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To improve aqueous solubility and anti-ischemic activity of 3-n-butylphthalide (NBP), we designed and
synthesized the ring-opened derivative of NBP-ferulic acid-glucose trihybrids (S1-S8). These hybrids
inhibited adenosine diphosphate (ADP)- or arachidonic acid (AA)-induced platelet aggregation, among
them, S2 was 30-fold more water-soluble, and over 10-fold more potent in inhibition of platelet
aggregation, as well as reduced ROS generation and protected primary neuronal cells from OGD/R-
induced damage, in comparisonwith NBP. Additionally, S2was more active than its three moieties alone
or in combination, suggesting that the activity of S2 may be attributed to the synergistic effects of these
moieties. Importantly, in vivo studies indicated that S2 not only possessed good pharmacokinetic profile,
but also improved NBP distribution in rodent brain, suggesting that the glucose moiety in S2 may be
recognized by glucose transporter 1 (GLUT1) on blood-brain barrier (BBB), promoting it to penetrate
through BBB. Our findings suggest that S2may be a promising candidate for the intervention of ischemic
stroke, warranting further study.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Ischemic stroke is characterized by high morbidity, mortality,
disability and recurrence rates with serious hazard for human
life and health. To search for novel drugs for safe and
effective treatment of ischemic stroke, great efforts have been
made; however, to date there is still a lack of ideal small molecule
drug(s) [1–3].

3-n-Butylphthalide (NBP) was approved in China for treatment
of ischemic stroke in 2004 [4]. NBP can reduce the infarct size and
improve the energy metabolism after cerebral ischemia [5,6].
However, the therapeutic effects of NBP are moderate and it is
often administered together with other drug(s) [7]. The relatively
low efficacy of NBP is partly attributed to its poor aqueous
solubility [8]. It has been reported that the potassium salt of
2-(1-hydroxy-n-pentyl)benzoate (PHPB), which derives from ring-
opening of NBP (HPBA, Fig. 1A), significantly improves aqueous
ngjianhuang@cpu.edu.cn
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solubility of NBP [9]. In addition, hybrids of the HPBA derivative
with other drug/agent, such as edaravone [10], isosorbide [11],
telmisartan [12], nitric oxide donors [13], etc., [34_TD$DIFF] strengthen
the therapeutic effects on acute cerebral ischemia, thus providing
a principle concept of ring-opened NBP derivatives for the
intervention of ischemic stroke.

It has been reported that oxidative stress plays an important role
in cerebral ischemia/reperfusion (I/R) injury [14]. High levels of
reactive oxygen species (ROS) can destroy cellular macromolecules,
leading to autophagy, apoptosis and necrosis [15]. Therefore,
inhibition of ROS production and/or up-regulation of endogenous
antioxidant systems in vivo is one of the important strategies for
designing anti-ischemic drugs. Ferulic acid (FA) is one of the
main active ingredients of Chinese herbal medicines such as
Angelica, Chuanxiong and Awei, and possesses a large variety of
pharmacological activities, including inhibition of ROS, anti-
oxidation, anti-inflammatory, and anti-platelet aggregation, etc.
[16]. Importantly, FA can be used alone or as a linker between two
active molecules to enhance the therapeutic effects of cardia-
cerebrovascular diseases [17,18].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



[(Fig._1)TD$FIG]

Fig. 1. (A) The chemical structures of NBP, HPBA and PHPB. (B) The design and
structures of target compounds S1-S8.
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Glucose transporters 1 (GLUT1) is the most abundant trans-
porter in blood-brain barrier (BBB) and able to deliver large
amounts of aqueous glucose from peripheral circulatory system
into brain, maintaining energy metabolism in the brain [19]. In
recent years, GLUT1 is frequently utilized for design of brain-
targeted drugs [20,21]. Fernandez [35_TD$DIFF]et al. conjugated dopamine with
glucose-1, -3 and -6 hydroxyl, respectively, to yield a series of
glucose/dopamine hybrids [22]. It was found that the dopamine/
glucose-6-hydroxyl hybrid displayed the strongest BBB penetrat-
ing and antiparkinsonian activities.Mueckler [36_TD$DIFF]et al. observed that in
contrast to other the glucose hydroxyls, the 6-hydroxyl does not
form a hydrogen bond that is crucial for affinity of glucose at the
binding site of GLUT1, which indicates that the structural
modification of the 6-hydroxyl group can retain affinity of glucose
to GLUT1 [23]. In addition, the expression of GLUT1 on BBB is
reportedly elevated when brain tissue is under ischemic and
hypoxic conditions [24]. These investigations led us [37_TD$DIFF]to hypothesize
that glucose-6-hydroxyl derivatives of HPBAmay not only improve
the aqueous solubility, but also enhance the brain distribution via
GLUT1-mediated BBB penetration.

