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Honokiol (HK) usage is greatly restricted by its poor aqueous solubility and limited oral
bioavailability. We synthesized and characterized a novel phosphate prodrug of honokiol
(HKP) for in vitro and in vivo use. HKP greatly enhanced the aqueous solubility of HK
(127.54 £15.53 mg/ml) and the stability in buffer solution was sufficient for intravenous
administration. The enzymatic hydrolysis of HKP to HK was extremely rapid in vitro
(T1/2=8.9+2.11s). Pharmacokinetics studies demonstrated that after intravenous admin-
istration of HKP (32mg/kg), HKP was converted rapidly to HK with a time to reach the
maximum plasma concentration of ~5min. The prodrug HKP achieved an improved Ty,
(7.97 £1.30h) and terminal volume of distribution (26.02 + 6.04 ml/kg) compared with direct
injection of the equimolar parent drug (0.66 +0.01h) and (2.90 £ 0.342 ml/kg), respectively.
Furthermore, oral administration of HKP showed rapid and improved absorption compared
with the parent drug. HKP was confirmed to maintain the bioactivity of the parent drug for
ameliorating ischemia-reperfusion injury by decreasing brain infarction and improving neu-
rologic function. Taken together, HKP is a potentially useful aqueous-soluble prodrug with
improved pharmacokinetic properties which may merit further development as a potential
drug candidate.
© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Honokiol (HK) is one of the major bioactive phytochemical
agents isolated from Magnolia officinalis, a Chinese herb used

for the treatment of stroke, headache, and ischemic heart dis-
ease [1,2]. HK has been reported to possess anti-inflammatory
[3], antioxidant [4], antidepressant [5], anticancer [6] and neu-
roprotective effects [7]. However, HK use is greatly restricted
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by its poor aqueous solubility and limited oral bioavailability
in vivo [8]. Hence, several studies have shown that most of the
diverse pharmacologic effects mentioned above are after in-
traperitoneal or intravenous administration rather than oral
administration to achieve rapid onset [7,9,10].

Novel pharmaceutical approaches have been used recently
to improve the hydrophilicity and oral absorption of HK, such
as liposomes. However, liposomal formulations are cleared
from the blood rapidly because plasma proteins attach to
the phospholipid membrane of liposomes, thereby trigger-
ing the mononuclear phagocytic system to recognize and
phagocytose the liposomes [11]. In addition, a HK microemul-
sion has been studied in recent years [12,13]. However, these
microemulsion preparations include a large amount of sur-
factant and co-surfactant, which may cause hemolysis or
histopathologic alterations of tissue [14,15] Some studies have
aimed to improve the aqueous solubility and bioavailabil-
ity of HK via preparation of nanoparticles and nano-micellar
formulations [8,16]. The present work describes a novel ap-
proach to counter both challenges by designing a prodrug of
HK.

Prodrug technology has become a popular way to op-
timize the aqueous solubility, stability, drug release, and
pharmacokinetics of drug molecules. Typically, prodrugs are
designed by adding phosphate, ester, or carbamate groups
to the parent drug [17-19]. Prodrugs are activated via enzy-
matic hydrolysis by ubiquitous esterases (carboxylesterases,
butyrylcholinesterases, acetylcholinesterases, arylesterases)
and alkaline phosphatase (which is present throughout the
human body) [20,21].

Among them, phosphate esters are probably the prodrug
strategy used most extensively for improving aqueous solu-
bility, not only for oral administration but also for drugs in-
tended for intravenous administration [22]. Phosphate pro-
drugs release the active parent drug molecule rapidly by
endogenous phosphatases, such as alkaline phosphatase,
which is particularly abundant in hepatic, skeletal, and renal
tissue [23].

There are many examples of successful application of
phosphate prodrugs for parenteral administration. Dexam-
ethasone phosphate is a form of dexamethasone based on the
sodium phosphate salt. Dexamethasone phosphate increases
the aqueous solubility 500-fold (50 mg/ml) when compared
with the parent drug (0.01 mg/ml). Fosfluconazole is the phos-
phate prodrug of fluconazole, and is highly soluble (> 300 mg
per ml) compared with fluconazole [24]. Propofol phosphate
is an aqueous-soluble prodrug of the widely used intravenous
anesthetic propofol. Propofol phosphate has a > 3000-fold in-
creased aqueous solubility (460 mg/ml) when compared with
propofol [25]. These phosphate prodrugs have significantly
improved aqueous solubilities and, consequently, enhanced
absorption, bioavailability, and patient acceptance compared
with their parent drugs.

