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Abstract. To detect the structure‑activity associations of 
farrerol derivatives, the relaxation activity of farrerol deriva-
tives was observed in isolated aortic rings pre‑contracted 
using phenylephrine in Sprague‑Dawley rats. All compounds 
tested in the present study produced a relaxation effect, which 
was significantly affected by the molecular structure. Using 
a collagen gel contraction assay, the present study further 
evaluated the inhibitiory effect of farrerol derivatives in a 
decreased collagen gel area, induced by Angiotensin II. The 
results indicated that farrerol derivatives could inhibit collagen 
contraction, and that the inhibitory effect was associated with 
the molecular structure of the compounds. Furthermore, 
the inhibitory strength of the different compounds was 
consistent with the results of vascular tension detection. The 
activity of the farrerol derivatives was closely associated 
with the molecular structure. The analysis indicated that an 
electron‑withdrawing substituent in the ortho position of the 
phenyl group (ring B) was crucial in order to observe improved 
vasorelaxation activity, whereas a hydroxyl or methoxy group 
was unfavorable. A para electron‑donating group was oberved 
to increase compound activity. In addition, when the B ring 
was heterocycle rather than a phenyl ring, the vasorelaxation 
ability was weakened.

Introduction

Flavanone, an important natural compound, has great potential 
to reduce the risk of mortality in patients with cardiovascular 
diseases (1‑3). Flavanone is widely distributed in plants, fruits 

and vegetables, and consists of a large group of naturally existing 
polyphenolic compounds  (4). Farrerol, a major bioactive 
component in the traditional Chinese herb ‘Man‑shan‑hong’ 
derived from the dried leaves of Rhododendron dauricum L., 
has numerous biological effects, including antithrombotic, 
anti‑inflammatory, antioxidant, antiangiogenesis, vasore-
laxant and antihypertensive effects  (5‑8). There has been 
great interest in the cardiovascular effects of flavonoids in 
humans. It has previously been reported that the greatest levels 
of vasorelaxant and antioxidant activity were detected in 
flavonols and flavones (9,10). Previous research revealed that 
farrerol derivatives exhibited significant anti‑atherosclerosis 
activity in rat vascular smooth muscle cells (VSMCs) and 
also exhibited strong cytoprotective activity against hydrogen 
peroxide‑induced injury in human umbilical vein endothelial 
cells. Notably, they had preliminary structure‑activity associa-
tions, indicating that farrerol derivatives could be used to treat 
and/or prevent cardiovascular disease (11,12).

Farrerol has been demonstrated to induce a relaxing 
effect in the rat aorta (13); however, there is a lack of research 
regarding the structure‑activity associations of farrerol deriva-
tives with vasorelaxant properties. The present study aimed to 
use farrerol as the lead compound, and modify the structure to 
identify more potent vasorelaxant agents. In the present study, 
the vasorelaxant actions of farrerol derivatives in isolated rat 
thoracic aorta rings were examined, and the inhibitory effects 
of farrerol derivatives in rat aortic VSMCs contraction were 
investigated.

As we know, a greater understanding of the structural 
characteristics that optimize vasorelaxant activity is of critical 
importance to develop flavanone derivatives as potential 
therapeutic agents. Thus, the present study evaluated the 
structure‑activity associations of farrerol derivatives in order 
to obtain highly active vasodilator compounds. The results 
may be useful for the treatment and/or prevention of vascular 
disease resulting from abnormal vascular contractility.

Materials and methods

Animals. A total of 120 Male Sprague‑Dawley rats aged 
12 weeks (weight, 210±20 g) were obtained from the Animal 
Center of Shanxi Medical University (Taiyuan, China), with 
free access to food and water. Rats were housed five per 
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cage. All of the rats were maintained at 22±3˚C and 45±15% 
humidity with a normal 12‑h light/dark cycle. All protocols 
were approved by the Animal Care and Use Committee of the 
Shanxi Medical University (Taiyuan, China), and all animal 
procedures were performed in accordance with the Ethical 
Guidelines for Animal Research in Shanxi Medical University.

