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ABSTRACT

Centaurium erythraea is a plant used in traditional medicine for

several cardiovascular disorders, namely hypertension, but

there is no scientific evidence able to provide a molecular

basis for its claimed antihypertensive effects. After a prelimi-

nary screen of extracts obtained from sequential extraction of

C. erythraea aerial parts, effects of the methanolic fraction

(MFCE) on changes in perfusion pressure of isolated rat mes-

enteric vascular bed (MVB) and in rat cardiac fibroblasts pro-

liferation were investigated, gathering information on the

mechanisms involved in endothelium-dependent effects and

their dependence on a pro-proliferative stimulus. The

HPLC‑DAD determination of the phenolics content of MFCE

revealed the presence of 22 phenolic compounds. MFCE re-

duced (63.3 ± 3.9%; n = 4) perfusion pressure in MVB and

almost completely abrogated the Ang II-induced increase in

cardiac fibroblasts proliferation. Reduction of the perfusion

pressure caused by MFCE was endothelium-dependent and

occurred in parallel with an increase in NO release. These ef-

fects were inhibited by muscarinic receptor antagonists, by

L-NAME (a NO synthase inhibitor), and by ODQ (a soluble gua-

nylate cyclase inhibitor). Experiments revealed that effects re-

quired the involvement of K+ channels, being inhibited by tet-

raethylamonium (TEA; a Ca2+ activated K+ channels inhibitor)

and by glibenclamide (an ATP-sensitive K+ channels inhibitor).

In conclusion, extracts from C. erythraea, particularly the com-

pounds present in the MFCE, induce endothelium-dependent

vasodilation and prevent fibroblast proliferation induced by

angiotensin II, which can account for the claimed antihyper-

tensive effects of C. erythraea in traditional medicine.

Centaurium Erythraea Extracts Exert Vascular Effects through
Endothelium- and Fibroblast-dependent Pathways
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Introduction
Centaurium erythraea Rafn. (C. erythraea), commonly known as
“centaury,” is a shrub species, belonging to the Gentianaceae
family. This native plant is widely distributed in the Mediterranean
region, where it is one of the most widely used in traditional med-
icine. According to several ethnopharmacologic surveys, C. ery-
Chda A et al. Centaurium Erythraea Extracts… Planta Med 2020; 86: 121–131
thraea is used for the treatment of digestive, [1] renal, hepatic,
respiratory, and rheumatic diseases [2]. It is also taken as an anti-
diabetic agent [3] and to treat cardiovascular diseases, namely hy-
pertension [3–6].

In vitro and in vivo studies support some of these traditional
uses: extracts of C. erythraea were shown to possess antispasmod-
ic [7], antioxidant [8], diuretic [9], gastroprotective [10], and anti-
121



ABBREVIATIONS

AqFCE aqueous fraction from sequential extraction

of C. erythraea aerial parts

DAF diaminofluorescein-FM diacetate

DFCE dichloromethane fraction from sequential

extraction of C. erythraea aerial parts DPPH•2,2-

diphenyl-1-picrylhydrazyl radical

EAFCE ethyl acetate fraction from sequential extraction

of C. erythraea aerial parts

EDHF endothelium derived hyperpolarizing factor

EDRF endothelium-derived relaxing factors

FRAP ferric reducing antioxidant power

HFCE hexane fraction from sequential extraction

of C. erythraea aerial parts

L-NAME N-nitro-L-arginine methyl ester

MFCE methanolic fraction from sequential extraction

of C. erythraea aerial parts

MVB rat mesenteric vascular bed

ODQ 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one

SNP sodium nitoprusside

TEA tetraethylamonium
▶ Fig. 1 DPPH• radical-scavenging activity of the extracts obtained
by sequential extraction of C. erythraea aerial parts: MFCE, EAFCE,
DFCE, HFCE, and AqFCE. Ascorbic acid was used as positive control.
Absorbance values were converted to scavenging effects (%) con-
sidering 100% the maximal effect of ascorbic acid. Data plotted are
means of replicate scavenging effect values (%) ± SEM of 4 inde-
pendent experiments. For the sake of simplicity, symbols indicating
significant values are not included in the figure. However, the ef-
fects of ascorbic acid were significant (p < 0.05) for all concentra-
tions tested whereas the effects of MFCE, EAFCE, DFCE, and AqFCE
reached significance for concentrations ≥ 0.5mg/mL.
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diabetic properties [11]. Recently, it has also been shown that C.
erythraea methanolic extract protects red blood cells from oxida-
tive damage in diabetic rats [12].

