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ABSTRACT
Background: Ayanin (3,7,4’-Tri-O-methylquercetin) and 3,7-Di-O-methylquercetin (DMQ) are 
the main active metabolites isolated by bioguided fractionation from Croton schiedeanus, 
species known popularly in Colombia as “almizclillo”, which has been studied in experimental 
models in rats, exerting vasodilator and antihypertensive effects. Also, when the effect of 
these flavonoids was studied separately, important vasodilation was observed. Objective: 
To evaluate whether flavonoids from Croton schiedeanus have synergistic vasodilator 
properties when different combinations are used in isolated aorta rings. Methods: Cumulative 
concentrations of ayanin (10-8 M - 6x10-5 M or 0.01 µM - 60 µM) were assayed in the absence 
and presence of an increasing concentration of 3,7-Di-O-methylquercetin (DMQ) (10-8 – 3x10-5 
M or 0.01–30 µM) in isolated rings from Wistar rats, pre-contracted with phenylephrine. The 
concentration-response curve with the maximal effect was compared with that obtained 
by Croton schiedeanus whole ethanolic extract (10-6 – 3x10-4 g/mL). Also, this combination 
was assayed in the presence of the nitric oxide synthetase inhibitor L-NAME (10-4 M) and 
the guanylate cyclase inhibitor methylene blue (10-4 M) to assess the role of the NO/cGMP 
pathway in this interaction. Results: Ayanin and DMQ display a dual interaction in vascular 
relaxant response: agonism at higher concentration ranges (10-6 – 3x10-5 M or 1–30 µM) and 
antagonism at lower concentration ranges (10-8 – 3x10-7 M or 0.01–0.3 µM). The efficacy at 
the highest concentration was greater than that obtained by the whole extract (Emax: 98.4% 
vs. 33.9%). This response was decreased but not reverted in the presence of L-NAME and 
methylene blue. Thus, the vasodilator effect of this combination does not depend entirely on 
the NO/cGMP cyclic pathway. Conclusion: The combined use of appropriate concentrations 
of these flavonoids could represent an advantage over Croton schiedeanus whole extract for 
vasodilator purposes.
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RESUMEN
Antecedentes: Ayanina (3,7,4’-Tri-O-metilquercetina) y 3,7-Di-O-metilquercetina (DMQ) son los principales metabolitos activos 
aislados mediante fraccionamiento bioguiado, a partir de Croton schiedeanus, especie conocida popularmente en Colombia 
como “almizclillo”, la cual ha sido estudiada en modelos experimentales en ratas, ejerciendo efectos antihipertensivos y 
vasodilatadores. Además, al estudiar por separado el efecto de los flavonoides, se observó importante vasodilatación. Objetivo: 
Evaluar si los principales flavonoides de Croton schiedeanus tienen propiedades vasodilatadoras sinérgicas al utilizar diferentes 
combinaciones de ellos en anillos de aorta aislados. Metodología: Se analizaron concentraciones acumulativas de ayanina 
(10-8 M - 6x10-5 M o 0,01 µM - 60 µM) en ausencia y en presencia de concentraciones crecientes de DMQ (10-8 M - 3x10-5 M o 
0,01 µM – 30 µM) en anillos aislados de ratas Wistar, pre-contraídos con fenilefrina. La curva concentración respuesta obtenida 
con el efecto máximo, fue comparada con la obtenida con el extracto etanólico de Croton schiedeanus (10-6 - 3x10-4 g/mL). 
Adicionalmente, esta combinación fue ensayada en presencia del inhibidor de óxido nítrico sintetasa L-NAME (10-4 M) y el inhibidor 
de guanilato ciclasa, azul de metileno (10-4 M) para evaluar el papel de la vía NO/GMPc en esta interacción. Resultados: Ayanina 
y DMQ muestran una interacción dual en la respuesta vascular relajante: agonismo en el rango más alto (10-6 M – 3x10-5 M o  
1 µM – 30 µM), y antagonismo en el rango más bajo (10-8 M – 3x10-7 M o 0.01 µM – 0,3 µM). A altas concentraciones, la eficacia 
de los flavonoides fue mayor que las obtenidas por el extracto completo (Emáx: 98,4% vs 33,9%). Esta respuesta disminuyó, pero 
no se revirtió en presencia de L-NAME y azul de metileno. Por lo tanto, el efecto vasodilatador de esta combinación no depende 
enteramente de la vía NO/GMPc. Conclusión: El uso combinado de las concentraciones apropiadas de estos flavonoides podría 
representar una ventaja sobre el extracto de Croton schiedeanus, con propósitos vasodilatadores.
Palabras clave: Ayanina, Flavonoide, Óxido nítrico, Guanilato ciclasa, Sinergismo, Croton.

