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Most ischemic stroke results from brain blood vessel blockage by platelet-mediated thrombus, and anti-
platelet therapy has been demonstrated clinical benefits in the treatment of this disease. In the present
work, novel nitric oxide (NO)-releasing derivatives of an anti-ischemic stroke drug 3-n-butylphthalide
(NBP) were synthesized. Compounds 7a and 7c exhibited more potent anti-platelet activity than NBP
and aspirin, and released a moderate amount of NO, which is beneficial in improving cardiovascular
and cerebral circulation. These findings provide an alternative approach to the development of drugs
more potent than NBP for the intervention of ischemic stroke.

� 2011 Elsevier Ltd. All rights reserved.
According to a report in 2004 from the World Health Organiza- be improved by co-administration with another anti-platelet

tion (WHO), 15 million people are suffering from stroke worldwide
annually. Of those, 5 million die, and another 5 million are perma-
nently disabled. Ischemic stroke is the most common cerebrovas-
cular disorder accounting for more than 80% of all strokes, a
majority of which are caused by platelet-mediated thrombosis.1

It is believed that thrombosis forms arterial blockage which leads
to inadequate blood supply to the brain tissue, and eventually re-
sults in ischemic stroke.2 It has been generally accepted that the
inhibition of platelets aggregation and adhesion plays a crucial role
in the treatment of ischemic stroke.3

The racemic 3-n-butylphthalide (NBP) received approval in Chi-
na for the treatment of ischemic stroke in 2002. A large number of
studies have demonstrated that NBP is able to inhibit platelet
aggregation, decrease the brain infarct volume, and enhance
microcirculation, thus benefiting patients with ischemic stroke.4

However, the clinical application is limited due to its moderate po-
tency. It has been found that the therapeutic effects of NBP could
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It is well-known that nitric oxide (NO), a small endogenic gas
molecule, plays an important role in regulating physiological func-
tions, including the inhibition of platelet aggregation and throm-
bus formation in cerebrovascular and cardiovascular systems.6

During the past few years, our group and others have employed
a strategy by which an NO-donor moiety was connected to a ‘na-
tive’ molecule for the purpose of enhancing its therapeutic impact
and/or mitigating its adverse effects.7 Inspired by these successful
studies, we coupled compound 1 with NO-donors via various
linkers to generate NO-releasing derivatives of NBP (NO-NBP).
Compound 1 is a ring-opening derivative of NBP, which could un-
dergo a conversion to NBP very quickly in vivo.8 The linkers are cin-
namic acid derivatives such as ferulic acid and p-hydroxyl
cinnamic acid with both antioxidant and anti-platelet aggregation
activities.9 We expected that the ester bonds of NO-NBP could be
hydrolyzed in vivo by esterases to generate 1, which would subse-
quently undergo ring closure to produce NBP, and cinnamic acid
derivatives as well as NO (Scheme 1). These bioactive compounds
would possess synergistical inhibitory effects on platelet
aggregation.

The synthetic routes of NO-NBP are outlined in Scheme 2. Feru-
lic acid 2a or p-hydroxyl cinnamic acid 2b was treated with alka-
nolamine nitrates 3a–d, respectively, in the presence of HOBT,
EDCI and DMAP at room temperature to give the corresponding ni-
trates 4a–h in 68–85% yields. Condensation of 4a–h with
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Scheme 1. Proposed metabolic route of NO-NBP.

Scheme 2. Synthetic routes of compounds 5a–h and 7a–g. Reagents and conditions: (i) 3, EDCI, HOBT, DMAP, CH2Cl2, rt, 5 h; (ii) 9a, DCC, DMAP, CH2Cl2, rt, 5 h; (iii) 9b, DCC,
DMAP, CH2Cl2, rt, 5 h; (iv) diethylamine, piperidine or morpholine, Et3N, DMF, rt, 8 h; (v) 1 M ethereal HCl, 0 �C, 1 h.
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compound 9a in the presence of DCC and DMAP provided esters
5a–h in 78–83% yields.10 Similarly, treatment of 4a, 4e and 4f with
9b offered esters 6a–c in 75–85% yields. Compounds 7a–g were ob-
tained by reaction of 6a–c with diethylamine, piperidine and mor-
pholine, respectively, followed by treatment with anhydrous
ethereal HCl below 0 �C.11,12

