present in both species, S.
nutans and X. poposum.4,5 One of them, 4-hydroxy-3-(isopenten-2-
yl)-acetophenone showed a signicant endothelium-dependent
vasodilatation.8
RSC Adv., 2024, 14, 9933–9942 | 9933
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Recently, the synthesis of oxime compounds has become
very interesting because they could generate nitric oxide (NO)
and cause vasodilation in vascular tissue.9 This chemical
strategy could be key in the treatment of endothelial vascular
dysfunction.9 In a previous study, we reported the synthesis of
the novel oxime from 4-hydroxy-3-(isopenten-2-yl)-
acetophenone and demonstrated that the vasodilator effect
was signicantly enhanced in the vascular smooth muscle of rat
aorta compared to 4-hydroxy-3-(isopenten-2-yl)-acetophenone.
Also, we found that the oxime drastically reduced the calcium-
dependent contractile response, suggesting that chemical
modication of metabolite was successful for vascular
response.8

Here, we show for the rst time the vascular effect of 5-acetyl-
6-hydroxy-2-isopropenyl-2,3-dihydrobenzofurane (Sn–I), iso-
lated metabolite from S. nutans and its oxime (Ox–Sn–I). Also,
this metabolite is also present in X. poposum.5 This study was
designed to enhance the vascular response of the plant bioac-
tive molecules, such as (5-acetyl-6-hydroxy-2-isopropenyl-2,3-
dihydrobenzofurane; Sn–I), by a simple structural modica-
tion to synthetize of oximes (Ox–Sn–I). Furthermore, better
understanding of the vascular relaxation mechanisms of Sn–I
and Ox–Sn–I, which could involve the generation of endothelial
NO and the inux of extracellular Ca2+ in rat aorta.
Results and discussion
Separation and structural elucidation of the metabolite Sn–I
from Senecio nutans

The aerial parts, branches, leaves and owers of S. nutans were
extracted as described in the experimental section. The DCM
extract was subjected to semi-pressure ash column chroma-
tography packed with silica gel and using a mixture of
increasing polarity n-hex–EtOAc, obtaining four main sub-
fractions (A–D). Fraction B was subjected to a new column
Table 1 Spectroscopic data of compounds Sn–I and Ox–Sn–I in CDCl3

Position

Sn–I

dH dC HMBC

1 — 113.72 —
2 7.48 (t) (1.4) 126.67 C-1, C-3, C-
3 — 118.61 —
4 — 166.61 —
5 6.36 (s) 98.06 C-2, C-3, C-
6 — 165.76
7 2.96 (ddd) (15.4; 7.4; 1.4) 33.11 C-3, C-9

3.00 (ddd) (15.3; 9.5; 1.3)
8 5.26 (m) (8.7) 87.60 —
9 — 143.13 —
10 5.07 (dt) (1.7; 0.9) 112.77 C-7, C-8

4.93 (m) (1.5)
11 1.75 (s) 16.98 C-7, C-9, C-
12 — 201.98 —
13 2.53 (s) 26.23 —
OH 12.98 (s) — C-1, C-5, C-

a Spectra recorded at 400 MHz for 1H NMR and at 100 MHz for 13C NMR

9934 | RSC Adv., 2024, 14, 9933–9942
chromatography with silica gel and of increasing polarity of n-
hex : EtOAc (0–100%) from which a total of 85 fractions were
obtained that were grouped into four new subfractions
according to the similarity of the chromatographic prole in
TLC and in comparison with pure samples of the Sn–I
compound. One of these fractions presented a large amount of
crystals, which were washed and recrystallized in cold with n-
hex : EtOAc to obtain the compound of interest.

The Sn–I compound forms colorless crystals, mp. 69–70 °C
and molecular weight m/z 218.1055 assignable to C13H14O3

(calculated 218.0943). The IR spectrum shows a broad band
between 3250 and 3500 cm−1 that is associated with the pres-
ence of an OH group, a series of low intensity absorption bands
between 1700 and 1900 cm−1 and 1300–1500 cm−1 attributable
to the presence of an aromatic ring and an absorption band at
1640 cm−1 corresponding to an aromatic ketone carbonyl group
(see ESI†).