1. INTRODUCTION

Hypertension is one of the most critical factors 
related to cardiovascular disorders, such as coronary 
heart disease, cardiac arrhythmias, stroke, and 
kidney failure, among others (1). According to the 
World Health Organization (WHO), between 20% 
and 35% of the adult population from Latin America 
and the Caribbean are affected by hypertension (2). 
There are many pharmacological alternatives for the 
effective treatment of hypertension. The selection of 
adequate drugs is based on the efficacy to decrease 
blood pressure and cardiovascular risk, including 
strokes and heart failure (3), but this all depends on 
the safety profile of each treatment and patient. The 
management requires chronic use, usually with more 
than one drug simultaneously, so many adverse 
effects can appear, such as sedation, disorders of 
mental concentration, hypotension, acute kidney 
failure, hypercalcemia, dry cough, angioedema, 
etc. (4), which can affect the treatment adherence. 
Alternatively, despite the efficacy of existing 
treatments, there are low control rates because one 
in three people with hypertension cannot keep their 
blood pressure below 140/90 (5).

The interest in combined therapy has increased, 
intending to improve the efficacy and security 
of antihypertensive treatments (6). There are 
combinations in hypertension that have a better 
profile than monotherapy, which can be used 
according to the patient’s cardiovascular risk and 
are almost essential for reaching therapeutic goals. 
Nevertheless, not all combinations are beneficial. 
The guidelines recommend combining those that 

act by different mechanisms, for example, ACE 
inhibitors (angiotensin-converting enzyme inhibitors) 
or ARB (angiotensin receptor blockers), plus one 
diuretic or a calcium antagonist, while another 
option is using a thiazide diuretic plus a potassium-
sparing diuretic (7). 

Combined treatments have taken importance in 
recent years to achieve greater efficacy and treatment 
adherence, intended to keep blood pressure under 
control (6). Phytotherapeutics could contribute to 
the perspective of a combination approach, given 
its multicomponent nature. Bioguided fractionation 
increases the probability of finding additive, 
synergistic or antagonistic interactions between 
metabolites (8). The multicomponent nature of 
medicinal plants can be especially appropriate to 
treat complex diseases when their key metabolites 
display synergistic ef fects through dif ferent 
mechanisms.

The appropriate combination of natural metabolites 
could represent a therapeutic approach in searching 
for new alternatives to treat hypertension, with a 
good efficacy profile and safety (9). Among others, 
phenolic compounds, especially flavonoids (10), are 
associated with cardiovascular disease prevention 
(11), and mortality reduction (12). Studies involving 
flavonoid consumption have demonstrated arterial 
pressure decrement and improvement of endothelial 
dysfunction (13). Moreover, the vasodilator property 
of these compounds is associated with the regulated 
bioavailability of NO through the induction of nitric 
oxide synthetase (NOS), and the inhibition of nitric 
oxidation (14). Most of the studies showing the 
cardioprotective effects of flavonoids have been 
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more focused on flavones (15), a group to which the 
compounds of interest in this work belong.

Croton schiedeanus is one of the medicinal plants 
that is popularly used in Colombia for hypertension. 
It is a member of the Euphorbiaceae family, which 
includes about 1300 species, several of which are 
traditionally used as medicinal plants in Africa, Asia, 
and America (16,17). Its leaves are used in infusions, 
and its common name in Colombia is “almizclillo” 
(18), while in other countries, such as Mexico 
and Costa Rica, it is called “copalchí” (19, 20) or 
“corpachí”, and “sanrillo de pasto” in Panama (21). 

Previous assays using experimental models of 
hypertension in rats have shown that the ethanolic 
extract of this plant exerts antihypertensive 
activity while decreasing arterial pressure and 
cardiac frequency (22) and relaxing vascular tone 
(23). Phytochemical studies of this species have 
led to the isolation and identification of 3,7-Di-
O-methylquercetin, the most potent, and ayanin, 
the most abundant, among others (24) (25). 
Nevertheless, possible interactions between these 
flavonoids have not been elucidated to date.

The interest in finding any interactions between 
these compounds is focused on the benefits of 
the possible synergism because it could reduce 
the number of substances needed to elicit the 
desired vasodilator effect (26). Pharmacological 
synergism can occur by different mechanisms, 
like regulating enzymes and transporters involved 
in hepatic and intestinal metabolism, improving 
bioavailability, and increasing potency, etc. Finding 
active metabolites with synergistic mechanisms 
could allow discovering new phytopharmaceutical 
alternatives of treatment (27). 

Synergism is a potential advantage of plants because 
the combination or mixture of compounds leads to a 
greater collective response than the obtained using 
each isolated compound (28). For many years, the 
interest in identifying and quantifying synergism 
has increased due to the benefits that this type of 
interaction provides, as described above. Empirical 
methods have been used, along with mathematical 
models, including the Loewe (29,30), Bliss, and HSA 
(highest individual agent) models, and Chou-Talalay 
as a classical reference (31).

The purposes of this research focused on assessing 
whether different combinations of the principal 
metabolites of Croton schiedeanus could exert 
synergism and therefore improve the vasorelaxant 
effect obtained from the whole extract.