Reagents. Phenylephrine (PE; purity ≥98%), Angiotensin II 
(Ang  II; purity ≥98%) and Quercetin (purity ≥98%) were 
purchased from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany). Potassium chloride (KCl), sodium chloride (NaCl), 
magnesium chloride (MgCl2), glucose, calcium chloride 
(CaCl2) and the other reagents were of analytical purity and 
were purchased from Sangon Biotech Co., Ltd., (Shanghai, 
China). The purity of all of the farrerol derivatives was >98%, 
as determined by high performance liquid chromatography 
analysis; all of the compounds were synthesized according to 
the previously reported methods (11,12) and the codes for all 
the compounds were presented in Table I. All of the farrerol 
derivatives used in these experiments were racemates. The 
basic structures of flavanone is illustrated in Fig. 1. Quercetin 
was used as a positive control drug. All of the farrerol 
derivatives and quercetin were dissolved in dimethyl sulfoxide 
(DMSO) and then diluted in distilled water in order to yield a 
final concentration of DMSO <0.5% (v/v).

Measurements of aortic ring tension. Male Sprague‑Dawley 
rats were sacrificed by cervical dislocation in the presence 
of anesthesia with 5% chloral hydrate (200  mg/kg), then 
the blood was drained. The chests were opened, and the 
aortas were isolated then immediately transferred into 4˚C 
Krebs‑bicarbonate solution (pH=7.4), composed of NaCl 
118.0 mM, KCl 4.7 mM, KH2PO4 1.2 mM, NaHCO3 25.0 mM, 
CaCl2 2.5 mM, MgCl2, 1.18 mM and D‑glucose 11.0 mM. The 
aortas were cleaned of adherent connective tissues, then were 
cut into 4 mm length rings.

Isolated rat aortic rings were suspended on two stainless 
steel hooks in baths containing 5 ml of the Krebs‑bicarbonate 
solution (maintained at 37˚C and supplemented with 
100% O2). The upper hook was connected to a force trans-
ducer and changes in isometric force were recorded using 
Chart 5.4 (PowerLab; ADInstruments Inc., Colorado Springs, 
CO, USA). According to a previous study, passive tension was 
adjusted to 2 g and all subsequent measurements representing 
the force were generated above this baseline (14). Integrity 
of the endothelium was assumed when 10‑6 M acetylcholine 
induced >70% relaxation of the aortic rings precontracted 
with 60 mM KCl. A 2 h equilibration period was applied prior 
to any experimental relaxation effects of different farrerol 
derivatives to the aortic rings precontracted with 1 µM PE (15). 
When the contraction induced by 1 µM PE was sustained, one 
of the drugs (different farrerol derivatives, positive control 
quercetin or vehicle DMSO) was added cumulatively to the 
chamber (13). Drugs at each concentration were added for 
~10 min at 37˚C. The end concentrations of farrerol deriva-
tives or quercetin in the chamber were increased stepwise 
(1, 3, 10, 30 and 100 µM). The relaxation response to a concen-
tration of the farrerol derivatives was allowed to develop to a 
relatively stable plateau (~10 min), then the next concentration 
of farrerol derivative was added. The vasorelaxant activity of 

each farrerol derivative was detected in 6 aortic rings from 6 
different rats (1 aortic ring/rat).