The 1H-NMR spectrum (Table 1) for Sn–I shows signals
assigned to the presence of 14 hydrogen atoms, and the 13C-
NMR spectrum (Table 1) shows signals for 13 carbon atoms,
respectively. The chemical shis and the DEPT135 spectrum
indicate the presence of two CH3 groups, one CH2 binding to
the aromatic ring, one sp2-type CH2, two aromatic CHs, one sp3

quaternary C and six sp2-type quaternary carbons. The HMBC
spectrum allows establishing the following relationships, the
proton that resonates at d 6.36 ppm is linked to the carbon atom
at d 98.06 ppm assignable to C-5, the proton at d 7.48 with the
carbon at d 126.67 ppm (C-2), the proton at d 5.26 with the
carbon at d 87.60 ppm (C-8). While the C sp2 that resonates at
d 112.77 ppm (C-10) is bound to the protons at d 5.07 and
d 4.93 ppm, respectively. The spectroscopic information of the
Sn–I compound is the same as described for 6-hydroxy-2-
isopropenyl-5-acetyl-2,3-dihydrobenzofuran (dihydroeuparin)
(Fig. 1). The coupling patterns deduced from the HMBC spec-
trum are indicated in Table 1 and Fig. 2.
(d in ppm, J in Hz)a

Ox–Sn–I

dH dC HMBC

— 111.39 —
12 7.43 (s) 123.32 C-1, C-3, C-12

— 117.73 —
— 161.94 —

4, C-6 7.19 (s) 98.23 C-1, C-3, C-4, C-6
— 159.47 —
2.97 (dd) (15.1; 7.6) 33.81 C-3, C-8, C-9
3.29 (dd) (15.1; 9.6)
4.91 (d) (8.4) 86.93 C-10
— 143.71 —
5.21 (t) (8.6) 112.27 C-8, C-11
5.07 (s)

10 1.75 (s) 17.04 C-8, C-9, C-10
— 159.23 —
2.31 (s) 10.88 C-1

6 11.70 — C-5

.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis the oxime from secondary metabolites isolated from S. nutans: 5-acetyl-6-hydroxy-2-isopropenyl-2,3-dihydrobenzofurane
(6-hydroxytremetone; dihydroeuparin, left) (Sn–I) and (5-acetyl-6-hydroxy-2-isopropenyl-2,3-dihydrobenzofurane, right) (Ox–Sn–I).

Fig. 2 Selected key HMBC (arrows) 2D NMR correlations of compound Sn–I (left) and Ox–Sn–I (right).
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Synthesis and purication of Ox–Sn–I from the Sn–I
metabolite

Due to the biological activity found in the Sn–I metabolite,4 it was
decided to carry out a structural modication of the carbonyl
group, with a bioisosteric equivalent, an oxime, with the aim of
being able to enhance the biological activity with respect to its
precursor metabolite. The synthesis of the Sn–I oxime was
carried out under the conditions described in the Experimental
section. The quantication of the product allowed us to establish
that the yield for this synthesis was around 76.56%.
Fig. 3 Metabolite Sn–I and its oxime Ox–Sn–I cause endothelium-dep
with 10−6 M PE, and cumulative concentrations of molecules (10−9 to 10
(E+), and endothelium-denuded aorta (E−; dashed line) (A and B). Data are
0.001.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The oxime 6-hydroxy-2-isopropenyl-5-acetyloxime-2,3-
dihydrobenzofuran (Ox–Sn–I) (Fig. 1) crystallizes from
dichloromethane as green–gray crystals, with mp 76–78 °C and
a molecular weight m/z of 233.1137, which is assignable to
C13H15NO3.