2. METHODS AND MATERIALS

2.1 Chemicals
DMQ (3,7-Di-O -methylquercetin) and ayanin 
(3,7,4’-Tri-O-methylquercetin) were isolated from 
Croton schiedeanus, according to the detailed 
procedure described elsewhere (32). The aerial 
parts of the plant were collected from Tocaima, 
Cundinamarca, Colombia, and identified at the 
Herbarium of the Natural Sciences Institute of the 
National University of Colombia (voucher number: 
432164). DMQ and ayanin m.p., 1H- and 13C-NMR 
spectra were identical to the previously reported 
results (33). The whole ethanolic extract was 
obtained from the leaves of the vegetal material that 
was dried and soaked in 96% EtOH, and the solvent 
was removed under vacuum (32).

Compound R3 R5 R7 R´3 R´4
3,7-Di-O-methylquercetin (MQ) OMe OH OMe OH OH

3,7,4´-Tri-O-methylquercetin 
(ayanin)

OMe OH OMe OH OMe

Figure 1. Chemical structure of DMQ and ayanin. Adapted from 
Guerrero et al. 2002 (32).

2.2 Animals: maintenance and treatment
Forty-four males and females Wistar rats were 
provided by the Pharmacy Department Bioterium at 
the National University of Colombia and maintained 
under light/darkness (12 h each period), with free 
access to food and water, except for 12 h before 
each experiment. Animals were euthanized by 
CO2 anesthesia prior to the aortic resection. The 
Bioethics Committee of the Faculty of Sciences of 
the National University of Colombia approved this 
work (Act 02-2018).

2.2.1 Isolated bath aortic ring preparation

The aorta free of fat and adjacent connective 
tissue was placed in a Petri dish with a paraffin 
floor, immersed in Krebs solution, and oxygenated 
with carbogen (O2 95% and CO2 5%). The artery 
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was cut into rings of 4–5 mm and placed each in 
a bath containing 15 mL of Krebs solution at 37°C 
and pH 7.4, gasified with carbogen. Krebs solution 
composition was the following: sodium chloride 
(NaCl) 118.0 mM, potassium chloride (KCl) 4.75 mM, 
calcium chloride (CaCl2) 1.8 mM, magnesium sulfate 
(MgSO4) 1.2 mM, potassium dihydrogen phosphate 
(KH2PO4) 1.2 mM, sodium bicarbonate (NaHCO3) 25 
mM, glucose 11 mM and ascorbic acid 0.1 mM (34). 
Basal tension was adjusted to 2.000 mg, changing 
the physiological solution every 15 minutes until 
the stabilization of ring tone, when phenylephrine 
was added (10-6 M) to attain maximal plateau 
contraction. Treatments were added according to 
the following protocols:

2.2.1.1 Ayanin and DMQ vascular interactions

Once the maximum tension was reached after the 
addition of phenylephrine (10-6 M), ayanin was added 
in cumulative concentrations (10-8, 3x10-8, 10-7, 3x10-

7, 10-6, 3x10-6, 10-5, 3x10-5, and 6x10-5 M or 0.01, 0.03, 
0.1, 0.3, 1, 3, 10, 30, and 60 µM) in the absence and 
presence of DMQ at the following concentrations: 
10-8, 3x10-8, 10-7, 3x10-7, 10-6, 3x10-6, 10-5 and 3x10-5 
M. DMQ was added almost simultaneously to the 
bath as ayanin. In some rings, dimethyl sulfoxide at 
0.1% (DMSO) was added as a control.

2.2.1.2 Croton schiedeanus extract assay

Once the maximum tension was reached with 
phenylephrine (10-6 M), Croton schiedeanus ethanolic 
extract was added to cumulative concentrations (10-6,  
10-5, 3x10-5, 10-4, and 3x10-4 g/mL). This response 
was compared to that obtained with ayanin (3x10-10, 
3x10-9, 10-8, 3x10-8, 10-7, 3x10-7, 10-6, 3x10-6 and 10-5 
g/mL), DMQ (3x10-10 – 3x10-6 g/mL) and finally, with 
the combination ayanin plus DMQ 3x10-6 g/mL. In 
some rings, dimethyl sulfoxide at 0.1% (DMSO) was 
added as a control.

2.2.1.3 NO/cGMP pathway inhibition study

To assess the role of the nitric oxide/cyclic guanosine 
monophosphate (NO/cGMP) pathway in the vascular 
interactions between ayanin and DMQ, the nitric 
oxide synthetase inhibitor N(ω)-nitro-L-arginine 
methyl ester (L-NAME) (10-4 M) or the guanylate 
cyclase inhibitor methylene blue (10-4 M) was added 
15 min before the cumulative addition of ayanin 

in the presence of DMQ (3x10-5 M), in rings pre-
contracted with phenylephrine (10-6 M). In some 
rings, dimethyl sulfoxide at 0.1% (DMSO) was added 
as a control.

2.2.1.4 Synergism studies

The Loewe method (29,30) and the mass action law 
(35) were used to assess whether vascular interactions 
between the combinations of ayanin and DMQ were 
additive, synergistic, or antagonistic. We also used 
the Combenefit (36,37) and CompuSyn packages 
(38). The CompuSyn combination index (CI) was as 
follows: <1 means synergic, >1 means antagonism, 
and 1 indicates additivity; and Combenefit score 
>0% means synergism, <0 denotes antagonism and 
equal to 0 indicates additivity (35,38).

