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Background: Formononetin (FMN) is an isoflavone that produces arterial vasodilation.
However, the underlying molecular mechanisms are unclear.

Purpose: The purpose of this study was to explore the vasorelaxant effect and the potential
mechanism of FMN in vascular endothelium in isolated rat aorta.

Methods: The thoracic aortas of Sprague Dawley rats were isolated to test the arterial
reactivity in the presence of FMN with or without inhibitors. Bioinformatics analyses, including
a Bioinformatics Analysis Tool for Molecular Mechanism of Traditional Chinese Medicine and
molecular docking methods, were performed to predict therapeutic targets responsible for the vas-
cular protection produced by FMN. We used rat aortic endothelial cells (RAOECsS) as an in vitro
model to verify the potential mechanism through molecular biological analyses. The production of
nitric oxide (NO) metabolites were evaluated via an NO assay kit according to the manufacturer’s
instruction. The mRNA expression of eNOS was analyzed by polymerase chain reaction, and the
protein levels of PTEN, phosphorylated Akt, and eNOS were measured by Western blot.
Results: We found that FMN dilated rat aortic rings in a concentration-dependent manner,
which was reduced by endothelium denudation and eNOS inhibition. The bioinformatics analy-
ses indicated that FMN activity was associated with the PI3K/PTEN/Akt signaling pathway.
Molecular biological studies demonstrated that FMN significantly elevated the levels of NO
and eNOS mRNA and markedly increased the protein expression of phosphorylated Akt and
eNOS in RAOECs, and decreased PTEN compared with a dimethyl sulfoxide group.
Conclusion: FMN performs vasorelaxation of the thoracic aorta through activating the PI3K/
PTEN/Akt signaling pathway.

Keywords: formononetin, vasodilation, PI3K/PTEN/Akt, nitric oxide, Chinese herbal

medicine

Introduction

Increased vasoconstriction largely results in hypertension.! Hypertension is present in
more than 1 billion people worldwide.? It ranks as the number 1 cardiovascular risk factor
for death.? In China, hypertension prevalence has doubled in the past decade and affects
more than 300 million Chinese people.* Despite official guidelines and the application
of different antihypertensive drug classes, merely 34% of hypertensive patients manage
their blood pressure satisfactorily.>® Thereby, the development of new medications for
the treatment is in high demand.” However, the underlying causal mechanisms behind the
pathology of essential hypertension remains unclear.® Recent research studies concerning
vessel endothelial cells, an initiating factor and carrier of the “endothelium-hypertension-
cardiovascular event” chain, has attracted growing attention.’!!
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Healthy endothelium is a major regulator of vascular tone
and structure, secreting molecules that cause vessel relax-
ation and/or contraction.!? The loss of healthy endothelial
function is referred to as “endothelial dysfunction,” and this
plays a crucial role in the pathogenesis of hypertension.'
In endothelial dysfunction, the balance between vasodilating
and vasoconstricting substances is altered, leading to an
apparent reduction in endothelium-dependent relaxation. 413
The best-characterized endothelium-derived relaxing factor
is nitric oxide (NO). Abnormalities in vascular NO avail-
ability not only impair endothelium-dependent vasodilation
but also result in a pro-inflammatory, prothrombotic, and
pro-coagulant endothelial phenotype.'®

A recent study has reported that formononetin (FMN;
Figure 1) can enhance NO production and improve endothelial
function.'”” FMN is a methoxylated isoflavone and is repre-
sented abundantly in the Chinese herbal medicine (CHM)
Astragalus membranaceus Bunge.'® Herbs containing FMN
have been widely used to relieve hypertension-related signs
and symptoms.'” Moreover, many FMN-rich complementary
and alternative remedies, such as QiLiQiangXin capsules,
QiShenYiQi pills, and NaoXinTong capsules, have become
commercially available for treating hypertension.?’-22
The antihypertensive effect induced by FMN includes
the downregulation of o -adrenoceptors and 5-HT,,, .
receptors.?® Other studies have demonstrated that FMN
evokes endothelium-dependent relaxation in rat arterial rings
via the upregulation of NO in arterial endothelium through
the MAPK pathway, as well as through the stimulation of
potassium channels.?** However, the precise molecular
mechanisms need to be further elucidated.

In the current study, we determined the vasoprotective
role of FMN in rat thoracic aortas. On this basis, we sought
to use a Bioinformatics Analysis Tool for Molecular Mecha-
nism of Traditional Chinese Medicine (BATMAN-TCM),
a well-recognized bioinformatics analysis tool for CHM,
to assess the underlying molecular mechanism of FMN
in affecting vascular function (BATMAN-TCM website:
http://bionet.ncpsb.org/batman-tem).??’ We used a docking

simulation to show an effective interaction between FMN
and the drug target. Further molecular biological approaches

Figure | Chemical structural of 7-hydroxy-4"-methoxyisoflavone (formononetin).