The IR spectrum shows low intensity absorption bands
between 1800–2000 cm−1 and 1400–1500 cm−1 assignable to the
presence of a benzene ring, a broad absorption band between
3000–3500 cm−1 is associated with the presence of vibrations of
a –C]N–OH group and a hydroxyl group, and an intense band
endent relaxation effect in rat aorta. Aortic rings were pre-contracted
−4 M) were added in bath. The protocol was repeated in intact rat aorta
the average± SEM of 4–6 independent experiments. *p < 0.05; ***p <

RSC Adv., 2024, 14, 9933–9942 | 9935
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Table 2 Half maximal inhibitory concentration (IC50 mM) to different bioactive molecules. The protocol was repeated in the intact aorta (E+),
denuded-endothelium aorta (E−), or in the presence of L-NAME (10−4 M)a

Compound Endothelium (E+) Denuded-endothelium (E−) L-NAME

Sn–I 14.36 � 8.59 44.73 � 6.05** 59.42 � 8.59***
Ox–Sn–I 25.59 � 7.87 68.14 � 6.69 89.72 � 5.38

a The values correspond to mean ± standard error of the mean (SEM) obtained from 4–6 independent experiments. Statistically signicant
difference **p < 0.01; ***p < 0.001 vs. endothelium.

Fig. 4 Metabolite and oxime cause relaxation in rat aorta via endothelial nitric oxide pathway. Intact aortic rings (E+) were pre-incubated with L-
NAME (black line; 10−4 M) for 20 min. Subsequently, aortic rings were pre-contracted with PE (10−6 M), and cumulative doses (10−9 to 10−4 M) of
Sn–I (A and B) and Ox–Sn–I (C and D) were added in bath. Micrograph (20×) of rat aorta sections (E), and fluorescence relative to DAF-FM (nitric
oxide) caused by Sn–I, Ox–Sn–I and ACh (10−5 M) (F). Data are the average standard error of themean (SEM) of 4–5 independent experiments. *p
< 0.05; **p < 0.01; ***p < 0.001.

9936 | RSC Adv., 2024, 14, 9933–9942 © 2024 The Author(s). Published by the Royal Society of Chemistry
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at 1625 cm−1 product of the –C]N–OH interactions of the
oximes.

The 1H and 13C NMR spectra show signals assignable to 14
hydrogen atoms and 13 carbon atoms, respectively. The chem-
ical shis and the DEPT135 spectrum (Table 1) clearly indicate
the presence of two CH3 groups, one CH2 bonding to the
aromatic ring, one sp2-type CH2, two aromatic CHs, one sp3

quaternary C and six sp2-type quaternary carbons. One of these
carbons corresponds to the ketoxime function (C]N–OH) (C-
12), which is evidenced by the shi of the signal to high eld,
in the 13C NMR spectrum this carbon resonates at d 159.23 ppm
(C-12), while the carbonyl group of the precursor (C-12) reso-
nates at d 201.98 ppm (Table 1). One of the methyl groups
corresponds to a ketoxime group (CH3–C]N), this methyl is
displaced towards the high eld d 2.31 ppm, with respect to the
Sn–I compound d 2.53 ppm. This is also evident in the 13C NMR
spectrum, where the carbon of this group (CH3–C]N) resonates
at d 10.88 ppm and the precursor resonates at d 26.23 ppm (C-
13). The HMBC spectrum allows establishing basically the
same relationships, shown for the compound 6-hydroxy-2-
isopropenyl-5-acetyl-2,3-dihydrobenzofuran (Sn–I) (Fig. 2).
Role of the vascular endothelium in the aorta relaxation

Original recordings showed that both compounds (Sn–I and its
oxime Ox–Sn–I) produced vascular relaxation in intact aorta, in
a dose-dependent manner (Fig. 3A and 3B). The Sn–I relaxation
Fig. 5 Reduction of the vascular contractile response to PE and KC
compounds (10−5 M) for 20 min. Subsequently, aortic rings were contrac
KCl (10 to 60 mM) (C and D). Data are the average ± SEM of 4 independ

© 2024 The Author(s). Published by the Royal Society of Chemistry
was signicantly (p < 0.05) higher than Ox–Sn–I in intact rat
aorta: 58 ± 2% Sn–I and 48 ± 10% Ox–Sn–I (10−5 M).

The endothelium denudation of aortic rings signicantly
blunted the relaxation in response to both compounds: Sn–I (58
± 2% endothelium vs. 23 ± 4% denuded-endothelium, 10−5 M,
p < 0.001; Fig. 3A) versus oxime Ox–Sn–I (48 ± 10% endothelium
vs. 24 ± 1% denuded-endothelium, 10−5 M, p < 0.05, Fig. 3B).
This result was conrmed in Table 2: the half maximal inhibi-
tory concentration (IC50) of Sn–I was signicantly (p < 0.01)
higher in denuded-endothelium aorta (44.73 ± 6.05 mM) versus
intact aorta (14.36 ± 8.59 mM), but not with Ox–Sn–I.