In spite of the relevance of the use of extracts of C. erythraea in
hypertension, the molecular mechanisms of its antihypertensive
effects remain to be elucidated. Its clarification is crucial not only
to understand the effectiveness of the consumption of these ex-
tracts but also to understand the risks associated with their use.
The present study aimed at improving the knowledge about the
mechanism of action of C. erythraea extracts in the vascular sys-
tem, proceeding a line of investigation that demonstrated smooth
muscle relaxant effects of the aqueous extract in the isolated rab-
bit jejunum [7]. Therefore, after a more general screening mea-
suring the scavenging activity and vasorelaxation caused by dif-
ferent extracts obtained from the sequential extraction of C. er-
ythraea aerial parts, the most active one (methanolic extract) was
studied with more detail. Its composition was characterized and
its effects on endothelium-dependent relaxation (a mechanism
of short-term control of vascular function) and on fibroblast pro-
liferation (a mechanism of medium- and long-term control of car-
diac and vascular wall remodeling) were investigated.
Results
In order to identify which extract had a more pronounced scav-
enging activity, the hexane fraction (HFCE), the dichloromethane
fraction (DFCE), the ethyl acetate fraction (EAFCE), the metha-
nolic fraction (MFCE), and the aqueous fraction (AqFCE) from se-
quential extraction of C. erythraea aerial parts were tested using
the DPPH · radical scavenging assay. Ascorbic acid (0.1–10mg/
mL) was used as positive control which presented an IC50 value of
0.11mg/mL (0.10–0.12mg/mL; n = 4)
122
With the exception of HFCE, all extracts showed scavenging ac-
tivity, which was concentration-dependent. Within the concentra-
tion range tested, MFCE was able to reach a maximum of scaveng-
ing activity identical to that caused by ascorbic acid (▶ Fig. 1).
MFCE was also shown to be the most potent: the IC50 values of
MFCE were (mg/mL): 0.67 (0.60–0.76) followed by EAFCE, DFCE,
and AqFCE [1.39 (1.22–1.58), 2.25 (1.96–2.59), and 3.2 (2.58–
3.96)], respectively (n = 4).

An augmented production of oxygen free radicals can deter-
mine endothelium dysfunction and diminish its ability to induce
relaxation of vascular smooth muscle cells [9]. To investigate
whether the extracts that presented radical scavenging activity
also influenced vascular reactivity, they were tested in doses rang-
ing from 0.03 to 3.0mg, on MVB preparations with preserved
endothelium (confirmed by administration of a bolus of 5.5 nmol
acetylcholine; see Methods), precontracted with phenylephrine
(10–20 µM) to induce a plateau value of perfusion pressure of
80–100mmHg. A reduction of perfusion pressure below this pla-
teau value caused by the experimental treatments was assumed
to reflect a vasorelaxation.

Only the DFCE failed to decrease perfusion pressure (PP;
▶ Fig. 2B). In terms of the potency to reduce perfusion pressure,
the MFCE caused the most pronounced effect (63.3 ± 3.9%; n = 4).
The highest decrease in perfusion pressure caused by MFCE was
Chda A et al. Centaurium Erythraea Extracts… Planta Med 2020; 86: 121–131



▶ Fig. 2 Effects of extracts obtained from sequential extraction of
C. erythraea aerial parts on perfusion pressure (PP; mmHg) of rat
MVB precontracted with phenylephrine (10–20 µM). (A) Typical
trace record showing the effect of MFCE and (B) dose-response
curves to DFCE, EAFCE, MFCE, and AqFCE extracts. Shown are mean
± SEM (n = 4, independent experiments). * p < 0.05 MFCE vs. EAFCE,
#p < 0.05 MFCE vs. AqFCE; 2-way ANOVA test, followed by post hoc
multiple comparisons Bonferroniʼs test.
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followed by that caused by EAFCE (52.7 ± 2.6%; n = 4) and by the
AqFCE (35.0 ± 4.0%; n = 4). ▶ Fig. 2A show the typical trace of
MFCE, the fraction that caused the most pronounced effect.

Since the methanolic extract (MFCE) caused the most potent
vasorelaxation and radical scavenging activities, it was chosen to
study, in more detail, the mechanisms involved. To investigate the
endothelium-dependence of the vasorelaxation, experiments
were performed in endothelium-denuded preparations (obtained
by perfusing MVB with distilled water for 5–6min). Removal of
endothelium was confirmed by the lack of vasorelaxation caused
by the bolus of 5.5 nmol acetylcholine, administered after reach-
ing the plateau value of perfusion pressure induced by phenyl-
ephrine (see Methods). Integrity of smooth muscle was confirmed
by evaluating the vasorelaxation induced by 10 nmol SNP, which
was not different from that caused in endothelium preserved
preparations (70.0 ± 3.2% vs. 76.0 ± 4.2%, respectively; n = 5).
However, the vasorelaxation caused by all doses of MFCE was lost
in endothelium-denuded preparations (▶ Fig. 3).

In order to elucidate which endothelium derived factors are in-
volved in the vasorelaxation induced by MFCE, experiments were
conducted in the presence of 100 µM L-NAME, an arginine analog
known to inhibit NO synthase, 1 µM ODQ, an inhibitor of soluble
guanylate cyclase, or 10 µM indomethacin, a cyclooxygenase in-
hibitor. As shown in ▶ Fig. 4, pretreatment with 100 µM L-NAME
diminished the vasorelaxation caused by MFCE from 67.8 ± 3.0%;
n = 8 (control conditions) to 29.5 ± 4.5%; n = 4 (p < 0.05). Pretreat-
Chda A et al. Centaurium Erythraea Extracts… Planta Med 2020; 86: 121–131
ment with 1 µM ODQ also diminished the maximal vasorelaxation
of MFCE to 27.7 ± 0.8%; n = 4 (p < 0.05) whereas 10 µM indometh-
acin did not alter significantly MFCE induced vasorelaxation.

Quantification of nitrite formation, an oxidation product of the
interaction of NO with the molecular oxygen and water, was used
to further monitor NO synthesis. Very low levels of nitrite were de-
tected in the perfusate obtained from MVB precontracted with
phenylephrine in the absence of MFCE (1.38 ± 0.08 µM; n = 6).
Under continuous infusion with 0.3mg/mL of MFCE, an increase
of about 5-fold in nitrite levels was detected in the perfusate of
MVB precontracted with phenyelephrine, reaching 7.19 ±
0.13 µM (n = 6; p < 0.01, from phenylephrine alone). This increase
in nitrate levels was reduced about 57% when MVB was perfused
with MFCE in the presence of 100 µM L-NAME: 3.09 ± 0.23 µM
(n = 6; p < 0.01, from MFCE alone).