To test the hypothesis, we designed and synthesized new
compounds S1-S8, in which ring-opened derivatives of NBP were
conjugated with glucose-6-hydroxyl by using FA as a linker
(Fig. 1B). It is expected that these trihybrids may not only improve
aqueous solubility owing to the hydrophilic property of glucose,
but also can be recognized by GLUT1 to pass through BBB and
increase concentrations of active compound(s) in the brain to exert
more potent anti-ischemic activity than NBP.

The synthetic routes of target compounds S1-S8 were depicted
in Scheme 1A. Given that the R- and S-NBP show almost
comparable activities and NBP in market is racemic, for simplicity,
we used (R/S)-NBP as startingmaterial. (R/S)-NBPwas ring-opened
under basic conditions to generate hydroxyl intermediate 1, which
was directly treatedwith acetyl chloride or chloroacetyl chloride to
give esters (R/S)-2a or -2b. The two esters were then condensed
with tert-butyl ferulate 10 in the presence of N,N0-dicyclohexyl
carbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) to form
conjugates (R/S)-3a and -3b, followed by removal of the tert-butyl
group with trifluoroacetic acid (TFA) to afford acids (R/S)-4a and
-4b. Subsequently, theywere condensedwith trimethylsilyl (TMS)-
protected D-(+)-glucose 8 to offer D-(+)-glucose-6-OH esters 5a and
5b (each as epimericmixture). The TMS groups in 5awere removed
by using TFA to yield the target compound S1 as epimeric mixture.
Compound 5b was reacted with dimethylamine, diethylamine,
2,5-dihydro-1H-pyrrole, piperidine, 4-hydroxypiperidine, thio-
morpholine and 1-methylpiperazine, respectively, under [38_TD$DIFF]alkaline
conditions to generate amines 6a-g. The TMS groups in 6a-g were
then removed with TFA to provide the target compounds S2-S8
(each as epimeric mixture).

The intermediates 8 and 10 for synthesis of target compounds
were prepared as shown in Scheme 1B. All the hydroxyl groups
of D-(+)-glucose were protected by trimethylchlorosilane
(TMSCl) furnishing trimethylsilyl ether 7, followed by selective
deprotection in acetic acid to give 6-OH derivative 8. Moreover,
Meldrum’s acid (MA) was condensed with tert-butyl alcohol to
form ester 9, which was treated with vanillin in the presence of a
catalytic amount of pyridine and piperidine to produce tert-butyl
ferulate 10.

The ratio of two epimers of the target compounds was
determined by HPLC using a chiral column (CHIRALPAK1 AD-H,
Lot No. 19325, Daicel Chiral Technologies Co., Ltd.), exemplified by
representative compound S2, and found to be approximately 1:1 as
shown in Supporting information.

All target compoundswith a purity of [39_TD$DIFF]>96%, determined byhigh
performance liquid chromatography (HPLC) analysis, were used for
following experiments. The detailed synthetic procedure, in vitro
and in vivo biological evaluations, and structure characterization
data of the target compounds S1-S8, including 1H NMR, 13C NMR
and high-resolution mass spectrometry are shown in Supporting
information.

All animal experiments and animal cares were conducted in
accordance with the guidelines of the Provision and General
Recommendation of Chinese Experimental Animals in China. The
experimental protocolswere approved by the Animal Research and
Care Committee of Chine Pharmaceutical University (SYXK (SU)
2016-0011).