2.2.1.5 Data analysis and statistics

The vascular response was expressed as 
concentration-response curves showing the 
relaxation percentage obtained against rings 
pre-contracted with phenylephrine (10 -6 M). 
Data were normalized according to the maximal 
relaxation attained when DMQ was added to ayanin. 
Contractions generated by the tension transducer 
were obtained using Data Trax 2 (WPI) software. 
All results were expressed as standard errors of the 
mean (S.E.M.). A sample of n>4 was used for each 
treatment. Sigmoid curve fitting was performed to 
obtain inhibitory concentration 50 (IC50) values and 
p values (-log IC50).

Concentration-response curves were analyzed by 
two-way analysis of variance (ANOVA) followed 
by the Tukey post hoc analysis with a p-value of ≤ 
0.05. Excel®-16 and GraphPad-Prism-6® were used 
for data analysis.

3. RESULTS 

3.1 Ayanin and DMQ relaxant interactions
Concentration-response curves of vasorelaxation 
were determined after being induced by ayanin in 
Wistar rat aortic rings, previously contracted with 
phenylephrine (10-6 M), in cumulative concentrations 
of ayanin (10-8 – 6x10-5 M or 0.01–60 µM), in presence 
and absence of 3,7-Di-O-methylecrecetin (DMQ) 
(10-8 – 3x10-5 M or 0.01–30 µM) (Figures 2 and 3). 
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Figure 2. Decrease of the vasorelaxant effect of ayanin in presence of 3,7-Di-O-methylquercetin (DMQ) (10-8, 3x10-8, 10-7 and 3x10-7 
M), in rat aortic rings pre-contracted with phenylephrine (10-6 M). Each point represents the S.E.M.
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Figure 3. Increase of the vasorelaxant effect of ayanin in presence of 3,7-Di-O-methylquercetin (DMQ) of DMQ (10-6, 3x10-6, 10-5 and 
3x10-5 M), in rat aortic rings pre-contracted with phenylephrine (10-6 M). Each point represents the S.E.M., *p<0.05.

Fig. 2 shows that when DMQ is added at 
concentrations of 10-8 – 3x10-7 M, the relaxant 
effect of ayanin decreased. Alternatively, Fig. 3 
shows that the higher concentrations of DMQ 
evaluated (10-6 – 3x10-5 M) increased the effect 
of ayanin, exerting a dual effect, which was 
concentration-dependent. Furthermore, the 
highest concentration of DMQ evaluated (3x10-5 

M or 30 µM) caused a significant increase in the 
response of ayanin (p < 0.001), which was about 
50.5% of the maximum effect (Emax).

3.2 Studies with the ethanolic extract 
The ethanolic extract of Croton schiedeanus had a 
vasorelaxant effect depending on the concentration, 
reaching total relaxation with an Emax 33.9 ± 3.1% in 
aortic rings pre-contracted with phenylephrine (10-6 
M) and that effect was lower that the obtained with 
ayanin and DMQ using them separately as well as 
the combination of ayanin plus DMQ at 3x10-5 M 
(Figure 4).
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Figure 4. Concentration-response curves (3x10-10 - 10-5 g/mL) of vasorelaxant effect obtained with ayanin, DMQ (3x10-10 - 10-6 g/mL), 
ayanin plus DMQ 3x10-5 M (3x10-6 g/mL), and Croton schiedeanus whole ethanolic extract in rat aortic rings pre-contracted with 
phenylephrine (10-6 M). Each point represents the S. E. M., **p<0.01.

On the other hand, ayanin caused a relaxant 
response with Emax 53.5 ± 1.7%. The effect of DMQ 
was higher than that of ayanin and extract, with Emax 
77.3 ± 1.6%.

The results in Fig. 3 and Fig. 4 show the concentration-
response curves for ayanin determined in the 
presence and absence of DMQ; these results show 

that the higher concentration of DMQ evaluated 
(3x10-5 M or 30 µM) exerted the highest relaxation. 
The mentioned concentration was evaluated in the 
presence of the inhibitor of nitric oxide, L-NAME, 
and the inhibitor of guanylate cyclase, methylene 
blue, added when the maximum vasoconstriction 
was reached with phenylephrine. As a result, the 
total response was partially reduced (Fig. 5). 
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Figure 5. Concentration-response curves of ayanin vasorelaxant effect in presence of DMQ (3x10-5 M), in rat aortic rings pre-contracted 
with phenylephrine (10-6 M) and exposed to L-NAME (10-4 M) and methylene blue (10-4 M). Each point represents the mean S. E. M. 

3.1.2 Study of the interactions between ayanin and 
DMQ

The Loewe model used to assess the interactions 
between ayanin and DMQ demonstrated a 
concentration dependent dual effect, synergism, 

and antagonism, based on the percentage of 
synergism. Figs. 6 and 7 show that effect, an increase 
in the synergism and a decrease of it, depending 
on the concentration of DMQ and ayanin when are 
added to the organ bath. 

https://revistas.udea.edu.co/index.php/vitae


7Journal Vitae | https://revistas.udea.edu.co/index.php/vitae Volume 28 |  Number 01 | Article 343923

Vascular interactions of Croton schiedeanus major flavonoids in isolated aortic rings from Wistar rats 

Figure 6. Surface map generated by Combenefit using the Loewe model. Represents the percentage of synergism between ayanin 
(10-8 – 10-7 M or 0.01–0.1 µM) and DMQ (10-8 – 3x10-7 M or 0.01–0.3 µM). 