Cell culture and identification. Rats were anesthetized by intra-
peritoneal administration of 5% chloral hydrate (0.7 ml/100 g), 
sacrificed by cervical dislocation, and then disinfected with 
75% ethanol. The thoracic aorta was immediately removed 
under aseptic conditions, and was then rinsed thrice with PBS 
(4˚C) for 5 min each. The thoracic aorta was opened longi-
tudinally. Rat aortic VSMCs were obtained from the medial 
layer as previously described (16). Briefly, the endothelium 
was gently scrapped off with a scalpel, then the vascular 
adventitia was carefully stripped with ophthalmic tweezers. 
The medial layer of the thoracic aorta was then cut into small 
pieces (1 mm2), which were plated into a tissue culture flask 
and were cultured in Dulbecco's modified Eagle's medium 
(DMEM) /F12 nutrient solution (Sigma Aldrich; Merck KGaA) 
supplemented with 20% fetal bovine serum (Sigma‑Aldrich; 
Merck KGaA), L‑glutamine (Sigma‑Aldrich; Merck KGaA), 
streptomycin (100 U/ml; Sigma‑Aldrich; Merck KGaA) and 
penicillin (100 U/ml, Sigma‑Aldrich; Merck KGaA). The rat 
aortic VSMCs were verified through immunohistochemical 
staining of α‑actin. The VSMCs were cultured until they 
reached 80% confluency and were trypsinized (0.05%) every 
3 to 5 days. Cells between passages 4‑8 were used for subse-
quent experiments.

Cell contraction assay. Collagen gels were prepared as 
described previously (17,18), then added to 24‑well culture 
dishes. Rat aortic VSMCs (1x105 cells per well) were seeded 
into wells containing 100 µl neutralization solution and 400 µl 
collagen, with a final collagen concentration of 1.5 mg/ml. 
The VSMCs were then allowed to embed into the collagen 
gel. The VSMCs were cultured at 37˚C for 24 h, and were then 
used for the following treatments. Firstly, the original area 
of a collagen gel was measured. Ang II (10 ng/l) was added 
to cells at 37˚C for 1 h, then farrerol derivatives, quercetin 
or DMEM were added to cells at 37˚C for 4 h, successively. 
The collagen gel area was then measured. Gel images were 
captured using a camera following the administration of 
derivatives, and the areas (cm2) of the gels were measured 
using ImageJ software version 1.50 (National Institutes of 
Health, Bethesda, MD, USA). Enhanced contractions were 
characterized by a decreased gel area, and reduced contrac-
tions were characterized by increased gel area. Changes to the 
surface area of collagen gels were expressed as a percentage 
relative to the untreated control. Three different fields were 
analyzed for each experiment that was performed.

Statistical analysis. All data are presented as mean ± standard 
deviation. The RC50 was defined as the concentration of flava-
none derivatives that induced a 50% reduction in the maximum 
relaxation from the contraction elicited by 1 µM PE and was 
calculated from the concentration‑response curve resulting 
from a nonlinear regression (curve fit) performed using 
GraphPad Prism 7.0 software (GraphPad Software, Inc., La 
Jolla, CA, USA). Statistical analysis was performed using the 
Student's paired t‑test and one‑way repeated measures analysis 
of variance followed by Bonferroni's post hoc test. P<0.05 was 
considered to indicate a statistically significant difference.
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Results

Vasorelaxant activity of all compounds on the aorta 
pre‑contracted by PE. Treatment with 1 µM PE induced 
steady contractions in endothelium‑intact rat aortic rings, 
and all of the farrerol derivatives examined at concentrations 
ranging from 1‑100 µM, produced concentration‑dependent 
relaxation (Fig. 2), which could be reversed if the farrerol 
derivative was replaced with Krebs solution. The relative 
order of diastolic activity of the different farrerol deriva-
tives examined in the present study is listed in Table I. In 
these experiments, the vasodilator amplitude of quercetin 
(positive control drug) in the isolated rat aortic rings was 
55.74±4.19%, which was less than that observed with 
farrerol (65.13±2.12%). In addition, only three farrerol 
derivatives (a2, a3 and b2) had a weaker relaxation effect 

when compared with that observed following quercetin 
application to isolated rat aortas.