To investigate the anti-platelet aggregation activity in vitro of
the target compounds, we firstly evaluated the inhibitory effects of
S1-S8 on the adenosine diphosphate (ADP)- and arachidonic acid
(AA)-induced platelet aggregation in rabbit platelet rich plasma
(PRP) by using Born’s turbidimetric method [25]. NBP and aspirin
(ASP) were used as positive controls. As shown in Table 1, all the
target compounds displayed inhibitory effects to some extent.
Notably, S2 was the most active in inhibition of ADP-induced
platelet aggregation (IC50 = 0.08 [40_TD$DIFF]mmol/L), 12.9-fold more
potent than NBP (IC50 = 1.03mmol/L) as well as in inhibition of
AA-induced platelet aggregation (IC50 = 0.04mmol/L), 14.3- and
3.5-fold more potent than NBP (IC50 = 0.57mmol/L) and ASP
(IC50 = 0.14mmol/L), respectively.

Preliminary analysis of structure-activity relationship suggests
that the R2 substituted acetyl group (Scheme 1) is important to the
activity of the target compounds. The amine substituted acetyls are
generally more potent than the unsubstituted acetyl (S2 and S4-S6
vs. S1). Among them, the smallest substituent is the most potent
(S2 vs. S3-S6). One nitrogen-containing heterocyclic substituents
exert moderate activity (S4 and S5), and introduction of one
hydroxyl group to the heterocyclic ring enhances the activity (S6).
Surprisingly, two heteroatom-containing substituents diminish



[(Scheme_1)TD$FIG]

Scheme 1. The synthetic route of target compounds S1-S8. (A) Reagents and conditions: (a) (1) NaOH, CH3OH, H2O, 50 [25_TD$DIFF]

�C, 0.5 h; (2) 5% HCl (aq.), –10 [26_TD$DIFF]

�C to 0 �C; (b) acetyl
chloride or chloroacetyl chloride, Et3N, DMAP, DCM, –10 [25_TD$DIFF]

�C, 5 h; (c) DCC, DMAP, DCM, 0 [27_TD$DIFF]

�C to r.t., 6 h; (d) CF3COOH, DCM, r.t., 3 h; (e) 8, DCC, DMAP, DCM, 0 [27_TD$DIFF]

�C to r.t., 8 h; (f)
CF3COOH, DCM, r.t., overnight; (g) corresponding amines, Et3N, DCM, 24 h; (h) CF3COOH, DCM, r.t., overnight. (B) Reagents and conditions: (i) TMSCl, HMDS, pyridine, r.t.,
overnight; (j) acetone, methanol, acetic acid, 40 [25_TD$DIFF]

�C, 4 h; (k) tert-butanol, toluene, 100 [28_TD$DIFF]

�C; (l) vanillin, piperidine, pyridine, 10 h.
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Table 1
The IC50 values of compounds S1-S8 against platelet aggregation in vitro.a

Compound IC50 (mmol/L)

ADP (10mmol/L) AA (1mmol/L)

NBP 1.03� 0.12 0.57� 0.23
ASP – 0.14� 0.01
S1 0.87� 0.08 0.80� 0.19
S2 0.08� 0.02 0.04� 0.07
S3 0.93� 0.15 0.74� 0.26
S4 0.47� 0.09 0.32� 0.10
S5 0.30� 0.07 0.24� 0.05
S6 0.16� 0.04 0.09� 0.02
S7 1.70� 0.24 0.83� 0.19
S8 1.65� 0.31 1.17� 0.22

a IC50 values are expressed asmean� SD (n = 6) and analyzed byone-wayanalysis
of variance (ANOVA) followed by post hoc Tukey’s test.

[(Fig._2)TD$FIG]

Fig. 2. (A) The structures of compounds 11a-c. (B) Inhibition of ADP-induced rabbit
platelet aggregation by 11a-c alone or in combination in vitro. Rabbit platelet
suspensions were pre-incubated with tested compounds (0.1mmol/L) at 37 �C for
5min, followedbyadditionofADP (10mmol/L). Dataare expressedas themean� SD
of each compound from six independent experiments. ***P < 0.001 vs. S2.

[(Fig._3)TD$FIG]

Fig. 3. S2 protected primary cultured cortical neurons against OGD/R-induced injury
determined by staining withMitoSOX Red. Data are presented as mean� SD from three i
0.001 vs. control group.
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the activity (S7 and S8). Maybe they are not easy to be recognized
by GLUT1 to pass through BBB or difficult to penetrate the cells’
membrane. The precise structure-activity relationship should be
further investigated in due course. Since S2 displayed the
best inhibitory activity against ADP- or AA-induced platelet
aggregation, it was selected for the following investigations.