The promising results mentioned above prompted us to
evaluate the possibility of improving HK solubility using a
phosphate prodrug of HK. The latter has two hydroxyl groups,
which provide sites for intervention using phosphate pro-
drugs whereby HK properties can be manipulated. More
importantly, HK has important physiologic activities, such
as protection from focal cerebral ischemia-reperfusion in-
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Fig. 1 - Chemical structure of HKP.

jury in rat brains [9,13,26]. Hence, whether HK prodrugs
that retain these activities deserve attention and merit
research.

The main purposes of the present study were to: synthe-
size and characterize a phosphate prodrug of HK (HKP) to
enhance the hydrophilicity of HK; investigate HKP pharma-
cokinetics in rats; examine if HKP can ameliorate cerebral
infarction and protect the brain against neural injury in
rats subjected to focal cerebral ischemia-reperfusion injury

[2).

2. Materials and methods
2.1. Materials

HKP was obtained from Chengdu Yishan Biotechnology
(Chengdu, China) at > 85% yield and 97% purity. HK (Fig. 1) and
alkaline phosphatase were purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Phosphorus oxychloride and other
reagents were obtained from Chengdu Kelong Chemical Com-
pany (Chengdu, China).

2.2.  Synthesis and characterization of HKP

The reaction route for HKP is shown in Scheme 1. Phospho-
rus oxychloride was allowed to react with HK overnight at
4°C. After disappearance of the reactant, the reaction was
quenched with iced water to obtain honokiol bisphosphate
with higher purity. Then, honokiol sodium tetraphosphate
was salted out with sodium hydroxide in organic solvent. TH
NMR (400 MHz, D,0) & 7.56 (dd, J=8.4, 6.0Hz, 2H), 7.52-7.44
(m, 2H), 7.33-7.22 (m, 2H), 6.18 (dddt, ] =27.8, 16.9, 10.1, 6.7 Hz,
2H), 5.28-5.11 (m, 4H), 3.58 (d, ] = 6.6 Hz, 2H), 3.47 (d, ] = 6.8 Hz,
2H). 3C NMR (100 MHz, D,0) § 149.09, 149.02, 146.70, 146.63,
138.07, 136.93, 136.75, 133.88, 132.64, 132.58, 131.57, 131.51,
131.34, 130.85, 128.72, 128.42, 120.66, 119.71, 115.88, 115.63,
38.73, 34.00. The splitting of four carbon signals was observed
in 13C NMR spectra. The HRMS (ESI, m/z) was calculated for
C18H16NasOgP, (M + HY) as 514.9984, and found to be 515.0018.

2.3.  High-performance liquid chromatography (HPLC)

HPLC was carried out on a Waters 2695 apparatus cou-
pled to a Waters 2996 photodiode array detector, assisted
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Scheme 1 - Synthesis of the phosphate prodrug of honokiol.

by Waters Empower 2 software (Waters, Milford, MA, USA).
A Kromasil 100-5C;g column (5pm, 250 mm x 4.6 mm) was
used for HPLC (the mobile phase was 80% acetonitrile at a
flow rate of 1ml/min), with the detection absorbance set at
294 nm.

2.4. Comparison of the solubility of HKP and HK

The aqueous solubility of HKP and HK was determined at
room temperature in ultrapure water. HK (10mg) and ex-
cess amounts of HKP were added to 1ml of water in a 1.5-
ml polypropylene centrifuge microtube, respectively. Mixtures
were stirred for 1h, filtered (0.22 pm; Millipore, Billerica, MA,
USA) and analyzed by HPLC.

2.5.  Stability of HKP in physiologic (0.9%) saline

HKP was dissolved in 0.9% NaCl solution formulated as
2mg/ml solution, then diluted to 500 pM with 0.9% Nacl solu-
tion, and aliquoted after sterilization via filtration. HKP saline
solution was incubated at 37 °C and sampled at 4, 8, 12, and
24h as well as 3, 6,20 and 52 d using HPLC to determine the
amount of HK released in HKP saline solution (which reflects
the stability of HKP in saline).