Results of cell contraction analysis. Collagen gels embedded 
with rat aortic VSMCs were prepared using primary cultured 
cells with very stable characteristics of the contractile 
phenotype. Collagen gel contraction experiments revealed a 
significant effect on gel surface area (enhanced contraction 
was characterized by decreased gel area and reduced contrac-
tion was characterized by increased gel area). The surface 
area of the collagen gels was significantly decreased upon the 
addition of Ang II (10 ng/l), indicating increased contractility. 
Collagen gel contractions were attenuated when incubated 
with farrerol derivatives in a dose‑dependent manner and were 
relatively unaffected by DMEM (Fig. 3). The results of the cell 
contraction assay were consistent with of those of the aortic 
ring tension measurements. The inhibitory percentage of 
quercetin on the initial collagen area was 37.25±4.76%, which 
was greater than that of farrerol (20.48±3.52%). It was also 
revealed that only three farrerol derivatives (a2, a3 and b2) had 
greater inhibitory percentages than that of quercetin in regard 
to the initial collagen area.

Discussion

Farrerol, isolated from Rhododendron  dauricum L., is a 
traditional Chinese medicine that has been reported to have 
beneficial effects for multiple conditions, including bronchitis 
and asthma (13). Our preliminary experiment determined the 
cytotoxicity of all of the farrerol derivatives in rat aortic VSMCs 
using MTT assays, the results revealed that there was no 

Figure 1. Structures of flavanone. The three rings contained in the flavanone 
structure were indicated by (A, B and C).

Table I. Vasorelaxant effects of all of the farrerol derivatives on phenylephrine‑induced contractions in rat aortic rings.

		  Maximal				    Maximal
Compound	 Structure	 relaxation (%)	 RC50 (µM)	 Compound	 Structure	 relaxation (%)	 RC50 (µM)

a1	 	 65.13±2.12	 10.39	 c1	 	 98.44±5.41	 12.85

a2	 	 41.42±3.87	 69.47	 c2	 	 60.72±3.93	 22.45

a3	 	 48.78±4.45	 78.27	 d1	 	 96.38±3.65	 15.12

a4	 	 59.0±3.63	 15.64	 d2	 	 68.45±4.09	 30.86

b1	 	 98.34±5.01	 14.68	 e1	 	 58.37±3.82	 74.38

b2	 	 47.44±3.76	 27.07	 e2	 	 88.92±4.16	 18.69

b3	 	 61.96±2.19	 20.97	 e3	 	 65.43±3.95	 52.34

The RC50, concentration of flavanone derivatives that induced a 50% reduction in the maximum contraction elicited by 1 µM phenyleph-
rine.



HOU et al:  STRUCTURE-ACTIVITY ASSOCIATIONS OF NOVEL FARREROL DERIVATIVES4712

cytotoxicity up to 60 µM (data not shown). Our previous study 
demonstrated that farrerol could induce relaxation in rat aortic 
rings precontracted by PE in a dose‑dependent manner (13). 
Owing to the structural similarity of farrerol derivatives to 
that of farrerol, farrerol was also used to explore the possible 

mechanisms involved as the lead compound. It was hypoth-
esized that the relaxation effect of farrerol derivatives may be 
associated with the molecular structure, which was confirmed 
by two different experimental methods (the rat aortic tension 
test and collagen gel contraction assay) in the present study.