Additional evidence for an increase in NO formation induced by
MFCE was obtained in experiments carried out in breast cancer
MCF-7 cells using DAF‑FM DA (a highly sensitive and selective
fluorescent NO probe). Representative images of cells submitted
to the different treatments are shown in SI (Fig. 2S, panel A).
MFCE caused a marked increase in DAF‑FM DA fluorescence. This
increase in fluorescence was dependent on the concentration of
MFCE used (0.3–1.0mg/mL) and was prevented when cells were
incubated with 500 µM L-NAME, an inhibitor of nitric oxide syn-
thase. The average values of a series of 4 independent experi-
ments (total 24 measurements) are shown in SI (Fig 2S, panel B).
This observation corroborates the hypothesis that MFCE induces
nitric oxide production.

To investigate the involvement of K+channels in MVB vasorelax-
ation induced by MFCE, experiments were performed on prepara-
tions precontracted with 100mM K+ (high K+). High K+ increased
perfusion pressure to 94.0 ± 7.4mmHg (n = 4), a value identical to
that induced by phenylephrine (96.0 ± 4.2mmHg; n = 4). How-
ever, relaxation caused by MFCE on MVB preparations was much
lower on preparations precontracted with high K+ than on prepa-
rations precontracted with phenylephrine for all MFCE doses
tested (▶ Fig. 5). The highest dose of MFCE reduced perfusion
pressure only 14.2 ± 1.9% (n = 4).

To identify the type of K+ channels involved on MFCE-induced
vasorelaxation, TEA, BaCl2, and glibenclamide, inhibitors of Ca2+

activated K+ channels, inwardly rectifying K+ channels, and ATP
sensitive K+ channels inhibitor, respectively, were tested in endo-
thelium-intact MVB preparations precontracted with phenyleph-
rine.

As shown in ▶ Fig. 6, 10mM TEA and 1 µM glibenclamide, but
not 100mM BaCl2, reduced the relaxation caused by MFCE. The
maximal vasorelaxation induced by 3mg MFCE was reduced by
10mM TEA and 1 µM glibenclamide: from 66.9 ± 2.5% (n = 8) (sol-
vent) to 14.5 ± 2.5% (n = 4) and to 38.6 ± 2.0% (n = 4), respectively
(p < 0.05; see ▶ Fig. 6).

To examine the putative involvement of cholinergic mecha-
nisms in the vasorelaxation caused by MFCE, the effect of the
highest doses of MFCE was examined in the presence of atropine,
a muscarinic receptor antagonist. As shown in ▶ Fig. 7, 1 µM atro-
pine prevented the reduction of perfusion pressure caused by
5.5 nmol acetylcholine. It also prevented reduction in perfusion
pressure caused by 1 and 3mg MFCE. Under the same experimen-
123



▶ Fig. 3 Influence of endothelium removal on the reduction of
perfusion pressure (PP) of rat MVB precontracted with phenyleph-
rine (up to 80–100mmHg), caused by MFCE. Shown are mean ±
SEM (n = 5), * p < 0.05 from the respective control (MVB with pre-
served endothelium); 2-way ANOVA test, followed by post hoc mul-
tiple comparisons Bonferroniʼs test.

▶ Fig. 4 Influence of inhibition of NO and prostaglandin synthesis/
pathway on the fall of perfusion pressure (PP) of rat MVB precon-
tracted with phenylephrine (up to 80– 00mmHg), caused by MFCE.
MFCE (0.03–3mg) was tested in the absence (control) or in the
presence of 100 µM L-NAME, a NO synthase inhibitor, 1 µM ODQ,
an inhibitor of soluble guanylate cyclase, or 10 µM indomethacin,
a cyclooxygenase inhibitor. Shown are mean ± SEM (n = 4–8);
* p < 0.05 different from the respective control (solvent); 2-way
ANOVA test, followed by post hoc multiple comparisons Bonferro-
niʼs test.
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tal conditions, responses to 10 nmol SNP (as an exogenous donor
of NO) were not altered.

The involvement of muscarinic receptors in the effects of MFCE
was confirmed in experiments carried out in isolated ileum, a clas-
sical model to study muscarinic responses. Carbachol (7.5 nM to
25 µM) was used as a selective muscarinic-receptor agonist and
caused concentration-dependent contractions that were blocked
by the muscarinic receptor antagonists 1 µM atropine or 1 µM
AQ‑RA 741 (Supplementary material: Fig. 1S, panel A). Similar ef-
fects to 1 µM atropine or 1 µM AQ‑RA 741 were obtained on the
contractions caused by MFCE (0.015–1.0mg/mL) (Supporting In-
formation, Fig. 1S, panel B).

Considering the described contribution of fibroblast prolifera-
tion to cardiovascular diseases, the effect of MFCE was tested on
primary cultures of rat cardiac fibroblasts. When tested alone,
MFCE (0.01–1.0mg/mL) failed to alter fibroblast proliferation (3 in-
dependent experiments, data not shown). However, when cardiac
fibroblasts were treated with 0.1 µM angiotensin II, a known in-
ducer of fibroblast proliferation, MFCE almost completely abro-
gated the Ang II-induced increase in cell proliferation (▶ Fig. 8).