(NO release assay, quantitative reverse transcription PCR
[qRT-PCR], and Western blot) were applied to validate this
prediction.

Taken together, our findings suggest that FMN increases
NO production via the PI3K/PTEN/Akt signaling pathway.
This work provides a potential route in the development of
FMN for antihypertension treatment.

Materials and methods

Drugs and reagents

FMN was supplied by Yuanye Biotechnology Co. Ltd
(Shanghai, China). Acetylcholine (ACh), and NS-nitro-
L-arginine methyl ester (L-NAME) were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA). Dimethyl sul-
foxide (DMSO) was purchased from Dingguo Changsheng
Biotechnology Co. Ltd (Beijing, China). The other reagents
were of analytical grade.

Animals

Male Sprague Dawley rats weighing 240-300 g, specific
pathogen free, were obtained from the Experimental Animal
Center of Hunan Agricultural University, China. The rats
were housed at 25°C, with a 12 hours light/dark cycle and
with free access to water and food for 2 weeks prior to the
experiments. All experimental steps complied with the
Central South University guidelines for the care and use of
animals and were approved by the Medical Ethics Committee
of Central South University.

Preparation of aortic rings

The animals were euthanized through cervical dislocation,
and the thoracic aorta was rapidly dissected and placed in 4°C
Krebs—Henseleit (K-H) solution pre-gassed with 95% O, and
5% CO,, which resulted in a physiological pH at 7.4. K-H
solution was composed of the following: NaCl 118 mM, KCl
4.7 mM, KH,PO, 1.2 mM, MgSO, 1.2 mM, CaCl, 2.9 mM,
NaHCO, 25 mM, glucose 11 mM, and EDTA-Na, 0.5 mM.
The aorta was removed from connective tissues and fat, and
then cut into aortic rings (2—3 mm in width). To remove the
endothelium, aorta was scraped twice using sterile cotton
sticks. The aortic ring was fixed by using two stainless steel
triangular brackets and suspended in a 10 mL isolated organ
bath filled with K-H solution with 95% O,, 5% CO, and main-
tained at 37°C. The aortic ring was equilibrated for 1 hour at
a resting tension of 2 g. During the equilibration period, the
K-H solution was changed every 15 minutes. One bracket
was attached to a tension transducer (BIOPAC TSD125C,
Goleta, CA, USA) and connected with a physiological data
acquisition and analysis system (BIOPAC System MP150,
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Goleta, CA, USA) to record data. The endothelium-intact
aortic ring was balanced in 60 mM KCI, and then induced
to relax by 10 uM ACh three times. Endothelial integrity
was confirmed if the vasodilatation was much more than
80% compared with the vasoconstriction. For the scraped
aortic ring, vasodilatation of less than 5% met the standard
of endothelium denudation.

Measurement of vasorelaxation

To determine the endothelial relaxant responses of FMN,
endothelium-intact and endothelium-denuded aortic rings
were precontracted using 60 mM KCIl. For studying the role
of eNOS, tissues were pretreated with 10 M L-NAME for
30 minutes. After rings reached a balancing arterial tension,
FMN was subsequently added into bath at an increasing
concentration gradient of 10~ to 10~ M, and a concentration—
effect curve was recorded.

Bioinformatics analysis by BATMAN-TCM
BATMAN-TCM was undertaken to identify possible
mechanisms of FMN. The PubChem CID was submitted to
BATMAN-TCM, and then potential KEGG pathways and
diseases associated with FMN were listed on the website.

Molecular docking

The crystal structure of PTEN (PDB ID: 1D5R) was down-
loaded from the RCSB Protein Data Bank. The 3D structure
of FMN was obtained from PubChem Compound (PubChem
CID: 5280378). The molecular modeling program Auto-dock
software (version 4.2) was used to identify the main binding
sites between FMN and PTEN through docking simulation.
The initial protein was prepared by removing all the water
molecules and adding all the hydrogen atoms. Grids centered
on active sites were set at 62x64x40 with a grid spacing of
0.375 A. The detailed parameters were set as follows: the
ligand parameters including user-specified initial position and
initial relative dihedral offset were set to random. The dock-
ing run options were applied by using defaults. In addition,
genetic algorithm was used in the docking process.