Figure 7. Surface map generated by Combenefit using the Loewe model. Represents the percentage of synergism between ayanin 
(3x10-7 – 6x10-5 M or 0.3–60 µM) and DMQ (10-6 – 3x10-5 M or 1–30 µM).

These third-dimension graphs (Figures 6 and 
7) show the percentage of synergism with 
different combinations of ayanin plus DMQ; blue 
represents the concentrations that generate 
synergism, while orange or yellow indicates the 
antagonistic concentrations. Each point represents 
the effective concentration 50 (EC50) of the different 
combinations of ayanin and DMQ, whose height 
above zero in the third dimension indicates 
synergism. Similarly, if the points are located on 

the plane or zero synergy percentage, there is 
additivity or 0% synergism.

Alternatively, the CompuSyn platform was also used, 
which constructed an isobologram (Fig. 8). Here, 
as in the surface map from Combenefit, each point 
represents the EC50 of the different combinations 
of ayanin plus DMQ. Points located under the slope 
indicate synergistic combinations; points located 
above the slope show antagonistic combinations; 
points on the slope show additive combinations. 

https://revistas.udea.edu.co/index.php/vitae


8Journal Vitae | https://revistas.udea.edu.co/index.php/vitae Volume 28 |  Number 02 | Article 343923

Ortiz y Guerrero

The combination index values (CI), and the 
percentage of synergism were obtained for each 
combination of ayanin plus DMQ evaluated; those 
with more representative values and p<0.05 are 
shown in Table 1. Combinations with a CI > 1 
indicate that there is antagonism, and a CI < 1 shows 
that the interaction is synergistic. Respect of the 
percentage of synergism from Combenefit, a score 
above 0% indicates synergism, and a score below 
0% indicates antagonism.

Table 1. Combination index (CI) values and percentage of 
synergism of synergism scores of ayanin (0.01–0.1 µM) and DMQ 
(0.01–0.3 µM) combinations in aortic rings pre-contracted with 
phenylephrine. ***p<0.001, **p<0.01, *p<0.05.

Ayanin 
[µM]

DMQ 
[µM]

CI value 
(Compusyn)

% Synergism 
(Combenefit) p<0,05

0.01 0.03 90.80 -12 ± 1 ***

0.01 0.1 119.02 -15 ± 1 ***

0.03 0.03 6.13 -8 ± 2 *

0.03 0.1 15.23 12 ± 1 **

30 3 0.12 20 ± 3 **

30 30 0.18 12 ± 1 **

60 3 0.04 27 ± 1 ***

60 30 0.00 21 ± 2 **

3. DISCUSSION

This research was focused on assessing vascular 
interactions between ayanin and 3,7-Di-O -
methylquercetin (DMQ), the two main bioactive 
flavonoids from Croton schiedeanus, and synergism 
between them, which could help explain the 
vasodilator and antihypertensive effects seen with 
the whole extract in experimental models in rats 
(18, 25). As a result, this research was focused on 
identifying possible interactions between these 
two metabolites, which have not previously been 
studied. 

Evaluating the interaction between ayanin and 
DMQ, a dual effect can be seen depending on 
the concentration applied, as follows: lower DMQ 
concentrations decrease the relaxant response of 
ayanin, whereas higher concentrations increase 
it (Fig. 2 and Fig. 3). Hence, combining ayanin in 
the range of 30–60 µM and DMQ in the range of  
3–30 µM generates a vascular relaxant response 
(Emax) greater than that obtained using single 
flavonoids, and greater than that obtained using 
the whole ethanolic extract (Fig. 4). Besides, this 
increase is synergistic, as could be assessed by the 
combination index (CI) and percentage score values 
and the isobologram obtained (Fig. 6, Fig. 7, Fig. 8, 
and Table 1). Therefore, appropriate combinations 
of ayanin and DMQ could be more beneficial than 
the whole extract for vasodilator purposes. 

DMQ 

Ayanin 

Figure 8. Isobologram generated by CompuSyn applying the Loewe model for the combinations of ayanin and DMQ. Combination 
data points that fall below the line is synergistic, above the line is antagonistic and on the line is additive. The ratio between effect 
of the single flavonoid dose [(D)1] and effect of the same flavonoid dose when tested in combination [(Dx)1] is reported on axes 
Ayanin and DMQ. Combination A: Ayanin (0.01–0.03 µM) + DMQ (0.03 µM); Combination B: Ayanin (0.01–0.03 µM) + DMQ (0.1 µM); 
Combination C: Ayanin (30–60 µM) + DMQ (3 µM); Combination D: Ayanin (30–60 µM) + DMQ (30 µM).
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Certainly, the efficacy or relaxation (Emax) obtained 
using DMQ is higher than that obtained employing 
ayanin. In turn, the ayanin relaxation is higher than 
the obtained using the whole extract, supporting 
that these flavonoids play a key role in the response 
generated by Croton schiedeanus. However, and more 
interestingly, the combined use of DMQ and ayanin at 
higher concentrations is even more efficient (Fig. 4).