The analysis by HPLC‑DAD allowed the identification of 22 phe-
nolic compounds in MFCE, comprising quercetin, kaempferol, and
isorhamnetin derivatives, most of them being acylated with hy-
droxycinnamic acids (▶ Fig. 9 and Table 1). The identification of
these compounds was carried out by comparing chromatographic
behavior with the results recently published by our group, using
124
the same plant material, in which HPLC–DAD–ESI (IonTrap)/MSn

was used [10].
The quantification of MFCE compounds was carried out using

external calibration curves resulting from 7 concentrations of the
following standards: quercetin-3-O-rutinoside (y = 46534 x; R2 =
0.9996; limit of detection [LOD] = 6.10 × 10−4mg/mL; limit of
quantification [LOQ] = 1.85 × 10−4mg/mL), kaempferol-3-O-rutino-
side (y = 60151 x; R2 = 0.9994; LOD = 3.00 × 10−4 mg/mL; LOQ =
9.10 × 10−4mg/mL) and isorhamnetin-3-O-rutinoside (y = 52524 x;
R2 = 0.9995; LOD = 5.20 × 10−4mg/mL; LOQ = 1.57 × 10−3 mg/mL).
Under the chromatographic conditions described above, the cali-
bration plots showed a good correlation. Concentrations ranging
from 0.129 to 17.923mg/g were found in this extract (▶ Table 1).
Phenolic compoundsweremainly represented by kaempferol deriv-
atives (47.5% of determined phenolic compounds), followed by
quercetin heterosides (46.1%). The most abundant compounds in
these 2 groups were kaempferol-3-O-(p-coumaroyl, rhamnosyl)ru-
tinoside-7-O-rhamnoside (14) and quercetin-3-O-(rhamnosyl)ruti-
noside-7-O-(p-coumaroyl)rhamnoside (11), which represent 23.3%
and 18.1% of the total phenolics content, respectively. Isorhamne-
tin-3-O-(p-coumaroyl, rhamnosyl)rutinoside-7-O-rhamnoside (15)
was the only isorhamnetin derivative identified, accounting for
6.4% of the total phenolics content (▶ Table 1).
Chda A et al. Centaurium Erythraea Extracts… Planta Med 2020; 86: 121–131



▶ Fig. 5 Effects of the MFCE on perfusion pressure (PP) of the rat
MVB precontracted either with phenylephrine (10–20 µM) or K+

(100mM) to identical perfusion pressure values (80–100mmHg).
Shown are mean ± SEM (n = 4); * p < 0.05 significantly different
from the respective control (responses of MFCE on MVB prepara-
tions pre-contracted with phenylephrine); 2-way ANOVA test, fol-
lowed by post hoc multiple comparisons Bonferroniʼs test.

▶ Fig. 6 Influence of K+ channel blockers (10mM TEA; 1 µM gliben-
clamide and 100 µM BaCl2) on the fall of perfusion pressure (PP) of
rat MVB precontracted with phenylephrine (up to 80–100mmHg)
caused by themethanolic extract of C. eryhthraea (MFCE). Shown are
mean ± SEM (n = 4–8); * p < 0.05 significantly different from the re-
spective control (solvent); 2-way ANOVA test, followed by post hoc
multiple comparisons Bonferroniʼs test.
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Discussion
C. erythraea is used in traditional medicine to treat cardiovascular
diseases, namely hypertension [3–6]. To the best of our knowl-
edge, this is the first study that aimed to investigate the effects
of C. erythraea extracts on the cardiovascular system. The purpose
is to gather scientific evidence to better understand the real effi-
cacy and safety of their use in traditional medicine. The main fo-
cus of the present study was to evaluate the capacity of extracts
(i) to reduce oxidative stress, by measuring its radical scavenging
activity; (ii) to potentiate endothelium dependent control of vas-
cular resistance, by measuring endothelium dependent relaxation
and (iii) to interfere with cardiovascular remodeling, by investigat-
ing their capacity to modulate fibroblast proliferation.

Several in vitro and epidemiological studies suggested an im-
portant role of herbal medicine extracts rich in polyphenols to
preserve vascular health and to prevent cardiovascular diseases
[13]. The oxidative stress results from a cellular imbalance be-
tween the effect of pro and antioxidants, in favor of the first,
being considered as a factor that contributes to the atherogenic
process [14]. Previous studies have shown that extracts from
C. erythraea present antioxidant effects [15] using DPPH•, 2,2-azi-
nobis (3-ethyl-benzothiazoline-6-sulphonic acid ammonium salt;
ABTS), and/or FRAP method. In addition to in vitro data, it was
showed that C. erythraea also prevents oxidative stress on experi-
mentally diabetic rats [12]. The results from the present study
Chda A et al. Centaurium Erythraea Extracts… Planta Med 2020; 86: 121–131
provide additional information about the nature of antioxidant ef-
fect of C. erythraea extracts, showing that scavenging activity was
absent to moderate for the extracts with low and average polarity
but important with polar methanolic extract (MFCE). The scav-
enging effect displayed by C. erythraea extracts could be a prom-
ising therapeutic agent to treat oxidative stress induced by patho-
logical conditions.

To explore the vasoreactivity of bioactive extracts identified in
the DPPH• assay, endothelium-intact MVBs were precontracted
with phenylephrine, a α1-adrenoceptor agonist. In the presence
of this contracting agent, MFCE, EAFCE, and AqFCE induced
dose-dependent relaxation. Interestingly, MFCE-induced vasore-
laxation was more potent than that induced by EAFCE and AqFCE.
Considering this difference between MFCE and other extracts, and
in order to diminish the number of animals used, only the MFCE
mechanism for inducement of vasorelaxant activity was studied
in more detail.

