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ARTICLE INFO ABSTRACT

Keywords: Aims: The structure-vasorelaxant activity relationships (SARs) assessment in previous study has found that trans-
Antihypertensive 3,4,4'-trihydroxystilbene (3440H) could potentially act as a vasorelaxing agent with demonstration of over 2-
Re'sve‘at.ml analogue fold maximal relaxation (Ryax) compared to its analogue, resveratrol. The present study focuses on the mech-
::;Tcet?;;:lactivity relationship anism of actions and pathways employed by 3440H and compared to its analogue to further speculate the SAR of
Vasorelaxation stilbenoids towards vasorelaxation.
Materials and methods: The 3440H employed in present study was synthesized based on the protocol in previous
study. The vascular responses towards the cumulative addition of 3440H were evaluated using in vitro rat aortic
rings assays.
Key findings: The pECsp and Rpax values were found to be 4.33 + 0.05 and 106 + 3.99%, respectively. Results
showed that the vasorelaxation of 3440H were predominated by G-protein-coupled muscarinic- (M3) and f2-
adrenergic receptors, followed by PGIy/AC/cAMP- and NO/sGC/cGMP-dependent pathways. It was also iden-
tified that 3440H employed voltage-activated- (Ky), calcium-activated- (K.,) and inwardly-rectifying (Ki,) po-
tassium channels and act as an antagonist for both VOCC and IP3R while regulating the action potential in the
vasculature.
Significance: The different position of hydroxyl substituent located in A-ring of the stilbenoid backbone in 3440H
compared to resveratrol resulted in a significant difference in mechanistic actions that lead to 3440H’s fast-
acting and less time-dependent vasorelaxation behaviour. This has substantially increased the potential of
3440H to be developed as an effective antihypertensive drug in future. Present findings further strengthen our
inferences where the SARs study approach should be carried out as the mainstream methodology in future drug
development research.

1. Introduction a persistently elevated pressure within the walls of the blood vessels and
is technically diagnosed when the blood pressure is above 140/90
Hypertension is defined by the World Health Organization (WHO) as mmHg. It has always been and will always be the cornerstone risk factor

Abbreviations: 2-APB, 2-aminoethoxydiphenyl borate; 3440OHtrans, 3,4,4'-trihydroxystilbene; 4-AP, 4-aminopyridine; AC, adenylyl cyclase; ACE2, angiotensin-
converting enzyme 2; Ach, acetylcholine; ARASC, Animal Research and Service Centre; BaCl,, barium chloride; f,, beta-adrenergic receptor; COX, cyclooxygenase;
EGTA, ethylene glycol tetra-acetic acid; eNOS, endothelial nitric oxide synthase; K,, calcium-activated potassium channel; cAMP, cyclic adenosine monophosphate;
c¢GMP, cyclic guanosine monophosphate; Cp,.x, maximal contraction; GPCRs, G-protein-coupled receptors; IACUC, Institutional Animal Care and Use Committee;
IP3R, Inositol triphosphate; Kj;, Inwardly-rectifying potassium channel; Ky, voltage-activated potassium channel; L-NAME, No-nitro-L-arginine methyl ester hy-
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Fig. 1. Trans-3,4,4'-trihydroxystilbene.

for cardiovascular conditions within our community. Based on the latest
reports from WHO, it is postulated that 15% of the population world-
wide has hypertension which translates to approximately 1.13 billion
people. With this significant number of people who are affected by the
condition, it is not surprising that our research community and the
healthcare team have always been on a look out for the best practices in
management of this condition. However, even with endless resources
and manpower motivated in finding the solution for hypertension, there
is still gap in its management and the numbers of patients seen to be on
the rise. Despite the evolution in antihypertensive medication with close
to 200 available choices in the market, it is by far one of the most
challenging topics for global scientist as there is not a single agent that is
able to be the front cover solution to effectively manage the blood
pressure to its optimal levels [1-3]. Therefore, most clinical practice
guidelines recommend combination therapies whereby different classes
of antihypertensive are introduced to a single patient to execute the
blood pressure lowering effects using multiple pathways. It is a better
approach as compared to monotherapy management as the employment
of different mechanism of actions allow for better elicitation of vaso-
relaxant effects. However, with the increment in number of drugs that
the patients are exposed to, there is a simultaneous increment in po-
tential side effects that our patients will have to manage and live with.
Thus, there has yet to be a clear solution where an agent is able to exhibit
optimal blood pressure lowering abilities with minimal adverse drug
reactions [4,5].

With the recent outbreak of Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) that resulted in a worldwide pandemic
since the end of 2019, it has reignited and instigated the attention of
scientists worldwide back to the antihypertensive studies due to
increasing evidences pointing the finger towards hypertension as one of
the most prevalent co-morbidity in COVID-19 patients [6-10]. Recent
findings claimed the angiotensin-converting-enzyme 2 (ACE2) can
potentially mediate the entry of SARS-CoV-2 into the host cells [11].
Therefore, employment of renin-angiotensin-aldosterone system (RAAS)
inhibitors which includes ACE inhibitors such as lisinopril and angio-
tensin receptor blockers such as losartan which are most frequently used
first line antihypertensive medications currently in the market may lead
to higher SARS-CoV-2 infectivity and severe virulence in the ongoing
Covid-19 pandemic [12-15]. Besides that, there was another report
demonstrating that the replacement of antihypertensive drugs to the
patient diagnosed with COVID-19 had eventually lead to lethal out-
comes [16].