To evaluate the role of NO in the response to compounds,
aortic rings were treated with L-NAME (an eNOS inhibitor).10

Preincubation of intact aortic rings with L-NAME (10−4 M)
signicantly decreased relaxation of both compounds (10−5 M):
for Sn–I (58 ± 2% vs. 28 ± 3% L-NAME; p < 0.001; Fig. 4A and
4B), and for Ox–Sn–I (48 ± 10% vs. 21 ± 6% L-NAME; p < 0.01;
Fig. 4C and 4D). The IC50 value for Sn–I was signicantly (p <
0.001) higher in presence of L-NAME (10−4 M) than that ob-
tained from the intact endothelium (Table 2).

To evaluate whether Sn–I and Ox–Sn–I release NO from
vascular endothelium, experiments were performed on rat aorta
slices loaded with DAF-FM (a NO uorescent probe; 10 mM).
Results of relative uorescence showed that Sn–I and Ox–Sn–I
produce a small generation of NO compared with that induced
by acetylcholine (10−5 M) (Fig. 4E and F).
l by Sn–I and Ox–Sn–I. Intact aortic rings were preincubated with
ted with cumulative concentrations of PE (10−10 to 10−5 M) (A and B) or
ent experiments. *p < 0.05; **p < 0.01; ***p < 0.001 versus control.

RSC Adv., 2024, 14, 9933–9942 | 9937
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Table 3 Half maximal effective concentration (EC50 mM) of PE (10−10

to 10−5 M) or KCl (10 to 60mM) in intact aortic rings preincubated with
bioactive moleculesa

Compound PE (nM) KCl (mM)

Control 34.04 � 8.49 22.37 � 1.40
Sn–I 77.06 � 7.69** 24.21 � 0.76
Ox–Sn–I 45.72 � 6.84 26.15 � 0.93

a The values are mean ± SEM and represent the mean of at 4
independent experiments. Statistically signicant difference **p <
0.01 vs. control.
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Effect of bioactive molecules on the contractile response to PE
and KCl

The following experiment was to determine if the relaxation
induced by both compounds reduces the contractile response to
PE. Preincubation with Sn–I (10−5 M) signicantly (p < 0.001)
reduced the vascular contraction of rat aorta in response to PE:
108 ± 6% control versus 57 ± 8% Sn–I, 10−7 M PE, and similar
results were observed to 10−6 M and 10−5 M PE in rat aorta
Fig. 6 Sn–I and Ox–Sn–I decrease the intracellular calcium in the va
concentration–response curves to CaCl2 in aortic rings precontracted w
vascular smoothmuscle cell line A7r5 (C), and dose–response curves of th
of 4 independent experiments. **p < 0.01; ***p < 0.001 versus control.

9938 | RSC Adv., 2024, 14, 9933–9942
preincubated with Sn–I (Fig. 5A and B). Conversely, Ox–Sn–I
(10−5 M) only reduced the contractile response to 10−6 M PE
(135 ± 4% control versus 102 ± 17% Ox–Sn–I, p < 0.05, Fig. 5B).
The sensitivity (EC50) to PE signicantly (p < 0.01) decreased in
the presence of Sn–I (10−5 M), but not with Ox–Sn–I (Table 3).