Cell culture

Rat aortic endothelial cells (RAOECSs) were purchased from
Pricells (Wuhan, China). RAOECs were harvested using
0.125% trypsin-EDTA for 1 minute. The cell suspension
(cell count: 1x1073/mL) was cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10 mL of fetal bovine
serum in a 37°C incubator with 5% CO,. The medium was
replenished every 1-2 days. RAOECs from the third passage
were used.

NO release assay

Because NO is a relatively labile-free radical with an
in vivo half-life of <5 seconds, the concentration of NO
is determined accurately by measuring nitrite (NO,) and
nitrate (NO,"). RAOECs were inoculated in 24-well plates at
600 pL/well and were cultured ina 37°C, 5% CO, incubator
for 12 hours, and the medium was then changed to serum-
free medium for 6 hours. Then, DMSO, FMN, and L-NAME
were added to the corresponding groups. The supernatant
in each group was collected, and an NO assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) was
used to evaluate the level of NO metabolites.

qRT-PCR
Total RNA was isolated from RAOECs with Trizol. cDNA
was synthesized using 3 ug of each sample and a reverse
transcription assay kit in accordance with the manufacturer’s
protocol (Fermentas Co., CA, USA). PCR amplification was
performed for 10 minutes at 95°C, and then for 40 cycles
of 5 seconds at 95°C, 30 seconds at 56°C, and 30 seconds
at 72°C. B-Actin was measured as an internal control.?® The
following primers (Genscript, Nanjing, China) were used
(5" to 3%): eNOS F: CGACTATCCTGTATGGCTCTGAG,
eNOS R: GATCCCCATTGCCAAATGTGC, B-actin F:
CATCCTGCGTCTGGACCTGG, and B-actin R: TAAT
GTCACGCACGATTTCC. The relative gene expression in
the test group and the control group was assessed using the
comparative threshold cycle (Ct) method.

Western blot assay

RAOECs were lysed in RIPA buffer on ice for 30 minutes.
The lysates were then centrifuged at 12,000 rpm for 5 minutes
at 4°C to collect supernatants. Protein concentrations in
the supernatants were measured using a bicinchoninic acid
assay. Protein samples were separated through sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride. The proteins were
incubated with primary antibodies (p-eNOS, Cell Signal-
ing Technology, Danvers, MA, USA, CST#9574; eNOS,
Abcam, Cambridge, UK, ab5589; PTEN, Abcam, ab32199;
p-Akt, Cell Signaling Technology, CST4060; Akt, Bioworld,
Nanjing, China, AP0059; and B-actin, Proteintech, Rosemont,
IL, USA, 60008-1-Ig). The membrane conjugated antibod-
ies were detected by super chemiluminescence reagent plus
(Pierce, Rockford, IL, USA) and visualized after exposure
to X-ray film.

Statistical analysis
All data are expressed as mean * standard error of the
mean (SEM) and n denotes the number of rings obtained
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from different rats. Relaxation is expressed as a decreasing
percentage of the KCl contraction level. R represents the
maximal relaxation induced by FMN. Significant differences
were analyzed using one-way ANOVA with Tukey’s mul-
tiple comparison post hoc test or two-way ANOVA followed
by a Dunnett’s test. The EC, values refer to the concentra-
tion required to produce 50% of R and were calculated
by nonlinear regression analysis using GraphPad Prism 7
(GraphPad Software, Inc., La Jolla, CA, USA). A value of
P<0.05 was regarded as statistically significant.

Results

FMN leads to the vasodilatation in rat
thoracic aortic rings

We examined the vasorelaxant effect of FMN on endothelium-
intact rat aortic rings. Figure 2 showed that FMN induced
dose-dependent vasodilation with KCIl precontraction.
The R and EC,  values of control were 77.0%%3.1%,
107.2211.9 uM, respectively. The DMSO group did not
demonstrate an obvious relaxation effect. The removal of
endothelium markedly reduced the relaxation effect of FMN

A
v VvV v
A FMN (LgM)
DMSO KCI
KCl
DMSO Control
-8 -7 -6 -8 -7 -6 -5
v v —v5 » AR
v \
-3
-3
v -\k_
A A
A FMN (LgM) - FMN (LgM)
Endo L-NAME
B —
0 — _
20 4
S
c .
8% .
=)
©
X
)
()
Y 60 -
—— DMSO .
—A— Control ok
—8— Endo -
80 ~ —— -NAME
-8 -7 -6 -5 -4 -3
FMN (LgM)

Figure 2 Effect of DMSO or cumulative doses of FMN on the relaxation of rat aortas (precontracted by 60 mM KClI), either with or without endothelium (endo) or with

(L-NAME).