Figure 2. Concentration‑response curves for the relaxation induced by different farrerol derivatives in isolated rat aortic rings pre‑contracted with PE. 
(A) Original tension recording of the vasorelaxation induced by cumulative addition of farrerol derivatives on rat aortic rings pre‑contracted with 1 µM PE. 
When the precontraction was sustained, different concentrations (1, 3, 10, 30 and 100 µM) of farrerol derivatives, positive control quercetin or vehicle were 
added to achieve the appropriate concentrations. (B) Pooled data (mean ± standard deviation; n=6). Vasorelaxations were expressed as percentages of the 
pre‑contraction induced by 1 µM PE. The farrerol derivatives were presented in Table I (a1‑a4, b1‑b3, c1‑c2, d1‑d2, e1‑e3). *P<0.05 and **P<0.01 vs. vehicle 
group; #P<0.05 vs. quercetin group. PE, phenylephrine.
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Figure 3. Effects of different farrerol derivatives on collagen gel contraction. (A) A representative photograph of collagen gel contraction. Ang II (10 ng/l) 
caused collagen gel/VSMCs contractions, which were attenuated by farrerol derivatives or positive control quercetin in a concentration‑dependent manner 
(3, 10 and 30 µM) and were relatively unaffected by DMEM (magnification, x100). (B) Comparisons of the collagen gel surface area following the application 
of different farrerol derivatives, positive control quercetin or DMEM. Changes in collagen gel surface area were expressed as the ratio of the experimental gel 
area to that of the untreated control. Three different fields were analyzed for each experiment that was performed (n=3). The farrerol derivatives were presented 
in Table I (a1‑a4, b1‑b3, c1‑c2, d1‑d2, e1‑e3). *P<0.05 and **P<0.01 vs. DMEM group; #P<0.05 vs. quercetin group. Ang II, Angiotensin II; VSMCs, vascular 
smooth muscle cells; DMEM, Dulbecco's modified Eagle's medium.
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Our previous research confirmed that farrerol could relax 
precontracted rat aortic rings and inhibit contractions produced 
by a vasoconstrictor (13). Furthermore, it was demonstrated that 
farrerol could reduce [Ca2+]in in cultured VSMCs by laser scan-
ning confocal microscopy and suppress Ca2+ influx via L‑type 
voltage gated Ca2+ channel via the patch clamp technique (13). 
These results suggested that the antihypertensive effect of 
farrerol could be explained by the direct vasodilatory effect of 
farrerol on VSMCs. VSMCs serve an important role in main-
taining blood pressure and facilitating the flow of nutrients in 
the body (19). PE could cause aortic contraction by Ca2+ influx 
through reactive oxygen cluster (ROC) and by the release of 
Ca2+ from the sarcoplasmic reticulum (20,21). In our previous 
experiments, farrerol relaxed the precontraction in the rat aortic 
rings induced by PE, implying that farrerol may decrease Ca2+

 

influx by blocking ROC and inhibiting Ca2+ release from the 
sarcoplasmic reticulum (13). In the present study, farrerol deriv-
atives were evaluated for their vasodilatory effect on rat aortic 
rings precontracted by PE. The results demonstrated that all of 
the examined farrerol derivatives exhibited a vasorelaxation 
effect in rat aortic rings; however, the vasorelaxation activity 
varied between the derivatives. Compounds c1, d1 and b1 
exhibited high vasorelaxation activity, the maximum relaxation 
percentages were 98.44±5.41, 96.38±3.65 and 98.34±5.01%, 
respectively (RC50=12.85, 15.12 and 14.68 µM, respectively). The 
results indicated that compounds are more likely to have posi-
tive vasorelaxation activity if they have an electron‑withdrawing 
substituent in the ortho position of the phenyl group (ring B). 
This is due to compounds c1 and d1, which have an ortho 
nitro group on the B ring, having the strongest vasorelaxation 
activity; whereas, compounds c2 and d2, with a para electron 
withdrawing group, displayed weak vasorelaxation activity. 
Notably, when there was no substituent on the B ring (b1), the 
compound could also exert good vasodilatation activity.

In the present study, it was also revealed that compounds 
a1‑a4 and e1‑e3 exhibited a vasorelaxation effect on precon-
tracted rat aortic rings. The results indicated that an ortho 
electron‑withdrawing substituent is crucial for the vaso-
relaxation activity, whereas, a hydroxyl or methoxy group 
is unfavorable. A number of studies have reported that the 
extra hydroxyl group present in the flavanone at the C3 posi-
tion is important for vascular activity as they have greater 
vasorelaxation effects. In addition, the pattern of substitu-
tion of hydroxyl groups on the A and B rings of compounds 
also influences activity  (22,23), particularly substitution 
on the B ring, as flavonols with a C3', 4' diOH or C3', 4',5' triOH 
orientation exhibited weak vasodilation activity (24). A para 
electron‑withdrawing group or an electron‑donating group 
could also decrease the anti‑tumor activities of farrerol deriva-
tives in vitro (11). As demonstrated in the present study, the 
results indicated that a para electron‑donating group increased 
the vasorelaxation effect, as compounds a1 and e2 exhibited 
high vasodilation activity. In addition, when the heterocycle is 
a B ring instead of a phenyl group, the vasorelaxation ability of 
compounds b2 and b3 were weaker than b1. The results indi-
cated that a heterocycle was unfavorable for relaxation activity. 
Furthermore, the relaxation effect was greatly influenced by 
the molecular structure of the different farrerol derivatives.