2.6. Hydprolysis of HKP by alkaline phosphatase

To determine whether alkaline phosphatase activated the
HKP prodrug, HKP was dissolved in alkaline phosphatase so-
lution at pH 7.4. After sterilization by filtration, the HKP saline
solution was incubated at 37 °C. Samples were taken at 2, 5,
10, 15 and 30s as well as 1, 10 and 30 min, and the amount of
HK released from HKP determined by HPLC.

2.7. Hydprolysis of HKP in human plasma

Blood donors were healthy individuals and provided writ-
ten informed consent. Freshly donated whole blood was cen-
trifuged for 5 min at 2000 x g to remove cells and platelets, and
supernatant plasma was collected. Subsequently, HKP was in-
cubated with plasma (final concentration =500 uM) at 0, 0.5, 2,
4, 8,12 and 24 h. The plasma sample (200 pl) was mixed vigor-
ously with 1 ml precooled acetonitrile for 5min in a 1.5-ml Ep-
pendorf tube, and then the mixture was centrifuged at 6000 xg
for 10 min. The clear supernatant was analyzed using HPLC by

measuring the concentration of HK, which was released from
HKP.

2.8.  Pharmacokinetics study

Rats were divided into four groups: HKP intravenous treat-
ment group (HKP-IV group, 32 mg/kg), HK intravenous treat-
ment group (HK-IV group, 20 mg/kg), HKP oral treatment group
(HKP-PO group, 64 mg/kg), and HK oral treatment group (HK-
PO group, 40 mg/kg). Rats in the HKP-IV group and the HK-IV
group or the HKP-PO group and the HK-PO group were in-
travenously injected or orally administered with equimolar
amounts of HK.

For intravenous injection, HKP was dissolved in saline to
obtain a concentration of 8 mg/ml of HKP solution (pH=7.0-
7.4) and the injection volume was 4 ml/kg; HK was dissolved in
5% dimethyl sulfoxide (DMSO) + 10% Solutol + 85% deionized
water to give a concentration of 4 mg/ml of HK solution, and
the injection volume was 5 ml/kg.

For oral administration, HKP was dissolved in deionized
water to obtain a HKP solution of concentration 8 mg/ml,
and the gavage volume was 8 ml/kg; HK was dissolved in 5%
DMSO + 10% Solutol + 85% deionized water to obtain a HK so-
lution of concentration 4 mg/ml, and the gavage volume was
10ml/kg.

Blood samples (~0.20 ml) were collected through a cannu-
lated tube at 0, 5, 15, 30 min as well as 1, 2, 4, 6, 8, and 24h
and placed into tubes containing heparin sodium. Samples
were centrifuged to separate plasma (6000 xg, 6 min, 2-8 °C;
plasma samples were stored at — 80 °C before analyses). Each
plasma sample (15 pl) was collected in a 1.5-ml centrifuge tube
and vortex-mixed with 300 pl of warfarin (200 ng/ml; internal
standard solution) and then centrifuged at 17 000 x g for 5 min.
Finally, an aliquot of 200 pl of the supernatant was analyzed
using liquid chromatography-tandem mass spectrometry (LC-
MS/MS).

2.9.  Establishment of the middle cerebral artery occlusion
(MCAO) model

Rats were anesthetized with halothane (2.5%-3%) and sub-
jected to MCAO as described previously, with minor modi-
fications of the method of Longa et al. [27]. Briefly, a 2-cm
incision was made with ophthalmic scissors along the mid-
line, and the muscle tissue of the right neck was separated
and retracted. The right common carotid artery (CCA), exter-
nal carotid artery, (ECA) and internal carotid artery (ICA) were
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Table 1 — The aqueous solubility of HKP in buffer solution, half-lives of HKP in buffer solutions and half-life of HKP in

alkaline phosphatase solution and, all at pH 7.4 (mean + SD.; n = at least 3).

Compound Solubility (mg/ml), r.t.? Chemical stability, Ty ,; Enzymatic hydrolysis, Ty/,;
HKP 127.54+15.53 Stable® 890+£2.11s
HK 0.0023 4 0.0003 = <

2 Room temperature.
b No degradation was observed after three weeks.
€ Not determined.

exposed in turn. Then, the ECA was ligated, and the ICA was
clamped temporarily. After threading at the proximal and dis-
tal CCA, respectively, the distal end was fastened, whereas the
proximal end was tied loosely. An incision was made between
the two lines on the CCA. A 4-0 monofilament nylon suture
was inserted past the incision site of the ECA into the ICA
for ~18 mm. Suture insertion was halted if slight resistance
was encountered. At this moment, the blood flow of the right
MCA was blocked by the suture. Ischemic rats were placed into
an environment at 37 °C for 2 h; then the suture was removed
carefully to allow MCA reperfusion.