According to this research, the EC50 of ayanin, DMQ, 
and whole extract would be considered higher than 
the previously reported (18,25,38). However, note 
that the relaxation percentages obtained using all 
treatments were normalized to maximal relaxation 
attained with ayanin and DMQ combined at a high 
concentration (Fig. 4). The basal tension applied was 
2g, the maximal relaxant effect was even lower than 
this value. The highest value of Emax was obtained 
with the combination of ayanin plus DMQ at 3x10-5 M  
(3x10-6 g/mL) and was about 170.25%, which 
corresponds to 100% of the response applying 
normalization.

CompuSyn and Combenefit are two of the most 
commonly used open platforms to assess combined 
drug interactions by applying mass action law 
as one of their fundamentals (36,37). Parameters 
such as the combination index (CI) in CompuSyn 
and percentage of scores in Combenefit guide 
the researcher to identify synergism, additivity, or 
antagonism between two drugs. The isobologram in 
CompuSyn and tridimensional graphs in Combenefit 
ease to identify points of drug combinations that 
behave in one of such interactions. Thus, a CI < 1 
in CompuSyn and a score above 0% in Combenefit 
led to identifying points of synergism. That is the 
case for ayanin combined with DMQ in the range 
of 30–60 and 3–30 µM, respectively (Fig. 6, Fig. 
7, Fig. 8, Table 1), supporting the viewpoint that 
appropriate combinations of those flavonoids could 
be advantageous over the whole extract when the 
vasodilator response is the target.

Besides, concerning the individual efficacy of the 
evaluated flavonoids, it was found that DMQ exerts 
greater relaxation than ayanin; therefore, its efficacy 
is greater. Similarly, the values of EC50 indicates that 
the potency of DMQ is greater than that obtained 
using ayanin. Previous studies reported that the EC50 
in aortic rings pre-contracted with phenylephrine 
was 4.9x10-6 M for DMQ (25) and 5.4x10-5 M for 
ayanin (39). Nevertheless, in this research, EC50 
values of 1.3x10-6 M for DMQ and 3.9x10-7 M for 
ayanin were found, and they are smaller than those 
reported in the literature.

Second, to f ind any interac tion, dif ferent 
combinations of flavonoids were studied, and 
it was evident that a dual effect exists in terms 
of concentration - dependent. Here, the lowest 
concentrations of DMQ cause the response of 
ayanin to be decreased. In contrast, the response of 
ayanin was increased significantly when the highest 
concentrations of DMQ were added to the bath.

If this approach can be translated to an in vivo 
scenario, the combined use of ayanin and DMQ 
could be an interesting alternative, with better 
antihypertensive control expected; however, more 
research with those metabolites combined in in vivo 
experiments is needed to support this proposition.

Intended to detect pharmacological interactions, 
either synergistic, antagonistic, or additivity, when 
using any of the flavonoids under study and at 
different concentrations, we analyzed data using 
the Loewe model, with open code platforms such 
as Combenefit and CompuSyn (37, 38).

Figures 6, 7, and 8 show a dual effect: increase and 
decrease in the relaxing effect, depending on the 
flavonoid concentration. The surface map, where 
the different concentrations of ayanin and DMQ 
are correlated simultaneously, and the percentage 
of synergism between these two compounds is 
observed, showing concentrations that generate 
synergism in blue, moving from lighter to darker. 
In contrast, the concentrations that resulted in 
antagonism are shown in yellow and orange. It is 
important to emphasize that each point represent 
dif ferent combinations of ayanin plus DMQ; 
those with a position above zero (respect to the 
percentage synergy axis) indicate synergism, while 
combinations showing antagonism are below zero. 
Similarly, if the points are located on the zero of 
synergy percentage, there is additivity. According 
to the location of the points concerning the zero 
percent of synergism, it is possible to deduce that 
when higher concentrations of DMQ were evaluated 
in the presence of higher concentrations of ayanin, 
the points are located above zero. This means that 
the combinations with the highest concentrations 
of flavonoids evaluated exert synergism, yielding a 
percentage of this interaction from 12 ± 1% to 27 ± 
1%. However, the greater the concentration decrease 
of each compound in the combinations, the greater 
the reduction in the synergism percentage, yielding 
an antagonistic effect, with values below zero for 
synergism percentages, such as –8 ± 2%, and 
even lower values with a p-value below 0.05. That 
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percentage accounts for the relationship between 
the type of interaction and the concentration.

Alternatively, the CompuSyn platform allowed an 
isobologram to be created to identify the type of 
interaction. It is important to consider that points 
located under the slope indicate a synergistic 
combination. Points located above the slope indicate 
an antagonistic combination. Finally, points on the 
slope show additive combinations. Therefore, it is 
possible to infer that some combinations with lower 
flavonoid concentrations tend to be antagonistic. 
The points representing these combinations (A and 
B; figure 8) are located above the slope. Likewise, 
their CI values are greater than one. However, other 
points are not antagonistic, with results under the 
slope showing synergism (C and D; figure 8) and CI 
values below one (Table 1).