The next step was to determine whether the vascular relax-
ation effect of compounds implicates membrane depolarization
by KCl. The results showed that the preincubation of aortic
rings with Sn–I (10−5 M) signicantly (p < 0.05) decreased the
contractile response to KCl (20 mM) compared to the intact
aorta: 93 ± 10% control vs. 58 ± 4% Sn–I (Fig. 5C and D). Also,
the Ox–Sn–I signicantly (p < 0.01) reduced the contractile
response to KCl (30 mM): 130 ± 9% control versus 92 ± 6% Ox–
Sn–I (30 mM KCl; Fig. 5D). The sensitivity (EC50) to KCl did not
vary in the presence of Sn–I, or Ox–Sn–I (Table 2).
Bioactive molecules reduce the intracellular calcium
concentration in the contractile response to PE and KCl

We studied the role of extracellular calcium in the contractile
response to PE. Firstly, rat aorta was preincubated with Sn–I and
scular response to PE and KCl. Original trace and data showing the
ith PE (10−7 M) in free-Ca2+ medium (A and B); micrograph (10×) of
e effect of compounds on KCl (50mM) (D). Data are the average± SEM

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ox–Sn–I (10−5 M) in the calcium-free medium, and then PE
(10−7 M) was added to the bath to induce contractile response
by the release of intracellular Ca2+ from the sarcoplasmic
reticulum. The pre-incubation with Sn–I (10−5 M) signicantly
(p < 0.05) decreased the adrenergic-induced contraction in
a free-calcium medium compared to control (36 ± 2% control;
29 ± 1% Sn–I; data not shown). Aerward, a cumulative
concentration of extracellular calcium (0.1 to 1.0 mM) was
added to the medium. Under these conditions, Sn–I signi-
cantly (p < 0.001) reduced the PE-induced contraction with
cumulative concentrations of CaCl2 (0.1 a 1.0 mM): 123 ± 5%
control versus 89 ± 7% Sn–I (1.0 mM CaCl2) (Fig. 6A and B).
However, Ox–Sn–I did not decrease the PE-induced contraction
in the free-calciummedium. No changes were found in EC50 for
any bioactive molecules.

To ascertain whether Sn–I reduced the VGCC-mediated Ca2+

inux, vascular smooth muscle cells were stimulated with KCl
(50 mM), and intracellular calcium levels were determined using
uorescence microscopy. In A7r5 cells preincubated with Sn–I
and Ox–Sn–I (10−5 M), both compounds blunted the increased
relative uorescence (Fluo-4 AM) induced by KCl, but the effect of
Sn–I was signicantly higher than Ox–Sn–I (Fig. 6C and D).

The question addressed by the present study was whether
a structural modication, involving the synthesis of oximes,
could enhance the vascular response of plant bioactive mole-
cules, exemplied by Sn–I. This study, for the rst time, showed
the Sn–I metabolite and its oxime cause endothelial vascular
relaxation, and reduction of contractile response by blocking
cytosolic calcium inux through the voltage-gated Ca2+ channel
(VGCC) in the vascular smooth muscle cells.

Results showed that both compounds (Sn–I and its oxime
Ox–Sn–I) produced vascular relaxation in intact aorta, in a dose-
dependent manner. In addition, the absence of endothelium in
aortic rings decreased relaxation at the submaximal dose, but it
did not at the maximum dose. In the vascular endothelium,
nitric oxide synthase (eNOS) is responsible for the generation of
endothelial nitric oxide (NO), a main relaxing factor.11

The inhibition of eNOS with L-NAME conrmed that NO is
involved in vascular relaxation induced by both Sn–I and Ox–
Sn–I, respectively.

It is known that the oximes present R2C]NOH group that is
metabolized by hemoproteins, hemoglobin and catalase,
generating NO and vasodilatation,12 which is useful for treat-
ment of hypertension.13 However, the NO generation using
a uorescence probe showed a small increase of endothelial NO
in response to Sn–I and Ox–Sn–I in aortic rings compared to
that induced by ACh. Since oximes generate NO,14 vascular
endothelial relaxation by Ox–Sn–I should have been higher than
Sn–I. One explanation would be that oxime did not produce NO
efficiently, as observed in comparison to hydroxylamines, which
are more potent vasoactive relaxant substances in rat aorta.15

The preincubation of rat aorta with Sn–I signicantly reduced
the contractile response to PE compared with Ox–Sn–I. Also, the
sensitivity to PE signicantly decreased in the presence of Sn–I,
but not with Ox–Sn–I. It is known that PE is an a1 adrenergic
agonist that causes vascular contraction through G protein-
coupled receptor (GPCR) activation, mainly in vascular smooth
© 2024 The Author(s). Published by the Royal Society of Chemistry
muscle cells.16 In a free-calcium medium, the pre-incubation
with Sn–I signicantly decreased the adrenergic contraction to
PE, suggesting that Sn–I blocked the release of calcium from the
sarcoplasmic reticulum, and thus the stimulus to increase the
inux of calcium, opening the store-operated Ca2+ channels
(SOCC), and voltage-gated Ca2+ channels (VGCC).17,18 These
ndings are consistent with a cumulative concentration of
extracellular calcium added to the medium, Sn–I signicantly
reduced the PE-induced contraction.