Looking deeper into the development of antihypertensive agents, the
most crucial investigated characteristics would be the vasorelaxant ef-
fects of the compound. Thus, all compounds with potential vaso-
relaxation abilities will be tested in vitro before proceed to in vivo study
to understand the potential effects they may exhibit on the blood vessels
[3]. There is a rallying team globally that has tested the vasorelaxant
effects of hundreds of phytochemicals over the past three decades.
However the outcome was not encouraging with only a limited number
of these compounds are successfully adapted into current medical
practices [17]. Majority of these research and studies were applying
conventional research techniques which means exhaustingly searching
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for undiscovered compounds followed by assessing the potential vaso-
relaxant activity and their potential pharmacological effects [3]. Seeing
that it has not produced fruitful results, we strongly propose an alter-
native approach that could add value to previous vascular tone-related
research findings by investigating the structure-vasorelaxant activity
relationships (SARs) of each category of phytochemicals through a series
of chemical derivatives synthesis and in vitro screening approaches.
With this proposed methodoloy, in our recent studies, we had revealed
that the tri-hydroxy structure with ortho- occupied position in stilbenoid
compounds plays crucial roles to induce stronger vasorelaxant effect and
thus producing a new strong vasorelaxant compounds, trans-3,4,4’-tri-
hydroxystilbene (3440H) (IUPAC name: (E)-4-(4-hydroxystyryl)ben-
zene-1,2-diol) (Fig. 1) which was successfully synthesized via the
Witting reaction [18,19].

This newly synthesized compound demonstrated a very strong vas-
orelaxant activity upon single concentration (0.08 mg/ml) application
with at least 2-fold the maximal relaxation (Rpay) value achieved in
comparison with its analogue, resveratrol [18]. According to the effi-
cient concentration (pECso) value reported by Tan et al., resveratrol is
considered as the second strongest vasorelaxing agent till date compared
to all other studied phytochemicals [3,20]. Thus, we strongly believe
and hypothesized that 3440H could be the new lead vasorelaxing agent
that demonstrated excellent vasorelaxant activity over the resveratrol.
Therefore, our present study was designed to determine the pECso and
Rmax values upon cumulative addition of 3440H using the “golden tool”
of antihypertensive drug development method; isolated thoracic aortic
ring assay in vitro followed by thoroughly investigating the key mech-
anism pathways elicited by 3440H to allow for production of such
promising vasorelaxant effect including the endothelium-dependent and
independent, enzyme-linked and channel-linked receptors pathways
[21].

2. Methods
2.1. Preparation of chemicals

Acetylcholine chloride (Ach) and phenylephrine hydrochloride (PE)
were both purchased from Acros Organics in Belgium. 4-aminopyridine
(4-AP) was purchased from Merck, Germany while ethylene glycol tetra-
acetic acid (EGTA) and methylene blue (MB) were all obtained from
Promedipharm Sdn. Bhd., Malaysia. No-Nitro-L-arginine methyl ester
hydrochloride (L-NAME), tetraethyl ammoniumchloride (TEA), barium
chloride (BaCly), propranolol hydrochloride, and atropine were bought
from the same supplier - Sigma Aldrich, USA. All these chemicals
mentioned were dissolved in distilled water using the micropipette
(Eppendorf, Malaysia) to form a solution. On the other hand, materials
such as indomethacin, glibenclamide, 2-aminoethoxydiphenyl borate
(2-APB), 1H-[1,2,4]oxadiazolo[4,3,-alquinoxalin-1-one (ODQ) that
were obtained from Sigma Aldrich, USA and nifedipine that was pur-
chased from Acros Organics, Belgium were dissolved using <1% of
Tween 80. Resveratrol was purchased from Fortochem, Hong Kong
(code: FTC16040901). Resveratrol and synthesized 3440H were both
dissolved in <1% of Tween 80. All the chemicals and materials were
prepared upon need for use.

2.2. Synthesis of trans-3,4,4'-trihydroxystilbene

The trans-3,4,4'-trihydroxystilbene (3440H) was synthesized using
the scheme elaborated in our previous study. Briefly, 3440H was syn-
thesized from trans-3,4-diethoxy-4'-methoxystilbene via poly O-deal-
kylation. The trans-3,4-diethoxy-4'-methoxystilbene (1.50 g, 4.8 mmol)
and N,N-dimethylaniline (30 ml) were stirred at 100 °C. Anhydrous
AICI3 (3.0 equiv.) was slowly added into the mixture and heated at
180 °C for 5 h. Then, the resultant mixture was quenched with ice water
followed by the step-wise addition of 37% HCI until the colour of the
mixture turned to brownish orange colour. The mixture was then
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extracted by using ethyl acetate and then the excess solvent was evap-
orated off. The crude product was washed with chloroform to yield the
desired compound 3440h as off-white solid. The chemical structures of
synthesized 3440H were characterized using FT-IR (PerkinElmer, USA),
'H NMR and '3C NMR (Bruker, USA) spectroscopy [18].