Notes: Representative traces show the vasorelaxation produced by FMN in KCl-precontracted aortic rings (A). Concentration—relaxation curves of FMN in intact or
denuded aortic rings (B). Data are expressed as percentage of increasing relaxation level, mean + SEM, n=4. *P<0.05, **P<0.01 vs control.
Abbreviations: DMSO, dimethyl sulfoxide; FMN, formononetin; L-NAME, NC-nitro-L-arginine methyl ester; SEM, standard error of the mean.
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(R, =62.4%12.5%, EC, =301.3+28.4 uM). This suggested
that the vascular dilation produced by FMN was endothelium
dependent. Next, we measured whether endothelium-derived
NO was related to this vasorelaxation. L-NAME, as a non-
specific NO synthase inhibitor,” significantly suppressed
FMN-evoked relaxation in endothelium-intact aortic rings
(R, =59.2%+2.8%, EC, =411.0£46.2 uM). eNOS played
a pivotal role in the endothelium-dependent vasodilatation
of FMN.

The PI3K/PTEN/Akt signaling pathway is

predicted by bioinformatics analyses
BATMAN-TCM provided valuable clues for potential path-
ways responsible for the antihypertensive effect of FMN. As
shown in Figure 3A, bioinformatics analysis of the KEGG
pathway predicted the PI3K-Akt signaling pathway as one of
the candidate therapeutic mechanisms. To help us understand
the mechanism further, molecular docking studies were car-
ried out using Auto-Dock software. PTEN is known to be
a negative regulator of the PI3K/AKT pathway in vascular
smooth muscle cells and endothelium.** PTEN has lipid
phosphatase activity and converts phosphatidylinositol-3,4,5-
triphosphate (PIP,) to phosphatidylinositol-4,5-biphosphate
(PIP,) and antagonizes the PI3K signaling pathway.*!
Therefore, we performed a molecular docking experiment to
analyze the interaction between FMN and PTEN. The data
shown in Figure 3B and C indicated that FMN could form
H bonds with carboxyl oxygen residues of ARG-130, CYS-
124, LYS-128, and LYS-330. The total binding free energy
was —7.39 kcal/mol. The good interaction between FMN and
PTEN showed that FMN might be a potential PTEN agonist.
Therefore, we concluded that FMN may positively modulate
PI3K/Akt signaling and lead to the vasodilation of aortic rings
through inhibiting the function of PTEN.

FMN increases NO production and

eNOS expression

As shown in Figure 4A, no statistically significant difference
was found between the blank group and the DMSO group.
FMN increased the NO level in RAOECs significantly
compared with the DMSO group, which was similar to the
vasorelaxation result. In the presence of L-NAME, the NO
concentration decreased markedly compared with the FMN
group. These results suggested that FMN improved NO
release, and this process could be abolished by L-NAME.
To determine the potential roles of eNOS and its upstream
regulators, we measured the mRNA and protein expression

of eNOS. As shown in Figure 4B and C, FMN also affected
the phosphorylation of eNOS, and L-NAME markedly
inhibited p-eNOS expression. Moreover, it was observed
that the eNOS mRNA level was significantly elevated by
FMN treatment (Figure 4D). However, this effect could be
reversed by L-NAME.

FMN inhibits PTEN expression and

elevates Akt phosphorylation

To further verify whether the PI3K/PTEN/Akt pathway
modulates NO activity, we examined the levels of phos-
phorylated pathway proteins. The results (Figure SA and B)
showed that PTEN protein levels were significantly decreased
in cells treated with FMN compared with DMSO-treated
cells. In contrast, p-Akt protein levels were elevated in cells
expressing FMN (Figure 5A and C). These results suggested
that FMN promoted the activation of the PI3K/Akt pathway
by downregulating PTEN.

Discussion

In the present study, we evaluated the potential role of FMN
in ameliorating the KCl-induced vasoconstriction of rat arte-
rial rings. Bioinformatics analyses revealed that the PI3K/
PTEN/Akt pathway was involved in this process. This link
was confirmed using molecular biological techniques, includ-
ing NO production assays, qRT-PCR, and Western blotting.
To the best of our knowledge, this is the first investigation to
delineate the detailed effects of FMN in activating the PI3K/
PTEN/Akt signaling pathway (Figure 6). The current work
reveals the underlying mechanisms of FMN in modulating
vascular tone.

Vascular relaxation is particularly important in opposing
vasoconstriction for homeostatic balance and reducing the
impact of hypertension.*? Similar to a previous study,'” we
found that FMN attenuated KCl-mediated pre-constriction of
the aorta in a dose-dependent manner. Mechanical removal
of the endothelium and addition of L-NAME suppressed
this effect, which confirmed the endothelium/NO-related
vasorelaxant effect of FMN. The ability of FMN to induce
endothelial- and NO-dependent vasodilation has been dem-
onstrated in several studies.?*?>** It has also been established
that the PI3K/Akt pathway plays a critical role in eNOS
expression and NO production.’** Thus, we focused on the
probable vasodilative effect of FMN and its interaction with
the PI3K/Akt signaling pathway in the current study.