Seventy-nine rats were assigned randomly to four groups,
and given intravenous injections of the following drugs: ve-
hicle group, treated with 0.9% saline; positive control group,
treated with 10mg/kg butylphthalide (NBP); optimal-force
group, treated with 100 pg/kg HKP; heavy-force group, treated
with 5mg/kg HKP. Rats were treated with HKP immediately
for the first dose after modeling and then the second dose
was given 6-7 h after modeling. Then, HKP was administered
twice daily for the next 2 consecutive days, whereas the vehi-
cle group and positive control group were treated with saline
and NBP, respectively, according to the HKP administration
method.

2.10. Measurement of infarct volume

Rats were sacrificed by exsanguination of the abdominal aorta
under anesthesia after the end of treatments. The bony com-
partment of the skull was removed carefully to expose the
whole brain; the latter was removed, weighed immediately,
and placed in a freezer at—20°C until it was frozen com-
pletely. Frozen brain tissue was cut into slices of thickness
2mm, posterior to the olfactory bulb, to yield six slices. Slices
were placed separately in a six-well plate with 5% 2,3,5-
triphenyl tetrazolium chloride (Sigma-Aldrich) at 37 °C in the
dark for 15-20 min. Brain slices were removed before immer-
sion in 4% formaldehyde solution protected from light. Non-
infarcted areas appeared red after staining, whereas infarcted
areas remained white. Each brain slice was placed on a filter
paper in sequence, photographed with a digital camera, and
white tissue was removed carefully and weighed. The infarc-
tion size was calculated as the percentage of the weight of in-
farcted tissue to the total weight of the brain.

2.11.
(NSS)

Determination of the neurological severity score

NSS evaluations were made according to the method of Chen
and colleagues [28] on 1-3 d after MCAO by an investigator

blinded to experimental grouping. The NSS is a composite of
motor, sensory, reflex, and balance tests. The NSS is a useful
parameter for evaluation of the neuronal effects of drugs in a
model of closed head injury in rats [26]. A set of NSS (Supple-
mentary Table 1) was graded on a scale of 0 to 18, where grade
0 represents normal neural function and grade 18 represents
the maximal deficit. The higher the score, the more severe the
brain injury.

2.12. Statistical analyses

Statistical analyses were undertaken using Prism (GraphPad
Software, La Jolla, CA, USA). Results are the mean + SD. Dif-
ferences between the mean values of control and treatment
groups were calculated using the Student’s t-test.

3. Results and discussion
3.1.  Solubility

Hydroxy phosphates-based prodrugs are a promising strat-
egy for improving the aqueous solubility of a parent drug. HK
is a poorly soluble compound with a solubility < 0.01 mg/ml,
whereas HK-loaded micelles have a solubility of only
1.46 mg/ml [29].

Surprisingly, the HKP prodrug enhanced the aqueous sol-
ubility of HK (0.0023 +0.0003 mg/ml) immensely. This com-
pound had a solubility of 127.54 +15.53mg/ml (Table 1) and
was 55,000-fold higher than HK. In general, a water-insoluble
compound is defined as those that dissolve to the extent a sol-
ubility < 0.01/100 g of water-insoluble, and freely soluble com-
pounds is defined as those that dissolve to the extent of 1g or
more per 100 g of water. Thus, HK was defined as a poorly solu-
ble compound whose solubility limitations were overcome by
using a prodrug.

3.2.  Stability in buffer solutions

The stability of the prodrug was determined in saline solution
at 37 °C. The assay showed that the HKP prodrug was highly
stable, and there was no detection of the parent drug (HK) dur-
ing 24-h incubation in saline, thereby suggesting that sponta-
neous hydrolysis of these compounds did not occur (Table 1).
Even after 3 d of incubation in saline, the concentration of
the HKP prodrug and its parent drug remained steady. Thus,
the phosphate ester prodrug exhibited good chemical stability.
Hence, not only was HKP solubility sufficient for intravenous
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Fig. 2 - Alkaline phosphatase can hydrolyze HKP in vitro. The HK concentration was determined using HPLC. (A) 100 pM of
HKP was hydrolyzed by alkaline phosphatase at pH 7.4 and 37 °C, with a half-life of 8.90 £2.11 s. (B), HKP (500 pM) was
hydrolyzed in human plasma at 37 °C, and samples were evaluated at different time points.

