Bioorganic & Medicinal Chemistry Letters 27 (2017) 2450-2453

journal homepage: www.elsevier.com/locate/bmcl

Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry Letters

Bioorganic & Medicinal
Chemistry Letters.

Synthesis, antiplatelet and antithrombotic activities of resveratrol

derivatives with NO-donor properties

@ CrossMark

Luiz Antonio Dutra®*, Jéssica Frade O. Guanaes”, Nadine Johmann ¢, Maria Elisa Lopes Pires ",
Chung Man Chin?, Sisi Marcondes ", Jean Leandro Dos Santos **

2Sdo Paulo State University (UNESP), School of Pharmaceutical Sciences, Araraquara, Sdo Paulo, Brazil

> University of Campinas (Unicamp), Faculty of Medical Science, Campinas, SP, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 21 February 2017
Revised 31 March 2017
Accepted 1 April 2017
Available online 4 April 2017

Keywords:

Platelet aggregation inhibition
Antithrombotic activity
Furoxan

Molecular modification
Resveratrol

Resveratrol (RVT) is a stilbene with a protective effect on the cardiovascular system; however, drawbacks
including low bioavailability and fast metabolism limit its efficacy. In this work we described new resver-
atrol derivatives with nitric oxide (NO) release properties, ability to inhibit platelet aggregation and
in vivo antithrombotic effect. Compounds (4a-f) were able to release NO in vitro, at levels ranging from
24.1% to 27.4%. All compounds (2a-f and 4a-f) have exhibited platelet aggregation inhibition using as
agonists ADP, collagen and arachidonic acid. The most active compound (4f) showed reduced bleeding
time compared to acetylsalicylic acid (ASA) and protected up to 80% against in vivo thromboembolic
events. These findings suggest that hybrid resveratrol-furoxan (4f) is a novel lead compound able to pre-
vent platelet aggregation and thromboembolic events.

© 2017 Elsevier Ltd. All rights reserved.

Resveratrol (3,5,4'-trihydroxy-trans-stilbene) (RVT) is a natural
non-flavonoid polyphenolic compound found in several sources
including grapes, peanuts, apples, plums, a variety of berries and
products derived therefrom." RVT has received worldwide atten-
tion after studies suggesting an inverse correlation between wine
consumption and reduced incidence of coronary heart disease.’
Moreover, animal studies have shown effects of RVT against sev-
eral diseases including cancer, cardiovascular disorders, inflamma-
tion and neurodegenerative diseases.>*

For the cardiovascular diseases, RVT has exhibited anti-hyper-
tensive activity and in vivo protective effects against stroke,
myocardial ischemia and heart failure.” Multiple targets are impli-
cated in these effects, including sirtuins (e.g. SIRT-1), nuclear fac-
tor-kappa B (NF-kB), AMP-activated protein kinase (AMPK) and
nuclear factor (erythroid-derived 2)-like 2 (Nrf2).>® RVT also
reduces in vitro platelet aggregation induced by ADP, collagen
and thrombin’® and upregulates eNOS, enhancing nitric oxide-
mediated vasodilation.” In vivo studies have demonstrated that

Abbreviations: ASA, acetylsalicylic acid; ADP, adenosine diphosphate; AA,
arachidonic acid (AA); NO, nitric oxide; DNS, isosorbide dinitrate; RVT, resveratrol.
* Corresponding authors.
E-mail addresses: luizdutra_qf@yahoo.com.br (L.A. Dutra), santosjl@fcfar.unesp.
br (J.L. Dos Santos).
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resveratrol exhibits protective effect on rats that have undergone
portal vein system thrombosis.'°

Interestingly, it was reported that RVT acts synergically with
hypocholesterolemiant drugs (e.g. pravastatin) by down-regulat-
ing the enzyme 3-hydroxy-3-methyl-glutaryl-CoAreductase
(HMG-CoA reductase) involved in cholesterol biosynthesis.'!
Hypercholesterolemic mice have exhibited a reduced atheroscle-
rotic area after systemic administration of this stilbene.'? RVT also
increases the expression of LDL receptors in hepatocytes contribut-
ing to the prevention of atherosclerosis.'® All of these effects, asso-
ciated with antioxidant/anti-inflammatory activities, reduction of
expression of adhesion molecules (e.g. ICAM, VCAM) and ability
to inhibit smooth cell migration to atherogenic plate make this
natural product an interesting prototype for drug design.

However, despite the beneficial effects, RVT exhibits unfavor-
able pharmacokinetic properties with reduced bioavailability and
fast pre-systemic metabolism.!* Several clinical trials have failed
to prove the efficacy of RVT in humans. Therefore, molecular mod-
ifications are necessary to improve its pharmacokinetic and phar-
macodynamic profiles.