Accordingly, we hypothesized that FMN might pro-
duce an antihypertensive effect through improving the
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Abbreviations: CHM, Chinese herbal medicine; FMN, formononetin; KEGG, Kyoto Encyclopedia of Genes and Genomes; OMIM, Online Mendelian Inheritance in Man;

TTD, Therapeutic Target Database.

production of NO in the endothelium via the PI3K/Akt
pathway. Recently, accumulating evidence shows that the
in silico prediction of drug—target interaction is a feasible
and powerful way to discover novel drug candidates.?®3¢7

BATMAN-TCM, the first online bioinformatics analysis
tool specifically designed for studying the molecular mecha-
nisms of CHM, appeared to be well suited for the current
study. Using this analytical method, we predicted PI3K/Akt
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Abbreviations: DMSO, dimethyl sulfoxide; eNOS, endothelial nitric oxide synthase; FMN, formononetin; L-NAME, NS-nitro-L-arginine methyl ester; NO, nitric oxide; NS,
not significant; p-eNOS, phosphorylated endothelial nitric oxide synthase; RAOECs, rat aortic endothelial cells; SEM, standard error of the mean.
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Abbreviations: DMSO, dimethyl sulfoxide; eNOS, endothelial nitric oxide synthase; FMN, formononetin; NO, nitric oxide; NS, not significant; RAOECs, rat aortic
endothelial cells; SEM, standard error of the mean.
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Notes: FMN is absorbed into the endothelium and targeted PTEN leading to the phosphorylation of PI3K/Akt. NO is synthesized by eNOS, which diffuses to affect the
VSMCs and exerts vasorelaxant effects through a series of reactions. This endothelium-dependent vasodilation can be inhibited by L-NAME.

Abbreviations: EC, endothelial cell; eNOS, endothelial nitric oxide synthase; FMN, formononetin; L-NAME, NS-nitro-L-arginine methyl ester; NO, nitric oxide; PIP,,
phosphatidylinositol-4,5-biphosphate; PIP,, phosphatidylinositol-3,4,5-triphosphate; VSMC, vascular smooth muscle cell.

signaling as highly likely to be functional pathway, which
is consistent with our hypothesis. Molecular docking, which
has an important and promising role in drug discovery,* was
used to dig out the potential pharmacological targets of FMN.
We performed a computational molecular docking experi-
ment to evaluate the interaction between FMN and PTEN.
The data showed that FMN demonstrated significant binding
activity with PTEN. Therefore, FMN may be regarded as a
PTEN suppressor, which promotes aortic relaxation via the
acceleration of eNOS and NO expression through PI3K/
Akt signaling.

The PI3K/Akt signaling pathway is a complex network
that regulates cellular pathways involved in a myriad of
physiological and pathological conditions.** Akt is primarily
activated through the modulation of upstream PI3K. The
degree of phosphorylated Akt indirectly reflects the levels
of active PI3K.* PI3K catalyzes the production of PIP, from
PIP,, resulting in the phosphorylation of Akt and other down-
stream substrates.*! This activity is counteracted by PTEN,
the main endogenous PI3K blocker, which dephosphorylates
PIP, at the D3 position.* NO, as a key cardiovascular regu-
lating factor, is able to expand blood vessels. On the other
hand, NO inhibits the adhesion of platelets, the activation
of leukocyte chemotaxis, and the proliferation of vascular
smooth muscle cells.* Stimulation of Akt enhances the activ-
ity of eNOS by phosphorylating serine at 1,177 and triggers
the release of NO.* To test our hypothesis, we chose a 30 uM
concentration for all subsequent experiments in accordance
with the dose-dependent dilation of FMN. FMN augmented
cellular NO production via eNOS phosphorylation, which
is evident from the suppression of this effect by L-NAME.

Hence, we propose that the protective effect of FMN on
endothelium, at least in part, is attributable to its activation of
the eNOS/NO pathway. Moreover, FMN treatment decreased
PTEN, while increasing Akt phosphorylation. The data indi-
cate that this mechanism is PI3K/PTEN/Akt-dependent.

Conclusion

In summary, FMN exerts a vasodilatory action in the rat
thoracic aorta partly through activating the PI3K/PTEN/
Akt pathway. This study provides an insight into the
molecular mechanisms of FMN and could help in developing
antihypertensive treatment.
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