Table 2 — The non-compartmental pharmacokinetic parameters of HK in rat plasma samples of four groups after oral or

intravenous administration.

Variable HKP-IV HK-1V2 HKP-PO HK-PO
32mg/kg O0mg/kg 64mg/kg 40mg/kg
T1 (h) 7.97 £1.30 0.66+0.01 2.27+1.28 6.68+6.97
Tmax (h) 0.08 0.08 0.25 1.00
Crmax (ng/ml) 32 554.80+3331.71 12 256.90+1761.85 312.25+63.03 34.72+19.68

AUCy.; (h ng/ml)
AUCp. (h ng/ml)

14 151.45+987.73
14 289.34+967.70

6600.83 +838.38
6603.81 +838.69

V, (ml/kg) 26.02 4+ 6.04 2.90+0.34
CL (ml/h/kg) 2.25+0.15 3.0640.42
MRT,.; (h) 0.9640.13 0.50+0.01
MRTo., (h) 1.304+0.14 0.5040.01

356.66+111.49
379.09+119.08

1.40+0.02
2.01+0.45

157.80+59.33
287.59+99.01

3.27+0.38
10.19+£10.18

administration, its stability could ensure the safety and ef-
ficacy of the drug if used clinically [30,31]. The results men-
tioned above also suggest that HK released from the HKP pro-
drug in plasma in vitro in the subsequent experiment was not
due to poor stability but instead the result of hydrolysis of HKP
by alkaline phosphatase.

3.3.  Hydrolysis of HKP in alkaline phosphatase solution
and plasma

The enzymatic hydrolysis of HKP was determined in alkaline
phosphatase solution at pH 7.4 and 37 °C. The half-life (T;/,)
was determined to be 8.90+2.11s (Table 1, Fig 2A). HK was re-
leased completely by hydrolysis of HKP within ~20s. A hydrol-
ysis study revealed satisfactory hydrolysis of the prodrug in
alkaline phosphatase solution, which is promising for future
drug development. However, the alkaline phosphatase used in
this experiment was derived from bovine intestinal mucosa.
Due to species differences, we should investigate further using
human serum to ascertain if HKP can be hydrolyzed to release
HK. However, serum has very low dephosphorylase activity
for these substrates compared with intestine and liver ho-
mogenates [32]. Thus, it is unsurprising that in our assay, HKP

release of 500 uM resulted in a concentration of only 32 uM of
HK after 48h, and the hydrolysis rate of HKP in serum was
much slower than HKP in the enzyme reaction system (Fig. 2B).
This decreased hydrolysis may have been due to the influence
of complex components in serum, such as plasma proteins.

Studies have demonstrated that prodrugs that show low
protein binding could increase the availability of prodrugs
for hydrolysis in plasma, and that high plasma protein bind-
ing of a prodrug elicits an extremely slow hydrolysis rate
[33,34]. These findings strongly suggest accelerated hydroly-
sis of phosphate prodrugs in vivo due to the additional phos-
phatase enzymes in tissues. Thus, the pharmacokinetics of
HKP prodrugs should be investigated further.

3.4.  Pharmacokinetics of HKP and HK in rats

After intravenous or oral administration of a single dose of
HKP and HK to healthy rats, HK was detected rapidly in plasma
samples. The pharmacokinetic parameters of HK in plasma
samples of the four groups are listed in Table 2. The time to
reach the maximum plasma concentration (Tmax) in the HKP-
IV group occurred at 0.08 h, which was identical to that of the
parent drug. This result indicated that the active parent drug
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(HK) was released rapidly from the phosphate prodrug (HKP)
by the abundant phosphatases in vivo, which substantiated
the feasibility of the phosphate prodrug method.