2.3. Preparation of in vitro aortic ring assays and vascular response to
cumulative concentration of 3440H and resveratrol

Male Sprague Dawley (SD) rats weighing between 180 and 220 g
(age around 8-12 weeks) were obtained from Animal Research and
Service Centre (ARASC), Universiti Sains Malaysia and acclimated in the
animal transit room for 12 h light-dark cycles with free access to food
and water. All the procedures elaborated herein were based on the
Guideline of Universiti Sains Malaysia Institutional Animal Care and Use
Committee (IACUC, USM) with the following approval: USM/IACUC/
2019/(120)(1026). Krebs-Henseleit (Krebs’) solution was freshly pre-
pared by dissolving 118.0 mM NaCl, 2.5 mM CaCl,, 11.0 mM bp-glucose,
4.7 mM KCl, 1.2 mM MgSOy4, 1.2 mM KH5PO4 and 25.0 mM NaHCOj3 in
dH,0 at pH 7.4. The SD rat was executed with overdose inhalation of
CO; for 2 min. Then, the thoracic aorta was excised and placed in the
Petri dish containing the Krebs’ solution continuously aerated with
carbogen (5% CO3 + 95% O3) at 37 °C. The adipose tissue was carefully
removed and the aorta was trimmed into 3-4 mm ring segments. The
aortic rings were hanged in the tissue bath containing 10 ml of Krebs’
solution and aerated with carbogen at 37 °C using two needle hooks with
one side connected to force-electricity transducer (GRASS Force-
Displacement Transducer FTO3C Isometric Measurement, QUINCY,
MASS., USA), whereas the second hook was fixed on the L-shaped
braces. The aortic rings were left equilibrate for at least 45 min and the
Krebs’s solution was changed at 15-minute intervals for 3 times. The
resting tension was re-adjusted to 1.0 g upon necessary. Once stabilized,
the isolation of the rat’s aorta and preliminary testing of vascular
integrity using the contractile agent (PE) and relaxing agent (Ach) were
conducted based on the protocols described in previous studies
[18,21,22]. Upon reaching the plateau stage after 30 min of PE pre-
contraction, cumulative concentrations of 3440H starting from 5 to
345 pM were instilled into the tissue bath that contains 10 mL of Krebs-
Henseleit buffer solution at 20-minute intervals. The cumulative
concentration-response curve was sketched and the pECsyp and Rpyax
values were calculated and assigned as the control study for further
comparison with different antagonists pre-treated groups [18,21,23,24].
In addition to that, the vascular responses to the cumulative concen-
tration of resveratrol (5-345 M) were evaluated and both its pECsy and
Rmax Were recorded.

2.4. Preliminary evaluation on endothelium- and channel-linked receptors
dependencies

The mechanisms of action were investigated based on the protocols
designed and executed in previous studies [22,24]. The endothelium
dependency of 3440H in eliciting vasorelaxation was preliminary
determined by exposure of the ingredient to endothelium-denuded
aortic rings. These aortic rings were prepared by manually removing
the intima surface of the isolated aorta using a stainless steel rod before
mounting them in the tissue bath. The integrity of the endothelium-
denuded aortic rings was confirmed with nil vascular response to-
wards the addition of Ach. Then the denuded rings will be pre-
contracted with PE and subsequently introduced to a cumulative con-
centration of 3340H. Besides identification of endothelium dependent
pathway of the active ingredient, we investigated the channel-linked
receptors dependency by replaced PE with KCl (80 mM) for 30 min
pre-contraction before the cumulative addition of 3440H.
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2.5. Evaluation on the roles of endothelium-dependent relaxing factors
(EDRFs)

In EDRFs study, antagonists were added to the tissue bath and re-
sponses were identified. The antagonists includes L-NAME (10 pM),
ODQ (1 pM) and MB (10 pM) which inhibits endothelial NO synthase
(eNOS), soluble guanylyl cyclase (sGC) and cyclic guanosine-5'-mono-
phosphate (cGMP) respectively. Endothelium-intact aortic rings were
individually pre-incubated with each of the antagonists listed above for
20 min before PE pre-contraction were introduced [25]. Subsequently
3440H (5-345 pM) was then added to the final cumulative concentra-
tion of 345 pM into the tissue bath at 20-min intervals.

2.6. Evaluation on the roles of G-protein-coupled receptors (GPCRs)

For this part of the study, endothelium-intact aortic rings were
incubated with the antagonist of the cyclooxygenase (COX), indometh-
acin (10 pM) for 20 min before pre-contracted with PE. On the other
hand, fs-adrenergic and muscarinic type 3 (Ms) receptors were evalu-
ated by adding propranolol (1 pM) and atropine (1 pM) as their
respective antagonist individually into the tissue bath for 20 min pre-
incubation before PE pre-contraction [26]. 3440H (5-345 pM) was
then added into the tissue bath to cumulative concentration of 345 pM at
20-min intervals between each addition. The results were then recorded.