The dual effect found in the results can be correlated 
with certain concentrations of ayanin and DMQ 
added at the same time in the organ bath. This is 
interesting, considering that compounds exist in 
the same plant and extract with similar chemical 
structures and different effects if used together at 
different concentrations. 

Regarding the vascular response, dual effects have 
been noted with flavonoid compounds. For example, 
kaempferol and myricetin stimulate voltage-gated 
calcium channels (Cav 1.2 channels), which mediate 
the vasodilator response. In contrast, galangin and 
naringenin inhibited the calcium channels, with 
effects related to the double bond between C2 and 
C3 in the flavonoid structure, and the distribution 
of OH groups on the flavonoid ring (40).

Another dual effect has been observed in the case 
of some flavonoids. It has been found that several 
biological activities can be manifested, one of 
which is anxiolytic activities; however, preparations 
of fresh parts of Petiveria alliacea, which are rich in 
flavonoids, can result in opposite effects on anxiety 
in mice (41). 

In contrast, flavonoids, in general, can inhibit several 
enzymes in vitro (28); some of their mechanisms of 
action in the cell membrane are associated with the 
transport of ions, such as Ca2+/Mg2+ by ATPase, Na+/
K+ by ATPase, and mitochondrial ATPase, as well as 
the inhibition of cAMP or cGMP-phosphodiesterase 
and protein kinase. However, in a study conducted 
with quercetin in an isolated organ bath with the 
portal vein of Wistar rats, a dual effect of the 
vasorelaxation and contraction was evidenced. The 
results demonstrated that the inhibitory effect of 

quercetin on the portal vein is related to an increase 
in basal tone and contractile frequencies. However, 
this contraction is followed by a pronounced and 
lasting secondary relaxation (42).

The opposite effect of flavonoid compounds has 
also been observed on the antioxidant activity of 
several of these compounds, including myricetin and 
quercetin. This fact could be related to hydrogen 
bonds between these compounds, decreasing 
hydroxyl groups’ availability to elicit their radical 
scavenging activity (43). Besides, dual effects 
between flavonoid compounds, depending on the 
concentration applied, have also been described, 
such as hyperglycemia induced by α-glucosidase in 
the presence of myricetin and apigenin (44).

In another previous research, the antioxidant 
activity of different mixtures of catechins present 
in green tea was evaluated. These compounds 
were combined in pairs with their respective 
stereoisomers. The catechins consist of a subgroup 
of flavonoids known as flavan-3-ols. Some of them 
result in synergism, others in antagonism and 
additivity, while others still show no interaction. 
In addition, some compounds even showed the 
same percentage of synergism as antagonism (45). 
Another example was the interactions between 
the flavonoids quercetin, epicatechin, rutin, and 
resveratrol in red grape, resulting in synergism and 
antagonism, which were concentration-dependent, 
and the antioxidant activity was assessed by the 
DPPH and peroxynitrite tests (46, 47).

Previous studies have described some examples, 
which show that dual effects exist when some 
flavonoids are used in combination. According to the 
results, a dual effect was shown when the relaxation 
induced by ayanin with variable concentrations of 
DMQ was evaluated. The result was an antagonistic 
effect at low concentrations and synergistic at high 
concentrations. However, as far as the bibliographic 
review of this research allows, it is possible to say 
that this duality has not been explicitly documented 
in these flavonoids.

Concerning synergism, even though the exact 
definition of pharmacological synergy is still under 
debate, it is possible to explain it as a positive 
interaction when a pharmacological effect is 
reached. Alternatively, the concept of additivity is 
different, as this is a measure of the response of a 
combination of drugs; for example, a combination 
of compounds may be highly synergistic but 
at the same time insufficient to achieve the 
expected pharmacological effect. This means 
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that if a combination exerts a high effect, it does 
not necessarily imply that it will have a synergistic 
interaction (37). For this study, it was possible to 
consider that the positive interaction found was 
more closely related to the definition of synergism 
than to the definition of additivity, which considers 
that there are positive interactions when the efficacy 
of the compounds evaluated is equal. Potency is 
minimally different between the compounds (48), 
which were not reflected in the present results 
because of the differences in the Emax and EC50 
between ayanin and DMQ.

Synergistic effects among flavonoid compounds 
or between flavonoids and chemical drug entities 
have been described in other fields of biological 
research; for example, between vicenin-2 and 
docetaxel for prostate cancer (49), between apigenin 
and ceftazidime against resistant Enterobacter (50), 
between catechin, quercetin and epigallocatechin 
gallate with fluconazole against resistant candida 
(51), between tangeretin and atorvastatin for colon 
cancer (52), between hesperidin and diazepam for 
anxiolysis (53), and between quercetin, gallic acid, 
and rutin for antioxidant effects (54).