The use of antioxidant therapy has been considered a valid ap-
proach to improve vascular function in case of coronary artery dis-
ease, stroke, peripheral vascular disease, hypertension, and heart
failure [16,17]. Multiple mechanisms may be involved and medi-
ate an improvement of the endothelium-dependent vasodilation
[14] and an involvement of endothelium-dependent mechanisms
on the reduction of perfusion pressure caused by MFCE extract is
one of the major findings of the present study.
125



▶ Fig. 7 Influence of atropine (1 µM) on the fall of perfusion pres-
sure (PP) of rat MVB precontracted with phenylephrine (up to 80–
100mmHg) caused by the methanolic extract of C. eryhthraea
(MFCE). Shown are mean ± SEM (n = 4); * p < 0.05 significantly
different from the respective control (absence of 1 µM atropine);
2-way ANOVA test, followed by post hoc multiple comparisons
Bonferroniʼs test.

▶ Fig. 8 Influence of the methanolic extract of C. eryhthraea (MFCE)
on proliferation of rat cardiac fibroblasts cells in the absence or in
the presence of 0.1 µM angiotensin II (AGII). Cells were incubated
for 96 h with the indicated combination of drugs. Shown are mean ±
SEM of 4 independent experiments; * significantly different from
solvent; # from AGII alone; p < 0.05; 2-way ANOVA test, followed by
post hoc Bonferroniʼs multiple comparisons test.

▶ Fig. 9 Phenolic profile of the methanolic extract obtained from
the sequential extraction of C. erythraea aerial parts. Detection at
330 nm. Compounds identity as in ▶ Table 1.
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Endothelial control of vascular tone is achieved via synthesis
and/or release of a wide range of biochemical mediators, namely
EDRFs and endothelium-derived contracting factors [18]. Endo-
thelium-dependent vasodilation is believed to be achieved by
3main EDRFs: NO, EDHF, and prostacyclin [18,19]. The present re-
sults support the involvement of NO and a probable contribution
of EDHF in the vasorelaxation caused by the C. erythraea extract.

NO is a gaseous mediator that, in endothelial cells, is produced
by a Ca2+-dependent constitutive isoform of NO synthase. Re-
sponses of vascular smooth muscle to NO are mainly mediated
by the heme-containing soluble guanylate cyclase, causing an in-
crease in cGMP levels, activation of protein kinase G, and reduc-
tion in intracellular free Ca2+ levels, leading to dilation of blood
vessels [19]. The present study showed that MFCE may stimulate
NO formation and the vasorelaxation be caused by activation of
the NO-cGMP pathway, as it was inhibited by L-NAME, an inhibitor
of NO synthase, and by ODQ, an inhibitor of guanylate cyclase.
Taken together these results reveal a capacity of extracts of
C. erythraea to induce NO release.

Mechanisms other than NO release may be involved in the en-
dothelium-dependent vasodilation caused by C. erythraea ex-
tracts. The evidence presented in our study points to the involve-
ment of EDHF. Release EDHF depends on activation of K+channels
[19] and the results of the present study points to a K+ depen-
dence of vascular relaxation caused by MFCE: relaxation was pre-
vented when the equilibrium potential of K+ (high K+ conditions) is
close to the membrane potential, by reducing the electrochemical
126
gradient for K+ efflux and thus preventing relaxation mediated by
opening of K+ channels [20]. Furthermore, relaxation seems to be
mediated, at least in part, by increasing K+ efflux through KATP and
KCa channels, according to the inhibition of this effect caused by
glibenclamide (a KATP channel inhibitor) and tetraethylammonium
(a KCa channel inhibitor).
Chda A et al. Centaurium Erythraea Extracts… Planta Med 2020; 86: 121–131



▶ Table 1 Phenolics content of the methanolic extract obtained from the sequential extraction of C. erythraea aerial partsa.

Compoundb mg/g dry extract %

 1 Quercetin-3-O-(Rhm)Rut-7-O-Rhm  0.812 ± 0.048  1.0

 2 Kaempferol-3-O-(Rhm)Rut-7-O-Rhm  0.518 ± 0.005  0.7

 3 Kaempferol-3-(Caff,Rhm)Rut-7-Hx  0.146 ± 0.006  0.2

 4 Quercetin-3-(Rhm)Rut-7-(Caff)Rhm  3.091 ± 0.042  4.0

 5 Quercetin-3-O-Rut-7-O-Rhm  1.370 ± 0.123  1.8

 6 Quercetin-3-(Rhm)Rut-7-(Caff)Rhm  0.281 ± 0.030  0.4

 7 + 8 Kaempferol-3-O-Rut-7-O-Rhm + Kaempferol-3-(p-Coum,Rhm)Rut-7-Hx  4.936 ± 0.372  6.4