These results also showed improved pharmacoki-
netic properties using the prodrug design. The plasma
concentration measured at 0.08h for HKP-IV and HK-IV
was 32 554.80+3331.71ng/ml and 12 256.90+1761.85ng/ml,
respectively (Table 2). Both profiles exhibited a rapid dis-
tribution phase followed by a slower elimination phase
(Fig. 3). However, the T;,, after intravenous administra-
tion of HKP (T, =7.97+1.30h) was prolonged remarkably
compared with those after intravenous administration of
HK (T1/,=0.66+0.01h), which was due (at least in part)
to the prodrug HKP diffusing into tissues with relatively
less phosphatase and thus releasing the parent drug (HK)
relatively slowly. This diffusion could also explain why the
HK concentration in plasma declined apparently in the first
hour after administration but, in the subsequent 23h, the
HK concentration decreased more slowly and smoothly.
Compared with the HK-IV group, the HKP-IV group showed
approximate doubling of the HK concentration in the area
under the plasma concentration-time curve (AUCp. =14
289.34+967.70 h ng/ml). The most important result was the
terminal volume of distribution (V) of HKP, which showed a
rate that was 9-fold higher (26.02 & 6.04 ml/kg) than that of the
parent drug (2.90 & 0.342 ml/kg). As one of the most important
pharmacokinetic properties of a drug candidate, the V; is
a major determinant of the T;,, and dosing frequency of a
drug [35]. Based on its improved pharmacokinetic properties,
the prodrug HKP could merit further development as a drug
candidate.

Rapid generation of the parent drug via intestinal alkaline
phosphatase leading to precipitation of the parent drug
may explain the failure of many oral phosphate prodrugs to
demonstrate improved absorption compared with their sol-
uble parent drugs [36]. Interestingly, the pharmacokinetics of
these prodrugs after oral administration were improved. The
maximum plasma concentration (Cmax; 312.25£63.03 ng/ml)
of the HKP-PO group was about 10-fold greater than that of
the HK-PO group, suggesting that HKP had greater absorption

than the parent drug (HK) (Table 2). Typically, phosphate pro-
drugs administered via the oral route are hydrolyzed rapidly
by alkaline phosphatases in the gut epithelia to their parent
drugs during absorption, with only minimal concentrations
of prodrugs reaching the blood circulation [22]. Therefore, sig-
nificant acceleration of the oral absorption rate in vivo using
phosphate prodrugs is difficult. However, our study revealed
that oral HKP phosphate had a short Tmax (~15 min) compared
with that of the HK-PO group (1h), thereby reflecting rapid ab-
sorption compared with the parent drug. This increased ab-
sorption was (at least in part) because of increased permeabil-
ity of the parent drug molecule due to its prodrug structure.
It has been reported that nanomicellar formulations of HK
result in significant increase in oral bioavailability, and Cpax
has been shown to be increased significantly (4.06 fold) com-
pared with the free drug [8]. In our study, the Cpnax and AUC
of HK were increased dramatically in the HKP-PO group (10-
fold), and the phosphate prodrug system seemed to have bet-
ter absorption of HK compared with that of HK nanomicellar
formulations. Thus, HKP had greater absorption, and its use
in practical applications could be meaningful. Taken together,
HKP was converted readily to HK in vivo in rats for adminis-
tration via intravenous or oral routes with improved pharma-
cokinetic properties. Hence, whether HK prodrugs retain these
pharmacologic activities deserves further research.

3.5.  HKP ameliorated ischemia-reperfusion injury in
MCAO rats

Studies have shown that HK has protective roles during
ischemia-reperfusion injuries in rat brain through disruption
of PSD95-nNOS interactions because it inhibits neutrophil
infiltration, production of reactive oxygen species, and the
cell cycle [7,9,13]. Lin and colleagues documented that HK
can pass through the blood-brain barrier, induce the death
of neuroblastoma cells [37], and that ~10% of HK in plasma
can cross the blood-cerebrospinal fluid barrier into cere-
brospinal fluid [10]. HKP was confirmed to greatly optimize
the pharmacokinetic parameters of its parent drug (HK) in our
study. Therefore, it was necessary to confirm if HK can help
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Fig. 4 - HKP attenuated focal cerebral ischemia-reperfusion injury. (A) Quantification of infarct volumes 72 h after focal
ischemia. (B) Quantification of the neurologic severity score (NSS) 24, 48, and 72 h after focal ischemia. Bars represent

mean + SEM (n =15).