Alternatively, the antioxidant effect is related to 
synergistic interactions; for example, between 
delta-tocopherol, epicatechin, and epigallocatechin 
gallate in vitro, or between quercetin and catechin 
that act together to inhibit platelet adhesion 
and aggregation induced by collagen (55). Also, 
quercetin and kaempferol work together to decrease 
the proliferation of CaCo-2 and HuTu-80, and 
PMC42 carcinoma cells. This effect is attributed 
to the blockage of the cell cycle after protein 
synthesis before starting the mitotic phase (56). 
Simultaneously, flavonoids from Annona muricata 
have shown anti-proliferative activity in mice with 
prostate tumor xenografts (57). All this information 
shows the interest to use flavonoids in combination 
to reach synergistic effects.

In order to approach the possible mechanism 
involved in the interaction between flavonoids, the 
combination that exerted the greatest potency and 
efficacy (ayanin plus DMQ 3x10-5 M) was studied in 
the presence of L-NAME and methylene blue. An 
increase in the nitric oxide/GMPc pathway activity 
has been described as a key mechanism related to 
the vasodilator response induced by ayanin (39, 58). 
However, when ayanin and DMQ were combined, the 
inhibition of that route with L-NAME and methylene 
blue, although decreased the response, did not 
prevent vascular relaxation (Fig. 5), confirming that 

there was an interaction between these flavonoids. 
Nevertheless, the results also suggested that 
another mechanism of action should be implicated 
in the interaction between ayanin and DMQ, which 
adds support to the idea that a synergistic effect 
is established between those flavonoids through 
more than one mechanism, where calcium channel 
inhibition could be implicated (39).

Other dif ferent ways could be involved that 
were endothelium-dependent, such as those 
mediated by prostacyclin (PGI2), which consists of 
a vasodilator endothelium-derived prostaglandin 
(cyclooxygenase dependent) (59), like endothelium-
derived hyperpolarizing factor (EDHF) (60). In 
previous assays, it was shown that endothelial 
vasorelaxant factors derived from cyclooxygenase 
participate in the relaxant effect of ayanin (39). 
However, endothelium-derived factors may not 
be the only factors associated with the synergism 
between ayanin and DMQ. It has been found that 
the presence of endothelium was unessential to 
exert a vasorelaxant effect by DMQ in vitro because 
the response was reduced but not abolished when 
assays were performed on aorta rings without 
endothelium (25,32). 

Concerning the possible endothelium-independent 
mechanisms associated with the synergism between 
the main metabolites from Croton schiedeanus, 
it is also possible to consider mechanisms that 
have demonstrated to involve non-adrenergic and 
non-cholinergic nerves along with calcitonin gene-
related peptide (CGRP). This potent vasodilator 
neuropeptide acts as a neurotransmitter to regulate 
vascular tone along with adrenergic nerves in the 
rat mesenteric artery (61).

Another endothelium-independent mechanism 
could be related to the vasodilator effect exerted by 
ceramide, which stimulates the ceramide-activated 
protein kinase and ceramide-activated protein 
phosphatase and inhibits protein kinase C (PKC), 
which is important to mediate the contractile effects 
of G-protein coupled receptors to norepinephrine 
and angiotensin II (62, 63).

The vasorelaxant effect and the contribution of 
flavonoids to the improvement of cardiovascular 
disease have been mainly associated with their 
antioxidant properties. However, it is compelling 
to be aware that these compounds can act through 
other mechanisms, which involve different pathways.

In conclusion, ayanin and DMQ elicited a dual 
vascular response in isolated Wistar aortic rings, 
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which depended on the assayed concentration: 
inhibition at a lower concentration range and 
synergism at a higher. The combined was only 
partially dependent on the NO/cGMP pathway. 
Appropriate combinations of those flavonoids could 
improve the response seen with the entire Croton 
schiedeanus extract. Further research is needed to 
verify the interaction between those flavonoids in 
in vivo experiments.

4. CONCLUSION 

The results obtained in this research suggested a 
concentration-dependent dual effect between the 
main flavonoids isolated from Croton schiedeanus. In 
some of the evaluated combinations of compounds, 
the synergism was corroborated when L-NAME and 
methylene blue did not reverse the vasorelaxant 
effect when added to the organ bath, combined 
with ayanin plus DMQ that exerted the highest 
synergism percentage. That interaction could 
involve another mechanism that was not associated 
with the NO/cGMP pathway.

Synergy is considered an advantage of the chemical 
complexity of the extracts obtained from plants 
when the effect and/or the potency of a combination 
of compounds is greater than each compound 
separately, exerting a cumulative effect (28). An 
improvement in the vasorelaxant effect of ayanin 
in the presence of specific concentrations of DMQ 
isolated from Croton schiedeanus is seen in this 
study. 

Currently, there is increasing interest in the study of 
synergistic interactions in phytotherapy, considering 
ways to improve the therapeutic effect, reducing 
adverse effects, including the combination of several 
compounds. 

To conclude, the identification and determination 
of interactions was achieved between the main 
flavonoids of Croton schiedeanus in the organ bath. 
Concerning synergy identified, it could be possible 
to purpose the bases of this study for an eventual 
phytotherapeutic for vasodilator purposes. 
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