Unimpaired VSMC function is essential for the main-
tenance of life. In the present study, using a collagen gel 

contraction assay, the inhibitory effect of farrerol derivatives in 
decreased collagen gel area induced by Ang II was examined. 
Ang II has been reported to be associated with cardiac growth 
and hypertensive disease  (25,26). The farrerol derivatives 
examined in the present study were able to inhibit collagen 
gel/VSMC contraction in a concentration‑dependent manner, 
and the inhibitory strength of different farrerol derivatives was 
also consistent with the results of the myogenic experiments. 
Furthermore, the inhibitory activity of farrerol derivatives on 
collagen gel/VSMC contraction were enhanced by an ortho 
electron‑withdrawing substituent or a para electron‑donating 
group on the B ring, but were weakened by a para electron 
withdrawing group or a heterocycle on the B ring as opposed 
to a phenyl group.

Based on the structure‑activity associations of farrerol 
derivatives established in the present study, it was hypothesized 
that an ortho electron‑withdrawing substituent may be crucial 
for the vascular activity of the farrerol derivatives, whereas, 
a hydroxyl or methoxy group may be unfavorable. A para 
electron‑donating group increased the activity of the examined 
compounds. Meanwhile, it was unfavorable for compound 
activity when the heterocycle was on the B ring, as opposed to 
a phenyl group. Further in vivo and in vitro tests of different 
farrerol derivatives are currently underway. These will provide 
important information for further structure modifications and 
the results of the present study will hopefully provide a basis 
to develop novel anti‑cardiovascular drug candidates. The 
molecular structure of farrerol contains an S configuration; 
however, the S configuration and its determination have yet 
to be investigated. In the future research, we will confirm the 
enantiopurity of farrerol derivatives by typical polarimetric 
techniques in order to elucidate whether they interact with 
raceme or enantiomers. In the present study, the main focus 
was on the structure‑vasodilatation activity associations of 
farrerol and its derivatives on the isolated aortic rings and rat 
aorta VSMCs. Our ongoing research will further explore the 
mechanism of farrerol derivatives relaxing the aorta in rats.

In conclusion, the type and position of the substituents on 
the B ring serve an important role in the relaxation activity of 
farrerol derivatives. An ortho electron‑withdrawing substituent 
was crucial for the activity of the farrerol derivatives, whereas 
a hydroxyl or methoxy group was unfavorable. A para 
electron‑donating group could increase the activity of the 
compounds. In the future, the group will continue to synthesize 
the corresponding derivatives with ‑NH2 or ‑SO3H in the ortho 
or para positions. In addition, the heterocyclic structure was 
unfavorable for compound activity when the heterocycle was on 
the B ring instead of a phenyl group. The effects of compounds 
with different hydroxyl and vinyl groups in the C ring should 
also be considered; thus, the group will continue to modify 
the C ring to acquire highly active compounds. The present 
study only investigated the structure‑activity associations of 
a racemate mixture of farrerol derivatives on the rat aorta. In 
future experiments, enantiomers from farrerol derivatives will 
be separated and studied to elucidate their vasorelaxant activity 
in rat aortas.

The results of the present study have facilitated the identifica-
tion of the structural characteristics that promote the vasorelaxation 
activity of farrerol derivatives, which may lead to the development 
of agents useful in the treatment of cardiovascular disease.
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