To examine each contribution of three moieties of S2 to the
anti-platelet aggregation activity, we synthesized 11a-c, which are
structurally related to the threemoieties (Fig. 2A and Scheme S1 in
Supporting information) and examined their inhibitory activity
against ADP-induced platelet aggregation. As shown in Fig. 2B, the
inhibition rates of 11a, 11b, and 11c [41_TD$DIFF](21.32%, 18.67%, and 5.01%,
respectively) were far less than that of S2 [42_TD$DIFF](50.76%). Next, we
investigated the inhibitory activity of these compounds
in combination. The inhibition rate of the three compounds in
combination [43_TD$DIFF](31.72%) was still less than that of S2. These results
suggest that the three moieties may have synergistic inhibitory
effects on ADP- or AA-induced platelet aggregation.

The oxygen-glucose deprivation/reoxygenation (OGD/R) model
as an in vitro model for simulating I/R is commonly used for the
evaluation of anti-ischemic stroke activity and mechanism
investigation [26]. Thus, a primary cortical neuron cell OGD/R
model (hypoxia for 2 h/reoxygenation for 24 h) was established for
examining the in vitro activities of S2. As shown in Fig. 3A,
compared with the control group, the neuronal cells survival rate
of the OGD/R model group was significantly reduced, and S2 dose-
dependently increased the survival rate of neurons relative to the
model group. Moreover, S2 at 1mmol/L was more potent than
NBP at the same dose. Additionally, treatment of OGD/R
primary cortical neuron cells with S2 dose-dependently reduced
the generation of ROS in mitochondrion (Fig. 3B). These
results indicated that S2 had a significant protective effect on
OGD/R-induced neuronal damage.

We then assessed the aqueous solubility of S2 at 25 [27_TD$DIFF]
�C by HPLC

and found that S2 (16.70�1.33mg/mL)was approximately 30-fold
more soluble than NBP (0.54� 0.21mg/mL) in water, which is
probably attributable to the water-soluble glucose and amine
moieties in S2.

It is well known that BBB is a dynamic interface between the
blood and brain/spinal cord with low permeability and selective
ability to protect the brain from toxins and viruses in the blood
circulation, but it also hinders more than [44_TD$DIFF]98% of small molecule
agents and [45_TD$DIFF]100% ofmacromolecular agents to enter the brain tissue
. (A) Cell viability determined by MTT assay. (B) Mitochondrion ROS generation
ndependent experiments. *P < 0.05, **P < 0.01, ***P< 0.001 vs.OGD/R [29_TD$DIFF]group; ###P<



Table 2
The plasma pharmacokinetic parameters determined after intravenous adminis-
tration of S2 at a dose of 15mg/kg to rats.a

PK Parameters Mean� SD

Dose (mg/kg) 15.0
Kel (h�1) 0.271� 0.081
t1/2 (h) 2.75� 0.98
Cmax(ng/mL) 6824� 928
C0 (ng/mL) 14192� 2126
AUC0-t (h ngmL�1) 2379� 353
AUC0-1 (h ngmL�1) 2425� 348
AUMC0-t (h h ngmL�1) 1929� 1170
AUMC0-1 (h h ngmL�1) 2679� 1533
CL (mLmin�1 kg�1) 105� 15
MRTIV (h) 1.07� 0.46
VdSS (L/kg) 6.46� 1.9

a Data are expressed as mean[30_TD$DIFF]� SD of three independent experiments.

[(Fig._4)TD$FIG]

Fig. 4. The concentrations of NBP in mice brain produced by treatment with S2 or
NBP alone at different time. Data are expressed as mean� SD of each group from
three separate experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. NBP group.
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[27,28]. Therefore, it is crucial for anti-cerebral ischemic drugs to
penetrate BBB into brain.