 9 Quercetin-3-(Rhm)Rut-7-(Caff)Rhm  4.000 ± 0.438  5.2

10 Quercetin-3-(Rhm)Rut-7-(p-Coum)Rhm  8.811 ± 0.647 11.4

11 Quercetin-3-(Rhm)Rut-7-(p-Coum)Rhm 13.956 ± 0.230 18.1

12 Quercetin-3-(Rhm)Rut-7-(p-Coum)Rhm  0.129 ± 0.013  0.2

13 Kaempferol-3-(p-Coum,Rhm)Rut-7-Rhm  0.308 ± 0.008  0.4

14 Kaempferol-3-(p-Coum,Rhm)Rut-7-Rhm 17.923 ± 1.032 23.3

15 Isorhamnetin-3-(p-Coum,Rhm)Rut-7-Rhm  4.904 ± 0.057  6.4

16 Kaempferol-3-(p-Coum,Rhm)Rut-7-Rhm  2.905 ± 0.095  3.8

17 Quercetin-3-(p-Coum)Rut-7-Rhm  3.085 ± 0.194  4.0

18 Kaempferol-3-(Caff)Rut-7-Rhm  1.669 ± 0.140  2.2

19 Kaempferol-3-(p-Coum,Rhm)Rut  0.971 ± 0.021  1.3

20 Kaempferol-3-(p-Coum)Rut-7-Rhm  5.433 ± 0.052  7.0

21 Kaempferol-3-(p-Coum)Rut-7-Rhm  1.326 ± 0.068  1.7

22 Kaempfeol-3-(p-Coum)Rut-7-Rhm  0.396 ± 0.005  0.5

Σ 76.970 ± 2.503

a Values are expressed as mean ± SD of 3 determinations; % of each compound in relation to the sum of the determined compounds. Σ, sum of the deter-
mined compounds. b Rhm: rhamnoside; Hx: hexoside; Rut: rutinoside; p-Coum: p-coumaroyl; Caff: caffeoyl.
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The vasorelaxation caused by C. erythraea may involve activa-
tion of muscarinic receptors, which is one of the first and best
known mechanisms to induce release of EDRFs [21]. The present
study confirms that MFCE presents a cholinomimetic effect, and
the induced vasorelaxation is secondary to activation of endothe-
lial muscarinic receptors since it was blocked by different muscar-
inic receptor antagonists. The mechanisms that may be, directly
or indirectly, involved in the vasodilation caused by MFCE are de-
picted in ▶ Fig. 10.

In addition to the well-known effect of the endothelium in the
genesis of cardiovascular diseases, a role of fibroblasts is also es-
tablished [22]. In hypertension, vascular changes are the result of
tissue remodeling in which adventitious fibroblasts increase pro-
duction of collagen, and increase wall thickness and vasoconstric-
tion [23,24]. These changes are also directly implicated in ventric-
ular fibrosis [25]. Angiotensin II is a messenger that has been im-
plicated in inducing proliferation of fibroblasts [26], and blockade
of this pro-proliferative effect is assumed to be one of the mecha-
nisms that can explain the cardiovascular therapeutic effects of
angiotensin converting enzyme inhibitors [23,26] and of antago-
nists of AT1 receptors [27]. In the present study, the MFCE extract
inhibited fibroblast proliferation induced by angiotensin II, mim-
icking what would be expected from blockade of angiotensin II ef-
fects. Such observation suggests that, in addition to influencing
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endothelial function by preserving the endothelium vasodilatory
function, C. erythraea contains compounds that may inhibit wall
remodeling of the cardiovascular system, thus constituting an ad-
ditional target to prevent or to treat hypertension.

Extracts have, in general, a complex composition. The qualita-
tive profile of MFCE is identical to the one reported by Kachmar et
al. [28] although quantitative differences were noticed, MFCE
being richer than the aqueous extract of C. erythraea aerial parts
(▶ Table 1). From the 22 flavonoid derivatives identified in MFCE,
most of them were acylated with hydroxycinammic acids (3, 4, 6–
22) (▶ Table 1). Quercetin, kaempferol, and isorhamnetin deriva-
tives were also identified by comparing their UV spectra and chro-
matographic behavior with the results recently published by
Kachmar and colleagues [10] for the aqueous extract of the same
plant material using the same chromatographic conditions. With
such high number of compounds present in the extract and hav-
ing in mind that biological effects observed may be caused the
additive or synergic effects, the attempt to identify which com-
pounds are contributing for the observed biological effects is un-
feasible. Evidence from the literature may point to relevant contri-
butions of some compounds detected. For example, quercetin
and isorhamnetin were reported to reduce oxidative stress and
to improve NO bioavailability, leading to the attenuation of endo-
thelial dysfunction [29–33], and kaempferol is known to have a re-
127



▶ Fig. 10 Schematic illustration proposing the targets that may be influenced directly or indirectly by the compounds present in the methanolic
extract of C. eryhthraea (MFCE).
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laxation effect on agonist-induced vascular contraction regardless
of endothelial function [34,35]. In addition, hydroxycinnamic ac-
ids, such as p-coumaric and caffeic acids, are known to exhibit
vasorelaxant and antioxidant effects [36,37].

In conclusion, C. erythraea extracts may alter vascular function
by inducing endothelium-dependent vasodilation and preventing
cardiac fibroblast proliferation. Since both effects have an impact
on short and long-term vascular resistance and vessel wall remod-
eling, these may contribute to the claimed antihypertensive ef-
fects of C. erythraea in traditional medicine.
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Materials and Methods

Plant material

C. erythraea was collected at north Morocco (Taounate) between
May and June 2017 and stored at room temperature in a dry place
prior to use. The plant was identified (Amina Bari, Department of
Biology, FSDM, University Sidi Mohamed Ben Abdellah, Fez,
Maroc) and registered with the specimen number MA-FSTF 14, at
the Faculty of Science and Technique (Fez, Morocco). Aerial parts
(leaves and flowers) were dried protected from light.