The alkanolamine nitrates 3a–d were prepared by treatment of
corresponding alkanolamine with fuming HNO3 and Ac2O at
�10 �C (Scheme 3). Compounds 9a and 9b were obtained starting
from reaction of 2-formylbenzoic acid 8 with Grignard reagent,
n-BuMgBr, followed by acidification to give NBP in 85% yields.
And subsequent ring-opening of NBP by saponification formed acid
1 in 92% yield. Finally, acylation of hydroxyl at the side chain of 1
with acetyl chloride or chloroacetyl chloride provided 9a and 9b in
yields of 77% and 83%, respectively. In addition, compound 10 was
obtained by condensation of 9b with diethylamine in 62% yield



Scheme 3. Synthetic routes of compounds 3a–d, 9a, 9b and 10. Reagents and conditions: (i) (1) n-BuMgBr, Et2O, –5–0 �C, 5 h; (2) 1 M HCl, RT, 0.5 h; (ii) (1) NaOH, CH3OH–
H2O, reflux, 0.5 h; (2) 1 M HCl, �10 to 0 �C; (iii) ClCH2COCl, Et3N, DMAP, CH2Cl2, �10 �C; (iv) CH3COCl, Et3N, DMAP, CH2Cl2, �10 �C. (v) diethylamine, Et3N, CH2Cl2, rt, 12 h; (vi)
HNO3, Ac2O, CH2Cl2, �10 �C; (vii) HNO3, Ac2O, Et2O, �10 �C.
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(Scheme 3). All target products were purified by column chroma-
tography and their structures were identified by IR, MS, 1H NMR,
and HR-MS.

The inhibitory effects of the target compounds on adenosine 50-
diphosphate (ADP)-induced platelet aggregation in rabbit platelet
rich plasma (PRP) were evaluated by using Born’s turbidimetric
method.13 As shown in Figure 1, several compounds (7a, 7c, 7f,
and 7g) at 1.0 mM inhibited ADP-induced platelet aggregation by
83.0%, 83.0%, 82.4% and 82.1%, respectively, significantly stronger
than control drugs, NBP (67.8%) and aspirin (ASP) (68.5%). And
the most potent compounds 7a and 7c inhibited ADP-induced
Figure 1. Inhibition of ADP-induced rabbit platelet aggregation by target com-
pounds in vitro. Rabbit platelet suspensions were pre-incubated with tested
compounds (1.0 mM) at 37 �C for 5 min and exposed to 10 lM of ADP, followed by
continually monitoring. Rabbit platelet suspensions that had been treated with
vehicle and exposed to ADP were used as positive controls. Data are expressed as
mean ± S.D. of each group (n = 4) from several independent experiments. ⁄P < 0.05
versus NBP, #P < 0.05 versus ASP, determined by Student’s t test.
platelet aggregation with IC50 values of 54.44 lM and 39.40 lM,
respectively.14

Since the structure of compound 7a is composed of two large
moieties, NBP precursor 10 and NO donor 4a as shown in Chart 1,
we further investigated their individual contribution to the overall
activity against ADP-induced platelet aggregation in vitro. We
found that both 10 and 4a displayed significant anti-platelet activ-
ity (67.2% and 51.3%, respectively), although each moiety was less
active than the parent compound 7a (81.2%), indicating that these
two moieties in 7a may synergistically inhibit the ADP-induced
platelet aggregation. In addition, the anti-platelet effect of 7a
was dramatically attenuated by treatment with 20 lM of hemoglo-
bin (He), an endogenous NO scavenger,15 resulting in reduction in
inhibition from 81.2% to 54.4% (Fig. 2). These results strongly sup-
port the important role of NO-releasing moiety for anti-platelet ef-
fects of NO-NBP.

In order to further explore the relationship between NO re-
leased by NO-NBP and their anti-platelet aggregation, the levels
Chart 1. Structure of compound 7a.