2.7. Investigate the roles of potassium and calcium channels

This part of the investigation involves identifying the roles of po-
tassium and calcium channels in exhibiting the vasodilatory effects of
3440H. The ATP-sensitive K' channels (Karp), calcium-activated K™
channels (Kc,), inwardly-rectifying K* channels (K;;) and voltage-
activated K™ channels (K,) were all evaluated using their respective
antagonist - glibenclamide (10 pM), TEA (1 mM), BaCl, (10 pM) and 4-
AP (1 mM). Endothelium-intact aortic rings were pre-incubated with the
respective antagonist in individual tissue baths for 20 min before pre-
contracted using PE. Subsequently 3440H (5-345 pM) were then
added into the tissue bath cumulatively at 20-min intervals. For the
study of voltage-operated calcium channels (VOCC), three groups of
experiments were conducted including a control, introduction of
nifedipine as a positive control and the experimental groups of 3440H.
To execute this part of the study, endothelium-intact aortic rings were
rinsed with EGTA (0.2 mM) for 10 min in an attempt to remove Ca?t
residues. Subsequently they were rinsed with Ca®*-free high K* Krebs’
solution twice at 10-minute intervals each. The resting potential of the
aortic rings were adjusted to 1.0 g. In the control set, cumulative con-
centration of CaCl, (0.01-10 mM) were added into the tissue bath at 3-
minute intervals, whereas in the positive control, 0.1, 0.3 and 1 pM of
nifedipine were added into the tissue bath for pre-incubation of 20 min
before introduction of cumulative CaCly concentrations. The experi-
mental sets of tissue baths looked at addition of 3440H at the following
concentration - 11, 43.8 and 175.25 pM for 20 min pre-incubation
before the addition of cumulative concentration of CaCl, similar to the
control set. The concentration-response curves were then constructed
and maximal contractile values (Cpax) were recorded and compared
between the three different groups. Besides that, the role of inositol
triphosphate receptors (IP3R) were also evaluated using the same pro-
tocol as described in VOCC. The only difference from the VOCC protocol
was that the PE (1 pM) was applied to induce a transient contraction
instead of cumulative addition of CaCl,. About 100 pM of 2-APB and
3440H (11, 43.8 and 175.25 pM) were separately used to pre-incubate
with the endothelium-impaired aortic rings for 20 minutes before the
addition of PE in both sets of positive control and experimental group,
respectively. The Cpax values were noted and compared to identify its
effects [22,27].
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Fig. 2. The cumulative concentration-response curves of vasorelaxant effect
elicited by trans-3,4,4'-trihydroxystilbene (3440H) on PE pre-contracted
endothelium-intact (4+E), endothelium-denuded (—E), or KCl pre-contracted
isolated endothelium-intact rat aortic rings (n = 8). The cumulative
concentration-response curve of 3440H in endothelium-intact aortic rings was
assigned as control. Significance at *P < 0.05; **P < 0.01; ***P < 0.001; as
compared to the control.

Table 1

The impacts of single and cumulative concentration application of 3440H and
resveratrol in PE-primed endothelium-intact aortic rings towards the Rmax
values.

Compounds  From experiment From equation
of cumulative
concentration-
response curve

Equations of Rumax values (%)
cumulanvet Single Cumulative Substitution of
concentration- . .

concentration  concentration x = 350, then y
response curve .

(350 pM) (Final =?

[18] concentration  (Final

at 345 pM) concentration
at 350 pM)
3440H y=25.461n(x)- 89.47 +£3.88 106.10 +3.99 102.26
46.88
Resveratrol  y=230.03In(x)- 42.90 +1.67 122.5 + 4.99 133.09
[24] 42.82

Notes: x: concentration of compound; Ryay: y: maximal vasorelaxation.

2.8. Data analysis

All the results obtained from the experiments were expressed as the
mean + standard deviation. All the antagonist pre-treated groups were
compared to control using one-way ANOVA followed by Dunnett’s post-
hoc test using SPSS version 22 software. The entire test were executed to
be 2-tailed and the significance level was set as P < 0.05.

3. Results
3.1. Vascular response to 3440H

Referencing the response curve plotted in Fig. 2, it is clearly observed
that addition of 3440H at concentration of 5-345 pM resulted in
apparent relaxation effect of the endothelium-intact aortic rings in both
concentration- and time-dependent manner, with pECsg and Ry« values
of 4.33 £+ 0.05 and 106.10 + 3.99%, respectively (Table 2). The vaso-
relaxant effects of 3440H was seen to be significantly attenuated in both
endothelium-impaired aortic rings and KCl-primed conditions with
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Fig. 3. The cumulative concentration-response curves of vasorelaxant effect
elicited by trans-3,4,4'-trihydroxystilbene (3440H) in the presence of L-NAME,
0ODQ, MB, or indomethacin on PE pre-contracted isolated endothelium-intact
(+E) aortic rings. All antagonists significantly inhibited 3440H’s vasorelaxant
effects (*P < 0.05; **P < 0.01; ***P < 0.001; n = 8).

Table 2
Significance of pECsg values and comparison of Rpax values among different pre-
treated groups.