Extraction

Dried aerial parts were ground into a fine powder. Fifty grams of
this powder was sequentially extracted with 300mL of hexane, di-
chloromethane, ethyl acetate, methanol, and water, using a
Soxhlet extractor. The sequential extraction yields were 2.5%,
2.9%, 3.7%, 24.4%, and 3.1% for HFCE, DFCE, ethyl acetate
(EAFCE), methanol (MFCE), and water extracts (AqFCE), respec-
tively. These fractions were dried and stored at 4 °C, protected
128
from light. Dry extracts were prepared in order to assure that no
trace of organic solvents was detected in the highest concentra-
tion of extract used.

In vitro DPPH• antioxidant assay

The DPPH• (2,2-diphenyl-1-picryl hydrazyl radical) scavenging as-
say was carried out as described previously [38]. Briefly, 100 µL of
each dissolved extract, in concentrations of 0.1, 0.2, 0.5, 1.0, 2.0,
5.0, or 10mg/mL, were added to 400 µL of 0.5mM DPPH•. There-
after, 1.5 mL of methanol was added and, after a 30min incuba-
tion, absorbances were read at 517 nm. The IC50 values (dose re-
quired to reduce DPPH• absorbance by 50%) were calculated us-
ing nonlinear regression analysis. Ascorbic acid was used as refer-
ence antioxidant (positive control). The radical scavenging activity
of extracts was estimated by calculating the absorbances ratios in
the presence and in the absence of extracts and expressed as per-
centage of the maximal effect of ascorbic acid.

Animals

Male and female Wistar rats (250–350 g; Charles River) were used
for all experiments. The animals were housed in appropriate facili-
ties of the Institute of Biomedical Sciences of University of Porto
or the Faculty of Sciences and Techniques, University Sidi
Mohamed Ben Abdellah, at ambient temperature of 25 ± 2°C. An-
imals had free access to food and tap water ad libitum. The present
study was performed according to the guidelines of the European
Communities Council Directive (86/609/EEC) and has received the
Ethics Committee authorization with the reference number No

255/2018/ORBEA (ORBEA: Organismo Regulador do Bem-Estar
Animal; the local organism that regulates experimental animal
welfare), March 8, 2019.
Chda A et al. Centaurium Erythraea Extracts… Planta Med 2020; 86: 121–131
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Isolated MVB experiments

The MVB was removed from Wistar rats (male or female; 300–
400 g) as previously described [39]. Rats were anesthetized with
sodium pentobarbital (50mg/kg, i. p.). After opening the abdom-
inal cavity, the superior mesenteric artery was rapidly cannulated
with a heparinized hypodermic needle at its origin from the ab-
dominal aorta and immediately flushed with warm Krebs-Hense-
leit solution (KHS). The whole MVB was separated from the intes-
tine by cutting close to the intestinal border and placed into a
Petri dish. Once the MVB was isolated, KHS, at 37 °C, was pumped
into the MVB using a peristaltic pump (Pharmacia Biotech) at a
continuous constant flow of 2mL/min. The MVB perfusion pres-
sure was continuously measured using a pressure transducer
(Capto SP844) and recorded on a universal oscillograph (50–
8622, Harvard Apparatus Limited). The KHS had the following
composition (mM): NaCl 118, NaHCO3 25, KCl 4.7, MgSO4 1.2,
CaCl2 2.5, KH2PO4 1.2, and glucose 11.0; it was continuously oxy-
genated (95% O2, 5% CO2; final pH 7.4).

After 60min equilibration, the preparation was constricted by
infusion of phenylephrine (10–20 µM), via a sidearm of the inflow
of the perfusate, using a pump syringe (M365, Orion). The con-
centration of phenylephrine reached in the KHS was adjusted in
every experiment in order to induce a stable perfusion pressure
of 80–100mmHg, as previously described [40]. An increase in
perfusion pressure was interpreted as a vasoconstriction and ex-
pressed as the absolute increase in pressure (mmHg) above the
baseline and a decrease in perfusion pressure of precontracted tis-
sue preparations interpreted as a vasodilation. Drug-induced re-
laxation is expressed as a percentage of the decrease in perfusion
pressure, assuming 100% relaxation a return to precontraction
values.

In some experiments, endothelium was removed from the
MVB, using the following protocol: following a return to resting
conditions after the initial control responses had been obtained,
distilled water was included in the perfusion stream for 5–6min
to remove the endothelium from the MVB, followed by a stabiliza-
tion period of 30–40min, as previously described [41,42]. The
presence of functional endothelium was confirmed by the ability
of a bolus of acetylcholine (5.5 nmol) to induce more than 60%
relaxation of vessels precontracted with phenylephrine. The ab-
sence of a relaxation response to acetylcholine was taken as evi-
dence that MVBs were functionally denuded from endothelium.
After a preliminary screen of each fraction, only the methanolic
fraction of C. erythraea (MFCE) was studied in more detail. For
the dose-response curve to MFCE (0.03, 0.1, 0.3, 1.0, and
3.0mg), extract was administered by bolus injection of 10 µL to
100 µL into the perfusion stream close to the superior mesenteric
artery canula, and its effects were measured in vessels precon-
tracted with phenylephrine, with and without endothelium. In
the experiments designed to investigate the molecular mecha-
nisms of the vasodilation, drugs were added 20min prior to phe-
nylephrine, as indicated.