to ameliorate ischemia-reperfusion injury after structural
transformation. The Tpyax of the HKP-IV group showed that
the active parent drug (HK) was released from the phosphate
prodrug (HKP) in vivo within 5 min. Therefore, intravenous in-
jection of HKP could be regarded as HK administration. Thus,
we thought it unnecessary to add an experimental group that
was administered HK. Also, the poor solubility of HK makes its
intravenous administration difficult. As for the positive drug
NBP, several studies have shown that NBP aids amelioration
of ischemia-reperfusion injury, and NBP is approved in China
for the treatment of ischemic stroke [38-40]. Further, NBP
and HKP can be dissolved in physiologic (0.9%) saline, but HK
cannot. Thus, we did not create an HK experimental group but
choose NBP as our positive drug to compare the differences
between HKP and NBP groups in this experiment.

Following 2h of blood-flow interruption and 15min of
reperfusion, the brain tissue in rats underwent a certain de-
gree of edema and injury. Rats treated with HKP (100 pg/kg),
HKP (5mg/kg) or NBP (10mg/kg) showed a significant de-
crease in infarct volume 72h after reperfusion compared
with the vehicle group (P=0.0373, 0.0176 and 0.0482, re-
spectively) (Fig. 4). The efficacy observed in the HKP-5mg/kg
group was comparable with that of the NBP group, but
the HKP-5mg/kg group showed slight superiority in reduc-
ing the brain infarct volume of rats compared with the
NBP group. NSS evaluations were made 1-3 d after MCAO.
The NSS for the vehicle group, HKP-100 pg/kg group, HKP-
S5mg/kg group and NBP-10 mg/kg group 1-3 d after MCAO are
shown in Fig. 4. There were no significant differences be-
tween the vehicle control group (11 +0.39) and HKP-100 pg/kg
group (9.63+0.75, P=0.1262), HKP-5mg/kg group (9.84+0.71,
P=0.1764) or NBP-10 mg/kg group (11.26 +0.48, P=0.6795) on

day-1, respectively. There was a downward trend in the NSS
of the HKP-100 pg/kg group and HKP-5 mg/kg group compared
with the vehicle group. After 2 d of intravenous drug ad-
ministration, the NSS of animals in the HKP-100 pg/kg group
(P=0.0007), HKP-5 mg/kg group (P =0.0439), and NBP-10 mg/kg
group (P=0.0413) was 8.21+0.83,9.69 +£1.02, and 10.18 +0.74,
respectively, significantly lower than that of the model control
group (12.21+0.54). Significant functional improvement was
observed in the HKP-100 pg/kg group (P = 0.0005), HKP-5 mg/kg
group (P=0.0061) 3 d after MCAO except for the NBP-5 mg/kg
group (P=0.066), with a score of 7.47+0.71, 8.31+0.75, and
9.41+0.64, respectively, compared with the vehicle control
group (10.93 £ 0.40). These NSS results demonstrated that the
effect of lower doses of HKP is better than higher, and this phe-
nomenon may be due to the inverted U-shaped dose-effect.
HKP and NBP had roles in improving the NSS of model rats
compared with the vehicle group. Furthermore, the neuropro-
tective effects of HKP on rats was stronger than that of the NBP
group.

In conclusion, our results confirmed that HKP could de-
crease brain infarction and improve the neurologic function
of rats after cerebral ischemia-reperfusion injury, which was
consistent with the results of two studies [1,2].

Stroke is a leading cause of long-term disability, and out-
comes are directly related to timely intervention. Several stud-
ies and stroke guidelines have reported that the optimal treat-
ment time-window of stroke is within 4.5 h and cannot exceed
24h [41-43], which require the rapid onset of drugs. Hence,
HKP could be used to treat stroke via intravenous injection ow-
ing to its excellent aqueous solubility to achieve rapid onset.
These results suggest that HKP might be a potent neuroprotec-
tive agent against focal cerebral ischemia-reperfusion injury.
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4, Conclusions

Our design of a phosphate prodrug focused on masking the
hydroxy groups of HK. As the phosphate prodrug of HK, HKP
enhanced the aqueous solubility of HK greatly. HKP was con-
verted readily to HK in vivo in rats administrated via intra-
venous and oral routes with improved pharmacokinetic prop-
erties and retained its ability to aid amelioration of ischemia-
reperfusion injury after structural transformation. Taken to-
gether, HKP is a potentially useful aqueous-soluble phosphate
prodrug with improved pharmacokinetic properties that could
merit further development as a drug candidate.
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