Treatments PECsp values Rumax values (%)

Preliminary screening

Control 4.33 £ 0.05 106.10 £ 3.99
KCl 4.16 £ 0.04 97.46 + 3.62"
Denuded 4.11 £ 0.06 97.28 + 4.34°
EDRFs and NO cascade mechanisms

L-NAME 4.01 £ 0.05 92.65 + 2.39"
ODQ 3.91 £ 0.04 87.69 + 2.25"
MB 4.27 £ 0.07 93.04 + 4.19°
GPCRs

Indomethacin 4.22 +0.12 79.71 + 3.60°
Atropine 3.49 £0.17 61.94 + 5.43"
Propranolol 3.56 + 0.14 66.01 + 5.01%
Potassium channel-linked receptors

TEA 4.05 + 0.09 83.21 + 4.01°
Glibenclamide 4.41 £+ 0.09 108.91 + 2.87
4-AP 3.76 £ 0.10 70.94 + 4.28"
BaCl, 4.06 £ 0.08 88.11 + 5.47"
Resveratrol 4.66 £+ 0.03 122.50 £ 1.76

Notes: pECsg: efficient concentration; EDRFs: endothelium-derived relaxing
factors; GPCRs: G-protein-coupled receptors; Ryax: maximal vasorelaxation.

# Significance P < 0.001.

b Significance P < 0.01.

¢ Significance P < 0.05.

PECs values of only 4.11 + 0.06 and 4.16 + 0.04, respectively, whereas
Rmax values achieved in both these conditions demonstrated significant
reduction of only 97.28 + 4.34% (P < 0.01) and 97.46 + 3.62% (P <
0.01), respectively. It can be observed that both pECsp and Ry« values
obtained upon cumulative addition of resveratrol to the endothelium-
intact aortic rings were 4.66 + 0.03 and 122.50 + 1.76%, respectively
as shown in Table 2. In addition, Table 1 showed the results recorded
from previous study where the Rpax value of 3440H was 2-fold higher
than resveratrol upon comparison of only a single concentration (0.08
mg/ml equivalent to 350 pM) addition into the PE-primed endothelium-
intact aortic rings [18]. Looking at the terms of cumulative concentra-
tion application of 3440H and resveratrol (5-345 pM) from the present
study, the Ryax value of 3440H achieved was slightly lower than the
resveratrol despite having achieved maximum vasorelaxation (>100%).
The equations obtained from the cumulative concentration-response
curve for both the 3440H and resveratrol were shown in Table 1, with
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Fig. 4. The cumulative concentration-response curves of vasorelaxant effect
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rings. Significant decrease in 3440H’s vasorelaxant effects either in the pres-
ence of propranolol or atropine (*P < 0.05; **P < 0.01; ***P < 0.001; n = 8).
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Fig. 5. The cumulative concentration-response curves of vasorelaxant effect
elicited by trans-3,4,4'-trihydroxystilbene (3440H) in the presence of TEA,
glibenclamide, 4-AP, or BaCl, on PE pre-contracted isolated endothelium-intact
(+E) aortic rings. All antagonists significantly inhibited 3440H’s vasorelaxant
effects, except glibenclamide (*P < 0.05; **P < 0.01; ***P < 0.001; n = 8).

substitution of x equal to 350 pM, the Rpax values achieved were 102.26
and 133.09%, respectively.

3.2. Roles of EDRFs in 3440H vasorelaxation

As demonstrated in Fig. 3, the vasorelaxation effects elicited by
3440H were significantly diminished in the presence of L-NAME, ODQ
and MB where their pECs values obtained were reduced significantly to
4.01 £ 0.05, 3.91 + 0.04 and 4.27 + 0.07, respectively as compared to
the control group. The Ryax achieved were only at 92.65 + 2.39% (P <
0.001), 87.69 + 2.25 (P < 0.001) and 93.04 + 4.19 (P < 0.05),
respectively as shown in Table 2. Thus, it can be concluded that these
agents were inhibitory towards the vasorelaxation effects of 3440H and
is evident that their inhibitory effects of EDRF antagonists in ascending
orders are ODQ > L-NAME > MB.

3.3. Roles of GPCRs in 3440H vasorelaxation

Table 2 provides an insight to the presence of non-steroidal anti-in-
flammatory drug (NSAID), indomethacin towards the effect of 3440H. It
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Table 3
Comparison of Cp,x values among different treatments on
calcium channels mechanism studies.

Treatments (M) Crmax values (g)

VOCC
Control 0.836 + 0.060

0.1 pM Nif 0.155 + 0.009°
0.3 pM Nif 0.108 + 0.008"
1 M Nif 0.049 + 0.007°
11 uM 3440H 0.723 + 0.051

43.8 1M 3440H 0.490 + 0.043"
175.25 uM 3440H 0.255 + 0.022°
IPsR

Control 0.675 + 0.010

100 pM 2-APB 0.024 + 0.009°
11 uM 3440H 0.559 + 0.019"
43.8 1M 3440H 0.453 + 0.021°
175.25 uM 3440H 0.299 + 0.015°

Notes: 2-APB: 2-aminoethoxydiphenyl borate; 3440H: trans-
3,4,4'-trihydroxystilbene; Cp,.,: maximal contraction; IP3R:
inositol triphosphate receptor; Nif: nifedipine; VOCC: voltage-
operated calcium channel.

? Significance P < 0.001.

b Significance P < 0.05.