Figure 2. Inhibition of ADP-induced rabbit platelet aggregation by selected
compounds in vitro. Rabbit platelet suspensions were pre-incubated with tested
compounds (1.0 mM) at 37 �C for 5 min followed by addition of ADP (10 lM).
Hemoglobin (20 lM) was added and incubated with the drug-platelet suspension in
the indicated group. Data are expressed as mean ± SD from several independent
experiments. ⁄P < 0.05 versus NBP, determined by Student’s t test.
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of NO produced by 5c, 5e, 7a, 7c and 7e were evaluated by Griess
assay.16 It is shown in Figure 3 that the active compounds 7a, 7c
and 7e released moderate amount of NO (0.057, 0.060, and
0.043 lg/ml, respectively). In contrast, the less active compounds
5c and 5e under the same conditions released lower levels of NO
(0.027 and 0.022 lg/ml, respectively). These date suggest that
the NO-releasing ability of NO-NBP may be correlated to their
inhibitory effects on platelet aggregation (R2 = 0.98, P < 0.01, deter-
mined by logistic regression analysis).

Analysis of structure–activity relationships (SAR) revealed that
the target compounds with different acylation of hydroxyl in the
side chain of NO-NBP exhibited varied inhibitory activities on
platelet aggregation. Acylation by diethylaminoacetyl or piperidi-
noacetyl functional group generally led to higher activity than
acetylation (7a vs 5a, 7f vs 5e, 7g vs 5f), probably owing to en-
hanced aqueous solubility and improvement of cell permeability,
since our previous studies showed that some NO-NBP compounds
structurally similar to 7a had a greatly improved aqueous solubil-
ity in comparison with NBP, and displayed significant capacity to
penetrate across blood–brain barrier to retard cerebral injury after
ischemia–reperfusion.17 On the other hand, the carbon chain
length of aminoalkyl connecting to carboxyl of ferulic acid or p-hy-
droxyl cinnamic acid moiety of NO-NBP seems correlated to their
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Figure 3. NO-release assay of selected compounds in vitro. NO�2 concentrations
which represent the quantity of NO were determined by Griess assay. Griess
reagent can combine with NO�2 and form chromospheres after 10 min at 30 �C. The
absorbance then was measured at 540 nm. The levels of NO produced by individual
compounds were calculated, according to the standards of different concentrations
of nitrate. Data are expressed as means of individual compounds tested at each time
point and intra-group variations were less than 10%.
anti-platelet activity. For example, compounds containing amino-
ethyl are generally more active than those containing aminopropyl
(5a vs 5b, 7a vs 7g). It is likely that those various substituents and
linkers may have different abilities to modulate the structure, sta-
bility, metabolism and penetrability, which affect the NO produc-
tion and NBP releasing, leading to varied bioactivities of NO-NBP.
Indeed, Compound 7a containing both diethylamino and amino-
ethyl moieties produced higher level of NO and displayed strongest
inhibitory activity among the compounds tested. These prelimin-
ary SAR results provide a guideline for further design and develop-
ment of NO-releasing derivatives of NBP.

Taken together, a novel class of NO-NBP hybrids were synthe-
sized based on our previous studies, and all the target compounds
exhibited inhibitory effects on platelet aggregation to various ex-
tents. Apparently, the synergic effects of NBP and NO production
contribute to their potent activity against platelet aggregation.
Compounds 7a and 7c, which had a great potency superior to
ASP and NBP, may be promising candidates for further intensive
study. Furthermore, several NO-NBP produced moderate levels of
NO, which are correlated with their anti-platelet aggregation activ-
ities. Interestingly, our previous pharmacokinetic study showed
that the compound structurally similar to 7a and 7c could produce
the parent molecule NBP under physiological conditions, which is
in accordance with our working assumption.18 Notably, the two
moieties of 7a, NBP precursor 10 and NO donor 4a, had moderate
anti-platelet aggregation activity, and treatment with NO quencher
mitigated the inhibitory effect of 7a on the ADP-induced platelet
aggregation. These results indicate that these two moieties may
perform synergistical inhibition on platelet aggregation. As a re-
sult, our novel findings may provide a novel framework for the de-
sign of new NO-releasing NBP hybrids for the intervention of
ischemic stroke.
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