The pharmacokinetics (PK) behavior of S2 in rats was firstly
evaluated.After intravenousadministrationofS2at15mg/kg torats
(n = 3), blood sampleswere taken fromthe suborbital veinat0, 5,15,
30min and 1, 2, 4, 6, 8, 24 h and then analyzed by LC–MS/MS. The
corresponding pharmacokinetic parameters of S2 are shown in
Table2. Inbrief,AUC0�1 (areaunderconcentration-timecurve from
time zero to infinite), [46_TD$DIFF]t1/2 (half-life), and Cmax (maximum plasma
concentration) of S2were 2379� 353 [47_TD$DIFF]hngmL�1, 2.75� 0.98 h, and
6824� 928 ng/mL, respectively. And the CL (clearance rates) and
VdSS (distribution volumes) of S2 were 105�15mLmin�1 kg�1

and 6.46�1.9 L/kg, respectively. Moreover, the corresponding
pharmacokinetic parameters of active metabolite NBP are shown
in Table S1 (Supporting information), the [46_TD$DIFF]t1/2 of NBP was up to
9.46 h, indicating that S2 possessed an improved PK behavior as
compared with NBP (t1/2 = 44min) [29].

Furthermore,we studied thebraindistributionof S2 in rats. After
intravenous administration of S2 at 15mg/kg, the rats were
sacrificed at 0.5, 1 and 6 h (n = 3) and the post-processed blood
andbrain sampleswere thenanalyzedbyLC–MS/MS. Inviewof that
NBP could be a main active metabolite of S2, the concentrations of
both NBP and S2 were determined to calculate the brain/plasma
(B/P) ratios. As shown in Table S2 (Supporting information), after
intravenousadministrationof S2, theB/P ratios of S2 at 0.5 h and1 h
were 0.107 and 0.135, respectively. The concentration of S2 in brain
at 6 h after administrationwas under detection limit. Interestingly,
after intravenous administration of S2, the B/P ratios of NBP were
significantly improved (1.99, 1.27 and 4.8 at 0.5, 1 and 6 h,
respectively). Collectively, these data clearly demonstrated that
S2 possessed prolonged [46_TD$DIFF]t1/2 with higher NBP brain distributions,
probably thanks to glucose-based hybridization strategy.

To compare the brain distribution between S2 and NBP, we
conducted another assay inmice. After intravenous administration
of S2 or NBP (25mg/kg), themicewere sacrificed at 5,10, 30, 60, 90,
120 and 240min (n = 3), and the brain samples were then analyzed
to determine the concentrations of NBP. As shown in Fig. 4, the
concentrations of NBP in brain produced by S2-treatment or NBP-
treatment gradually increased and then declined. And the amounts
of NBP in the brain from S2were greater than that from NBP alone
in all time points except at 30min, suggesting that S2 may more
smoothly pass through BBB to release active NBP in the brain.

We next conducted the in vitro glucose competition uptake
assay [30] to examine if S2 could interact with GLUT1 and be
ingested into cells via it. The competitive effect of S2 with
D-(+)-glucose was determined by using a cell-based assay with
CellTiter-Glo1 readout for ATP production in COS-7 cells in which
GLUT1 is overexpressed.With the rotenone co-incubation, the cells
could only produce ATP via glycolysis, thus the amount of ATP
measured could be positively associated with that of glucose taken
up. As shown in Fig. S1 (Supporting information), in comparison
with the control group, the ATP levels was significantly reduced in
a dose-dependent manner in S2 groups (10, 30,100mmol/L), while
the NBP group (30mmol/L) did not significantly affect the levels of
ATP under the same conditions. These results suggest that S2 may
be ingested via the mediation of GLUT1 to increase the NBP
distribution in brain.

In summary, the trihybrids S1-S8 were designed and synthe-
sized, inwhich thecarboxylicgroupof a ring-openedNBPderivative
hybridizedwith glucose 6-hydroxyl using FA as a linker. Compound
S2 significantly improved aqueous solubility than NBP and
displayed over 10-fold stronger inhibitoryactivity thanNBP against
ADP or AA-induced platelet aggregation. In addition, S2 was more
potent than its three structuralmoieties alone or in combination in
inhibition of platelet aggregation, suggesting that the activity of S2
may be attributed to their synergistic effects. Moreover, S2
significantly improvedthesurvival rateandreducedROSgeneration
of OGD/R primary neuron cells. Importantly, S2 not only possessed
an improved PK profile, but also enhanced NBP distribution in rat
brain, suggesting that the glucose moiety in S2 may be recognized
by GLUT1, promoting S2 to pass through BBB. Collectively, our
findings suggest that S2 may be a promising anti-ischemia stroke
agent, which deserves further in vivo investigation.
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