Changes of aorta ring contraction (g)
f=3
N

_0_10. 1 i 0.1 0.3 1 10
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=<0=-43.8 uM 3440H
=11 uM 3440H

—— Control

«+«-+ Nifedipine 0.1 pM
=< = Nifedipine 0.3 pM
—m— Nifedipine 1 uM

Fig. 6. Effect of different concentrations of trans-3,4,4'-trihydroxystilbene
(3440H) (11, 43.8, 175.25 pM) and nifedipine (0.1, 0.3, 1 pM) on CaCl,-
induced contraction in endothelium-intact (+E) isolated aortic rings in Ca*"-
free Krebs’ solution. Both 43.8 and 175.25 pM of 3440H significantly inhibited
the CaCl,-induced contraction, but in a lesser extent compared to nifedipine
(***P < 0.001; n = 8).

can be observed that the presence of indomethacin significantly
decreased the Rp,x value of 3440H to approximately only a quarter;
79.71 + 3.60% (P < 0.001) compared to the control (Fig. 3), whereas the
PECs value obtained was 4.22 + 0.12. Besides that, the presence of the
propranolol and atropine both drastically reduced the vasorelaxation
effect of 3440H by 37% or 41% respectively in endothelium-intact
aortic rings (Fig. 4). Hence, the Ryay values obtained were only 66.01
+ 5.01% (P < 0.001) and 61.94 + 5.43% (P < 0.001), while pECsg
values were reduced to 3.56 + 0.14 and 3.49 £ 0.17, respectively
(Table 2). From the results of the study it can be seen that the inhibitory
effects caused by GPCR antagonists are most significant with atropine
followed by propranolol and indomethacin.

3.4. Roles of channel-linked receptors in 3440H vasorelaxation

As shown in Fig. 5, the presence of BaCly, TEA or 4AP had signifi-
cantly reduced the Ry« values of 3440H to 88.11 + 5.47% (P < 0.01),
83.21 + 4.01% (P < 0.01) and 70.94 + 4.28% (P < 0.001) respectively.
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Fig. 7. Effects of different concentrations of trans-3,4,4'-trihydroxystilbene
(3440H) (11, 43.8, 175.25 pM) and 100 pM of 2-APB on PE-induced contrac-
tion from intracellular Ca%* release in isolated endothelium-denuded aortic
rings in Ca®*-free Krebs’ solution. Both 3440H and 2-APB were significantly
inhibited PE-induced contraction from intracellular Ca®* release through IPsR
(*P < 0.05; **P < 0.01; ***P < 0.001; n = 8).

Whereas the presence of glibenclamide did not affect the 3440H vaso-
relaxation activity (Table 2). From the observed pECs values, the sig-
nificance of antagonizing effects can be arranged as such: 4AP (3.76 +
0.10) > TEA (4.05 £ 0.09) > BaCl; (4.06 + 0.08). Shifting the attention
to VOCC evaluation, the Cp,.x value of the control set was 0.836 & 0.060
g as portrayed in Table 3, whereas the presence of L-type calcium
channels blocker, nifedipine (0.1, 0.3 and 1 pM) almost completely
diminish (P < 0.001) the contraction (Cp,ax values achieved at 0.155 +
0.009, 0.108 + 0.008 and 0.049 =+ 0.007 g, respectively) induced by
externally applied CaCly, in a concentration-dependent manner as
shown in Fig. 6. The addition of 3440H at concentration of 43.8 and
175.25 pM resulted in significant reduction of Cp,x values to 0.490 +
0.043 g (P < 0.001) and 0.255 + 0.022 g (P < 0.001), respectively.
However it was observed that low concentration of 3440H (11 pM) did
not produce any worthwhile effects to the aortic rings, Thus, it can be
postulated that high concentrations of 3440H (175.25 pM) has the po-
tential to suppress more than one third of the Cp,x value achieved in the
control via blocking of VOCC (approximately 69%), but yet unable to
reach the drastic effects produced by nifedipine even at its low con-
centration of 0.1 M. Furthermore, Fig. 7 showed that the presence of 2-
APB drastically diminished the Cp,x value to only 0.024 + 0.009 g (P <
0.001) in comparison with the control of 0.675 + 0.010 g via inhibition
of IP3R. Similarly, the presence of 3440H at 11, 43.8 and 175.25 pM
significantly suppressed the contraction of the aorta with Cpay values
achieved at 0.559 + 0.019 (P < 0.05), 0.453 £ 0.021 (P < 0.001) and
0.299 + 0.015 g (P < 0.001), respectively (Table 3).

4. Discussion

The research world has extensively investigated stilbenoids in the
past due to their significant medical and pharmacological effects and
abilities. Among the stilbenoids available, resveratrol (trans-3,4’,5-tri-
hydroxystilbene) is one of the most largely studied compound [28]. It
belongs to the polyphenolic group and is commonly available in plant-
based foods especially grapes and berries thus making it abundant in
red wine as well. Reveratrol has a proven role in the “French Paradox”-
French has lower occurrences of cardiovascular disease due to daily
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consumption of red wine despite taking in high saturated fats in their
regular [28-30]. There has been numerous published studies that re-
ported positive pharmacological effects of resveratrol with some of those
articles investigating the underlying mechanism of action that results in
the highly antioxidant effect and blood pressure lowering activity of the
compound [24,31,32]. With that being said, there are still limited
applicability due to its low bioavailability and poor chemical stability
and solubility [33-36]. Thus, it still remains as one of the largest con-
cerns towards the potential trend of pharmacological research and we
strongly urge towards our suggested SARs research methodology.