Nitric oxide (NO) is one of the crucial components that maintain
the vasculature homeostasis and regulates intracellular signaling
pathways.!” NO decreases endothelial cell adhesion, inhibits plate-
let aggregation and thereby limits the thrombotic process.'® The
platelet aggregation inhibition effect of NO is attributed to upreg-
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ulation of cyclic guanosine monophosphate, leading to a reduced
dimerization of integrin allbp3 and inhibition of von Willebrand
factor (VWF)-mediated platelet adhesion.!”"'® Furoxan (1,2,5-oxa-
diazole-2-N-oxide) is a member of a class of heterocyclic com-
pounds known for their ability to release nitric oxide!*=?! with
platelet aggregation inhibition and antithrombotic effects.??~2*

In this study, molecular modification was used to design new
hybrid furoxan-resveratrol derivatives design as platelet antiaggre-
gant and antithrombotic. First, bioisosteric replacement of the
alkene subunit presents in the resveratrol to N-acylhydrazone
subunit leads to compounds (2a-f) (Fig. 1). We have reported
bioisosteric replacement of the double bond present in RVT to
the N-acylhydrazone scaffold.”® Resveratrol derivatives 2a—f were
optimized aiming to embed the phenylsulphonyl subunit as a NO
release scaffold resulting in resveratrol derivatives-furoxan hybrid
(4a-f).%° The combination of resveratrol derivatives effects with
NO activity might enhance both platelet aggregation inhibition
and antithrombotic effects.

Compounds 2a-f were prepared through a condensation reac-
tion involving benzhydrazides and aldehydes functionalized in
ethanol using acidic catalysis.’>?®> (Supplementary material)
(Scheme 1). All these compounds were obtained in excellent yields
ranging from 70 to 90%. Compounds 4a-f were synthesized
through reactions of hydroxybenzaldehydes and bis-arylsulfonyl-
furoxan (Scheme 2). The intermediates containing the aldehyde
function were reacted with functionalized benzhydrazides in order
to obtain N-acylhydrazones.’! The structures of all compounds
were established by infrared spectroscopy, and 'H- and '*C-nuclear
magnetic resonance ('H- and !>C NMR). The compounds were
identified by 'H NMR and their spectra showed chemical shifts
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ranging from 8.32 to 8.36 ppm and 9.62 to 9.98 ppm for H—C=N
and N—H, respectively. All of the compounds were analyzed by
high-performance liquid chromatography and their purities were
>98.5%.

The ability of all compounds to release nitric oxide in the pres-
ence of cysteine was evaluated through in vitro assays using Griess
reaction.’® In solution, nitric oxide is quickly oxidized to nitrite,
which is measured in the medium. Table 1 summarizes the results
expressed as percentage of nitrite (NO3, mol/mol). All furoxan
derivatives (4a-f) were capable of inducing nitrite formation at
levels ranging from 24.1 to 27.4%. Compounds (2a-f), as well as
aspirin, did not generate nitrite in the medium. Isosorbide dinitrate
(DNS), used as control, was able to generate nitrite at levels of
12.1% (not shown).

The inhibition of platelet aggregation for all compounds were
evaluated in vitro using platelet-rich plasma in the presence of
ADP (10 uM), arachidonic acid (100 uM) and collagen (5 pg/
mL).?” All compounds (2a-f and 4a-f) at 150 uM were able to inhi-
bit platelet aggregation induced by these agonists. For ADP, for
example, the inhibition ranged from 31.3% to 91.9%. Compound
(3) inhibits around 89.8% platelet aggregation induced by ADP,
however, this compound have shown weak inhibition in the pres-
ence of the agonists arachidonic acid or collagen. The presence of
phenylsulfonyl-furoxan subunit increased the antiaggregant effect
for compounds 4a-f compared to its parent (2a-f). For compound
4f, for example, the presence of furoxan subunit increased by 2.8
times the platelet aggregation inhibitory effect compared to 2f
(Table 1). For arachidonic acid (AA) used as agonist, the platelet
aggregation inhibition ranged from 6.7% to 79.6%. Interestingly,
the presence of the phenylsulfonyl-furoxan subunit for compounds

3,4-bis(phenylsulfonyl)-1,2,5-
o oxadiazole 2-N-oxide (3)
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Scheme 1. Synthesis of resveratrol derivatives (2a-f).
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Scheme 2. Synthesis of hybrids resveratrol derivatives- furoxan (4a-f).
Table 1

Inhibition of platelet aggregation induced by collagen (5 pg/mL), arachidonic acid (100 pM) and ADP (10 uM) for resveratrol derivatives.