To ascertain whether Sn–I reduced the VGCC-mediated Ca2+

inux, vascular smooth muscle cells were stimulated with KCl,
and intracellular calcium levels were determined using uo-
rescence microscopy. In A7r5 cells preincubated with Sn–I and
Ox–Sn–I, both compounds blunted the increased relative uo-
rescence (Fluo-4 AM) induced by KCl, but the effect of Sn–I was
signicantly higher than Ox–Sn–I. KCl causes contraction in
vascular smooth muscle cells through membrane depolariza-
tion, involving the activation of voltage-gated Ca2+ channel
(VGCC), leading to the calcium inux.19
Conclusion

Here, we showed that a derivate of 2,3-dihydrobenzofurane (also
known as coumaran) from S. nutans (Sn–I) reduces the contrac-
tile response mainly by blocking Ca2+ entry through VGCC
channels in vascular smooth cells.20 This effect also causes
relaxation in rat aorta mainly mediated by the reduction of
intracellular Ca2+, rather than an increase of NO generation in
endothelial vascular cells (Fig. 7). We expected that chemical
modication of Sn–I would produce an Ox–Sn–I oxime displaying
a greater vascular relaxation effect and a reduction in the
contractile response in rat aorta. However, this did not occur.

In summary, although both bioactive molecules cause
relaxation in rat aorta mainly through blocking Ca2+ entry
through VGCC channels in vascular smooth cells, the oxime
effect was signicantly lower than the metabolite. More chem-
ical work is needed to nd new bioactive molecules that
enhance the vasodilatory effect of medicinal plant metabolites
and provide new molecules for the treatment of hypertension.
Experimental
Chemicals

Hydroxylamine hydrochloride, pyridine, magnesium sulphate,
L-phenylephrine hydrochloride (PE), acetylcholine chloride
(ACh), NG-nitro-L-arginine methyl ester (L-NAME) were bought
from Sigma-Aldrich (St Luis, MO, USA). The metabolite and
oxime were dissolved in DMSO (0.1% nal concentration).
Isolation of natural products from S. nutans

The natural product 5-acetyl-6-hydroxy-2-isopropenyl-2,3-
dihydrobenzofurane (Sn–I) was isolated from S. nutans accord-
ing to a previous protocol described elsewhere.4 Briey, the
hydroalcoholic extract was resuspended in distilled water and
extracted successively with n-hexane, dichloromethane (DCM)
and ethyl acetate (EtOAc). Sn–I was isolated from
RSC Adv., 2024, 14, 9933–9942 | 9939
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Fig. 7 Putative model of relaxation and reduction of contraction of the Sn–I metabolite in rat blood vessels. The Sn–I metabolite decreases the
contractile response to KCl or PE mainly by blocking Ca2+ entry through VGCC channels. KCl produces membrane depolarization, causing the
entry of extracellular Ca2+ through VGCC channels. Furthermore, PE can selectively stimulate the alpha-adrenergic receptor on vascular smooth
cells, leading to the release of Ca2+ from intracellular stores and an increase in Ca2+ influx through the VGCC.
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dichloromethane subfraction. The organic solutions were
concentrated on a rotary evaporator. The structural elucidation
was carried out using spectroscopic data.

Synthesis of oxime

Synthesis of oxime (Ox–Sn–I) was performed as previously
described with a few modications.21 To a solution of the keto-
ester (500 mg, 2.5 mmol, 1.0) and hydroxylamine (180 mg,
2.5 mmol, 1.0) ethanol (10 mL) was added pyridine (1.6 mL ×

mmol) in 1 portion. The reaction mixture was heated at 65 °C
for 24 h and then, concentrated on a rotary evaporator. The
residue was partitioned between dichloromethane (DCM; 50
mL) and water (10 mL). The organic layer was sequentially
washed with HCl (0.5 N) and water (10 mL), and then dried over
anhydrous Na2SO4.