It has been identified from our previous study that 3440H (trans-
3,4,4 -trihydroxystilbene) exhibits excellent vasorelaxant effects to-
wards PE-primed endothelium-intact aortic rings as compared to others
synthesized stilbenoid derivatives and the SARs were revealed, but yet
the mechanism of actions remain largely unidentified [18]. Based on the
results of our study, Rpax values obtained with a single concentration
application of 3440H at 350 pM resulted in 2-fold higher than that of
resveratrol. However it showed a significantly lower Rp,x when it’s
concentration were being added cumulatively despite both compounds
producing maximal relaxation of the aorta [24]. This could be a result of
fast-acting response of 3440H in eliciting vasorelaxation as compared to
resveratrol. With the substitution of the same concentration of 3440H
and resveratrol at 350 pM in their respective cumulative concentration-
response curve’s equation, the R,y values of 3440H were seen to have
only increased by 16% as compared to a single concentration application
which is far lesser than 80% increment shown in resveratrol. This in-
dicates that 3440H required lesser time to induce vasorelaxation hence
achieving its maximal relaxation in blood vessel more effectively upon
single and low concentration application compared to resveratrol. The
underlying mechanisms of actions attributed to 3440H fast-acting and
short time-dependent vasorelaxation nature were further investigated.

Fundamentally, the vasorelaxant activity exerted by a compound are
mainly attributed to three major categories of vasculature-relaxing re-
ceptor pathways; endothelium-dependent receptors (mainly EDRFs),
endothelium-independent (mainly GPCRs) and channel-linked receptors
pathways [21,23,37]. Previous findings showed that resveratrol mainly
employed the EDRFs pathways including PGI;, NO/sGC/cGMP-
dependent pathways followed by G-protein-coupled ps- and Mgs-re-
ceptors to induce vasorelaxant effects on the aortic rings [24]. However,
in present study, the results obtained from the preliminary screening,
there were significant reduction of Rpax values in both KCl-primed
endothelium-intact and PE pre-contracted endothelium-impaired
aortic rings indicating the involvement of both channel-linked receptors
and EDRFs in the vasorelaxation induced by 3440H. At this point, the
Rmax values achieved were fast approaching 100%, suggesting that the
major pathway mediating 3440H’s vasorelaxant effects caused by
endothelium-independent relaxing factors rather than EDRFs, that is
opposed to the mechanism employed by resveratrol [24].

Nitric oxide (NO) is best known as the principal compound of EDRFs.
Theoretically, NO is produced from the breakdown of L-arginine by the
enzymatic reaction of eNOS in the endothelium. Subsequently, NO will
diffuse to the adjacent vascular smooth muscle cells (VSMCs) resulting
in activation of sGC and its second messenger, cGMP. This subsequently
leads to the up-regulation of protein kinase G (PKG) activity and thus led
to vessel relaxation [38]. According to the results obtained in the present
study, selective antagonist of eNOS, L-NAME was utilized to inhibit the
release of NO into the endothelium which caused a significant reduction
on 3440H’s vasorelaxation ability. This result clearly demonstrated that
3440H promotes the enzymatic reaction of eNOS in the endothelium to
up-regulate the NO production in endothelial cells. Next, moving down
the NO-signaling cascade, presence of selective blockers, ODQ and MB
result in massively reduction of the vasorelaxant activity of 3440H. This
portrays that 3440H enhances the synthesis of cGMP from guanosine
triphosphate (GTP) through catalyzing of sGC. Subsequently the pro-
duced ¢cGMP will binds to the regulatory subunit of PKG and lead to
vasorelaxation [39,40]. Overall, from the results it is clear that 3440H
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Fig. 8. The overview of signaling mechanism pathways employed by 3440H in eliciting vasorelaxant effects.

employed the NO/sGC/cGMP-dependent vasorelaxant pathways with its
significance of effect be arranged as sGC > NO > ¢cGMP similar to that of
resveratrol.

Prostacyclin (PGI) is another well-known vasodilator that is
released into the endothelial cells from arachidonic acid (AA) via the
action of cyclooxygenase (COX) [41]. The effects of PGI, takes place
when it binds to Gg-protein-coupled prostacyclin receptors (IP) located
in the adjacent VSMCs. Besides the prostacyclin receptors, f2-adrenergic
receptor is another Gs-protein-coupled receptor that is abundantly found
in the VSMCs and it is the most frequently studied endothelium-
independent relaxing pathways. Upon the binding of the agonists to
their respective GPCRs located in VSMCs, adenylyl cyclase (AC) will be
activated followed by an elevation of the intracellular cyclic adenosine
monophosphate (cAMP) and stimulation of protein kinase A (PKA) ac-
tion that results in vasorelaxation [39]. According to the results ob-
tained, the Rpax value of 3440H drastically reduced to 25% in presence
of non-selective COX inhibitor, indomethacin and has a drop by 40% in
the presence of non-selective B-adrenoreceptor blocker, propranolol.
These results demonstrated that both antagonists bound to their
respective GPCRs deactivate the AC enzymatic reaction followed by
down-regulation in the production of cAMP second messenger and thus
causing less PKA activity. This in turn results in the significant reduction
of 3440H vasorelaxant effects. In other words, the vasorelaxation
induced by 3440H in aortic rings were massively mediated by AC/
cAMP/PKA-dependent pathways. Other than the Gs-protein-coupled
receptors discussed above, we studied the role of the muscarinic re-
ceptors which has an important role in vasculature activities. The Ms-
receptor is known to be greatly prevalent in the endothelial cells of
vasculature [42,43]. From the results of this study, the non-selective
muscarinic receptor blocker, atropine significantly inhibited the up-
regulation of phospholipase C (PLC), thus reducing the production of
both the second messengers, inositol triphosphate (IP3) and intracellular
calcium in the endothelium, leading to a massive drop of vasodilatory
effects elicited by 3440H on the aortic rings. Corresponding to GPCRs,
3440H utilizes a significant portion of the Mgs-receptor pathway fol-
lowed by the Bp-adrenergic receptors, and least the PGI, pathway.