Compounds Collagen (5 pg/mL)* Arachidonic acid (100 uM)? ADP (10 pM)* % NO3 (mol/mol~1)"
Inhibition (%) Inhibition (%) Inhibition (%) 1-Cys 50 x 10* M

ASA 634140 28.9+8.0 27.7+1.8 -

3 29.7+48 6.7 +4.0 89.8+1.5 32117

2a 275+35 60.8+4.8 56.0 0.4 -

2b 291+75 482+3.0 46.1+0.6° -

2c 33.1+10.2 74140 424+04 -

2d 359+3.8 425+20 58.2+0.5 -

2e 19.1+10.0 72.8+3.0 60.3+0.4 -

2f 44.0+10.0 79.6+3.8 31306 -

4a 255452 17.0+1.4 84.2+0.5 25313

4b 448+9.3 25035 884206 241+26

4c 399+92 143+6.3 91.9+0.6 274+3.1

4d 34.4+102 85+3.3 74303 24523

4e 543 %33 37393 822408 26.2+2.7

af 722 +35 203 +0.5 87.1206 258+24

¢ Results are expressed as the mean for n = 3 independent experiments performed in triplicate. All compounds were evaluated at 150 pM.
b All values are the mean + SEM. Determined by Griess reaction, after incubation for 1 h at 37 °C in pH 7.4 buffered water, in the presence of 1:50 M excess of L-cysteine).

 P<0.01 versus the control group ASA (ANOVA followed by Tukey test).

4a-f reduced dramatically the capacity to inhibit platelet
aggregation compared to resveratrol derivatives (2a-f). For
collagen at 5 pg/mL, the platelet aggregation inhibition ranged
from 19.1% to 72.2%. The presence of the phenylsulfonyl-furoxan
subunit increased the platelet aggregation inhibition for com-
pounds 4b, 4c, 4e and 4f compared to their respective parental
compounds.

Bleeding time is an assay used to evaluate platelet function and
the capacity of our body to form a clot. Increased bleeding time is a
common adverse effect for all platelets antiaggregant drugs that
limits their clinical use. In this work, the most promising com-
pound 4f and its parent 2f were evaluated in order to characterize
its ability to alter the bleeding time.?® Both 2f and 4f have exhib-
ited bleeding times of 200 s and 380 s, respectively. For compound
(2f), the values are similar to those found in the negative control
(CMC 0.5%). Acetyl salicylic acid (ASA) has exhibited bleeding time
of around 800 s (Fig. 2).

In vivo antithrombotic activity was evaluated using mouse pul-
monary thromboembolism model after oral administration in a
single dose.?**> Compound 3 did not exhibit protective effect
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Fig. 2. In vivo bleeding time effect from compounds (2f), (4f) and (ASA). P < 0.001;
""P<0.0001, ANOVA followed by Tukey test.
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Table 2
In vivo antithrombotic effect of compounds (2f), (4f) and acetylsalicylic acid (ASA).

Groups Paralysed® animals/total Death % Protection
ASA 6/10 4 40
2f 6/10 4 40
af 2/10° 1 80"

Compounds were orally administered at a dose of 100 pmol/10 g body weight
(0.1 mL/10 g body weight). The 2 test was used to compare the survival rate
between the control and treated groups. P < 0.05 compared with ASA. The vehicle
did not exhibit protective effect and no death was observed in this group.

2 The loss of the righting reflex was considered to indicate paralysis.

(not shown). Compounds 2f and 4f have demonstrated protection
against thrombus formation at levels of 40% and 80%, respectively
(Table 2). ASA, used as control, has protected 40% against these
events. For compounds 2f and ASA the survival rate was 60%, while
for 4f this rate was 90%.

In conclusion, we synthesized new resveratrol (2a-f) and
resveratrol-furoxan hybrids (4a-f) and evaluated their capacity
to prevent thromboembolic events. Compounds 4a-f have shown
NO-released properties due to the presence of phenylsulfonyl-fur-
oxan. Among the series, 4f has inhibited platelet aggregation
induced by ADP, arachidonic acid and collagen. This compound
has shown bleeding time 4-fold less than ASA. Moreover, com-
pound 4f demonstrated potent in vivo antithrombotic effect using
mouse pulmonary thromboembolism model, protecting up to 80%
of mice against thromboembolic events while ASA protection was
up to 40%. Based on these results, compound 4f has emerged as a
novel lead compound able to prevent platelet aggregation and
thromboembolic events.
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