NO determination

The presence of NO in the MVB perfusate was determined by
measuring the amount of nitrites. Nitrite determination was per-
formed in MVB perfused with KHS containing phenylephrine, in
Chda A et al. Centaurium Erythraea Extracts… Planta Med 2020; 86: 121–131
the absence or in the presence MFCE (0.3mg/mL), alone and in
the presence of 100 µM L-NAME. In order to obtain detectable ni-
trite levels, samples of perfusate (6mL) were collected at a flow
rate of 2mL/min. Nitrites were quantified using the Griess reagent
(1% sulfanilamide, 0.1% napthylethylenediamine, 2.5% ortophos-
phoric acid) [43]. Briefly, Griess reagent (6mL) was mixed with an
equal volume of perfusate (6mL), and optical density was deter-
mined at 550 nm, after a 10-min incubation period. For the quan-
tification of the nitrites present in the perfusate, a calibration
curve was constructed using known concentrations (1–50 µM) of
sodium nitrite.

Fibroblast culture and MTT cell viability assay

Cells obtained from primary cultures of rat cardiac fibroblasts
were kindly provided by Professor Paulo Correia-de-Sá (Laboratory
of Pharmacology, ICBAS, University of Porto) and prepared ac-
cordingly [44], being cultured in DMEM (Sigma), supplemented
with 15% (v/v) inactivated FBS (Sigma) and 1% (v/v) penicillin-
streptomycin/amphotericin B solution. Cells were seeded in 96-
well plates, at a density 3 × 104 cells/mL, in a final volume 100 µL
of DMEM supplemented with 15% FBS and 1% penicillin-strepto-
mycin/amphotericin B. Cells were incubated for 96 h, at 5% CO2

at 37 °C, in the absence or in the presence of MFCE (0.3 and
1mg/mL), with or without angiotensin II (0.1 µM).

Cell viability was measured by a colorimetric assay with MTT, as
described previously [45]. In brief, at the end of the incubation pe-
riod, medium was removed and 100 µL of a MTT solution in PBS
(0.5mg/mL) was added to each well, and kept in the same incuba-
tion conditions (at 37 °C and 5% CO2) for 4 h, protected from the
light. Thereafter, supernatants were aspired and 100 µL DMSO
added to each well to dissolve the formazan crystals that resulted
from MTT reduction. The quantity of formazan produced (an indi-
cator of the number of viable cells) is measured by changes in ab-
sorbance at 570 nm, using a 96 well microplate reader (Sinergy
HT, Biotek Instrumensts Inc).

HPLC‑DAD analysis of phenolic compounds

The dried residue of MFCE was re-dissolved in methanol and fil-
tered through a 0.45 µm size pore membrane (Millipore). There-
after, 20 µL of re-dissolved extract was analyzed in a HPLC‑DAD
unit (Gilson), using a Kinetex column (5 µm, C18, 100 A,
150 × 4.6mm; Phenomenex), following the conditions described
before [10]. The mobile phase consisted of 2 phases: water-formic
acid (1%) (Phase A) and acetonitrile (Phase B), starting with 15% B
and using a gradient to obtain 20% B at 15min, 25% B at 25min,
30% B at 35min, and 60% B at 45min, at a flow rate of 0.5mL/
min. Detection was achieved with a Gilson diode array detector.
Spectral data from all peaks were collected in the range of 200–
400 nm and chromatograms were recorded at 330 nm. The data
were processed on a Clarity Software system. Peak purity was
checked by the software contrast facilities. Phenolic compounds
quantification was achieved by interpolation with external stan-
dard calibration curves. Since standards of all identified com-
pounds are not commercially available, quercetin derivatives were
quantified as quercetin-3-O-rutinoside, isorhamnetin derivatives
as isorhamnetin-3-O-rutinoside, and kaempferol derivatives as
kaempferol-3-O-rutinoside. The LOD and the LOQ were calculated
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from the residual standard deviation of the linear regression (SD),
following the equations: LOD = 3.3 × SD and LOQ = 10 × SD.

Chemicals and drugs

All solutions were prepared daily and kept on ice until used.
Carbachol, acetylcholine chloride, L-NAME, phenylephrine, TEA,
barium chloride (BaCl2), angiotensin II, and atropine were dis-
solved in distilled water. Indomethacin was dissolved in 150mM
NaHCO3. Glibenclamide, AQ‑RA 741, and ODQ were dissolved in
dimethyl sulfoxide (DMSO). The final concentration of DMSO used
in the present study did not exceed 0.05%, which was proven to
have no effect per se on the basal tonus of the preparations or on
the effects of the drugs tested.

DMEM, FBS, and L-glutamine were purchased from Merck-
Millipore (BioTecnómica). Quercetin-3-O-rutinoside, kaempferol-
3-O-rutinoside and isorhamnetin-3-O-rutinoside were from Extra-
synthèse. All other drugs and solvents were purchased from Sig-
ma-Aldrich. All reagents used in this study were of the highest
available analytic grade (purity ≥ 98%).

Statistical analysis

Statistical analysis and nonlinear regression analysis were carried
out using GraphPad Prism 6.00 software. Results are presented
as mean ± standard error of the mean (SEM) of, at least, 4 inde-
pendent experiments expressed as a percentage of the respective
control. IC50 values were calculated using nonlinear regression
analysis and presented as geometric means and 95% confidence
intervals. Comparisons between groups were performed by anal-
ysis of variance test for repeated measurements (2-way analysis of
variance [ANOVA]), followed by the multiple comparison Bonfer-
roniʼs t-test. Comparisons between 2 means were performed by
Studentʼs t-test. Differences were considered statistically signifi-
cant at p < 0.05.

Supporting Information

Additional evidence for involvement of muscarinic receptors and
NO release on the effects of MFCE was gathered by investigating
the effects of MFCE on isolated rat ileum contractions and on NO
release in breast cancer MCF-7 cells, using DAF‑FM DA, a highly
sensitive and selective fluorescent NO probe.
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