Other than EDRFs and GPCRs, the vascular tone generation is highly
dependent on the action potential that occurs in the VSMCs, regulated
by channel-linked receptor pathways which includes both potassium
and calcium channels. In theory, we understand that potassium channels
are mainly utilized for repolarization and hyperpolarization of mem-
brane potential through efflux of K™ ions from the intracellular to
extracellular spaces [21,44]. The four crucial potassium channels were
investigated in the present study by application of their selective

antagonists and results obtained showed that Kj;, K, and K¢, were all
mediated by 3440H in order to exhibit their vasorelaxant activity. Karp
was the single potassium channel that was excluded from 3440H
pathway utilization. The extent to which these potassium channels were
employed by 3440H could be arranged in descending order as such: Ky
> Kca > Kjr. Unlike resveratrol which utilized all four potassium chan-
nels, it was duly noted that both 3440H and resveratrol produce similar
vasorelaxant effects even with the difference in utilization of potassium
channel pathways [24]. Moving our focus towards the action potential
generation - 3440H repolarizes the membrane potential by activating
both K, and K¢, allowing efflux of K* from the cytosol. When reaching
the state of membrane hyperpolarization, 3440H will then cause acti-
vation of Kj; to hasten the recovery of the membrane potential back to its
resting state. It is at this point that the repolarization and hyperpolar-
ization will lead to VSMCs relaxation. The efflux of the K™ will subse-
quently lead to an increase in K' concentration within the
myoendothelial space, hence enhancing the K, activation. In the endo-
thelium, the activation of Kj induces endothelium-derived hyper-
polarizing factors (EDHFs) that leads to vasorelaxation [45].

For the study of calcium channel, it is theorized that cytosolic Ca*
concentration will increase either by extracellular Ca®" influx through
the VOCC or Ca®** released from the sarcoplasmic reticulum (SR) store
through the IP3R which subsequently result in membrane depolarization
and vasoconstriction [20,37]. Ca?t is the one of the most important
second messengers within our vasculature that plays completely oppo-
site roles in endothelium and VSMCs. In the endothelium, intracellular
increment of calcium will trigger NO production however in the VSMCs,
calcium binds to calmodulin to form Ca?*-calmodulin complexes and
stimulate the forward reaction of MLC kinase (MLCK) that leads to
vasoconstriction [46,47]. Therefore, in this part of the study
endothelium-denuded aortic rings were used to eliminate the possibility
of endothelium-induced vasoactivity by calcium as well as removal of all
excess calcium residue by introducing the aortic rings in Ca®*-free high
K" Krebs’ solution which was removed with EGTA. Then, the extracel-
lular Ca?* entry pathway was investigated through the cumulative
addition of calcium, whereas the intracellular release of Ca®" was
stimulated by application of PE, which will bind to its second messenger,
IP3 to IP3R [48]. From the results obtained, the inhibitory effects of
3440H towards the VOCC were similar to the positive control group,
nifedipine in terms of concentration-dependent manner although it did
not reach equally excellent abolishment effects. Similar phenomenon
was observed in IP3R mechanistic study, thus implying that 3440H act
as a blocker for both VOCC and IP3R in a concentration-dependent
manner. Fig. 8 shows the overall mechanistic actions of 3440H.
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5. Conclusion

It is clearly elucidated from the results of all comprehensive studies
done on major vasculature relaxing pathways that 3440H induces its
vasorelaxant effects mainly from utilization of GPCR pathways. The
major pathways that attribute to its effects were the Ms-receptor and
both py-adrenergic receptor and PGI; via the AC/cAMP/PKA-dependent
pathways, followed by EDRFs through the NO/sGC/cGMP-dependent
pathway. With respect to the vascular tone, 3440H employed Ky, K¢y
and K, signaling pathways and acts as a blocker of both the VOCC and
IP3R in regulating the action potential in VSMCs. It is safely concluded
that the mechanism of actions employed by 3440H differ from that of its
analog, resveratrol due to the positioning of hydroxyl (-OH) substituent
in the A-ring of the stilbenoid backbone. It is also due to this key
structure that contributes to the fast-acting and less time-dependent
vasodilation effects of 3440H as compared to resveratrol thus projec-
ting the potential for this compound to be developed into an effective
antihypertensive agent in the near future. Current finding of this study
has yet again prove the reliability of our aforementioned proposed
research idea whereby synthesizing a new lead compound according to
the SAR characteristics will potentially create higher efficacy drugs in
treatment of different diseases [3].
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