The purity of the isolated secondary metabolite and its oxime
was monitored by TLC, comparing with laboratory reference
samples, spectroscopic techniques and additionally its melting
point was determined, which were compared with those
described in the literature.

Animals

Male Sprague Dawley rats (6–8 weeks old; n = 12) weighing
between 170 g and 200 g were used in this study. All animal
procedures were performed in accordance with the Guidelines
for Care and Use of Laboratory Animals of Universidad de
Antofagasta and experiments were approved by the Animal
Ethics Committee of Universidad de Antofagasta (CEIC #275/
2020). The animals were housed in plastic cages at room
9940 | RSC Adv., 2024, 14, 9933–9942
temperature of 22–25 °C and humidity of 45–51% and had full
access to tap water and food (ad libitum).

Isolation of rat aorta and vascular reactivity assays

This procedure was performed based on the method previously
described.4 Animals were euthanized by cervical dislocation.
The aortic rings were placed in organ bath with Krebs–Ringer
bicarbonate (KRB) solution (in mM); 4.2 KCl, 1.19 KH2PO4, 120
NaCl, 25 NaHCO3, 1.2 MgSO4, 1.3 CaCl2, and 5 D-glucose, pH
7.4, 37 °C, 95% O2 and 5% CO2. Aer the equilibration period
for 30 min, the aortic rings were stabilized by 3 successive near-
maximum contractions with KCl (60 mM) for 10 min. The
integrity of the vascular endothelium was assessed using
10−5 M acetylcholine (ACh). The passive tension on aorta was
1.0 g, which was determined to be the resting tension for
obtaining maximum active tension induced by 60 mM KCl.

To evaluate the contractile response to phenylephrine (PE,
10−10 to 10−5 M) or KCl (10 to 60 mM), the tissue was pre-
incubated in KRB for 20 min prior to contraction. In an alter-
native experimental approach, the relaxation capacity of the
extract or isolated metabolite was examined. In this scenario,
the tissue was pre-contracted with 10−6 M PE, and escalating
concentrations of bioactive molecules were introduced to the
organ bath during the vascular plateau response.

Intracellular Ca2+ and NO measurements

To conrm the role of the intracellular Ca2+ and NO in the
vascular response, we determined intracellular Ca2+ and NO
levels in the vascular smooth muscle cell line A7r5 (ATCC CRL-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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1444) and in aortic ring slices (<1 mm), respectively. Intracellular
Ca2+ determinations22 and for NO measurements23 were per-
formed as previously described. Cells were cultured in coverslips
and incubated with 10 mM Fluo-4 AM or preincubated aortic
rings with 5 mM 4-amino-5-methylamino-20,70-diuoro-
uorescein (DAF-FM) diacetate (Thermo Fisher Scientic) in KRB
for 30 min at 37 °C. Cells were placed on a 1 mL chamber in
a Carl Zeiss LSM-5 Pascal 5 Axiovert 200 microscope, excited with
488 nm (500 nm for DAF-FM DA) and the emitted uorescence
monitored at 527 nm (515 nm for DAF-FM DA). Cells or tissues
were pretreated with both compounds, Sn–I or Ox–Sn–I (10−5 M),
or vehicle for 30 min. Images of 4–5 different experiments were
collected every 1 s and analyzed frame-by-frame with ImageJ
soware (NIH).24 Intracellular Ca2+ levels are expressed as relative
uorescence, DF/F0, where DF represents the difference between
the experimental value F and the basal uorescence value F0.

Statistical analysis

The results obtained from the experiments are expressed as
mean± standard error of the mean (SEM). Statistical analysis of
the data was performed using analysis of variance (two-way
ANOVA) followed by Bonferroni post hoc test. In addition, the
determination of the sensitivity (EC50 or IC50) was performed
using nonlinear regression (sigmoidal) via Graph Pad Prism
soware, version 5.0 (GraphPad Soware, Inc., La Jolla, CA,
USA). Statistical signicance is set at p < 0.05.
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