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Background: Gintonin is a ginseng-derived exogenous G-proteinecoupled lysophosphatidic acid (LPA)
receptor ligand, which exhibits in vitro and in vivo functions against Alzheimer disease (AD) through
lysophosphatidic acid 1/3 receptors. A recent study demonstrated that systemic treatment with gintonin
enhances paracellular permeability of the bloodebrain barrier (BBB) through the LPA1/3 receptor.
However, little is known about whether gintonin can enhance brain delivery of donepezil (DPZ) (Aricept),
which is a representative cognition-improving drug used in AD clinics. In the present study, we exam-
ined whether systemic administration of gintonin can stimulate brain delivery of DPZ.
Methods: We administered gintonin and DPZ alone or coadministered gintonin with DPZ intravenously
or orally to rats. Then we collected the cerebral spinal fluid (CSF) and serum and determined the DPZ
concentration through liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
Results: Intravenous, but not oral, coadministration of gintoninwith DPZ increased the CSF concentration
of DPZ in a concentration- and time-dependent manner. Gintonin-mediated enhancement of brain de-
livery of DPZ was blocked by Ki16425, a LPA1/3 receptor antagonist. Coadministration of vascular
endothelial growth factor (VEGF) þ gintonin with DPZ similarly increased CSF DPZ concentration.
However, gintonin-mediated enhancement of brain delivery of DPZ was blocked by axitinip, a VEGF
receptor antagonist. Mannitol, a BBB disrupting agent that increases the BBB permeability, enhanced
gintonin-mediated enhancement of brain delivery of DPZ.
Conclusions: We found that intravenous, but not oral, coadministration of gintonin facilitates brain de-
livery of DPZ from plasma via LPA1/3 and VEGF receptors. Gintonin is a potential candidate as a ginseng-
derived novel agent for the brain delivery of DPZ for treatment of patients with AD.
� 2020 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction acetylcholine levels by inhibiting acetylcholine hydrolysis [3]. DPZ
Alzheimer disease (AD) is a common and representative neuro-
degenerativediseaseobserved in theagingpopulation [1]. ADoccurs
after 65 years of age; however, its occurrence at an earlier age is
gradually increasing. The occurrence of AD inwomen is about two-
thirds compared with male patients with AD, which can be attrib-
uted to female longevity [2]. The present primary and main clinical
treatment of patients with AD is the pharmacological modulator of
acetylcholinesterase activity, donepezil (DPZ),which increasesbrain
oratory and Department of Physio
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treatment can result in symptomatic improvement of cognitive
function and is considered a representative medicine for AD [4,5].

Ginseng, the root of Panax ginsengMeyer, has been used as a tonic
for human beings to maintain health [6]. Ginseng extract contains
diverse components [6]. Recent studies found that ginsengextractalso
contains novel bioactive phospholipid complexes with ginseng pro-
teins, such as ginseng major latex-like protein151, named gintonin.
The functional component of gintonin is lysophosphatidic acids (LPA,
1-acyl-2-hydroxy-sn-glycero-3-phosphate), which is a simple
logy, College of Veterinary Medicine, Konkuk University, Seoul, 05029, South Korea.
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Fig. 1. Schematic diagram of gintonin (GT)-mediated enhancement of delivery of
donepezil (DPZ) in the brain. CSF, cerebrospinal fluid; IP, intraperitoneal; IV,
intravenous.

S.-H. Choi et al / Gintonin-stimulated donepezil delivery to the brain 265
phospholipid that plays a role as a lipid-derived growth factor. The
order of amounts of LPAs found in the gintonin is as follows: LPA C18:2
>> LPA C16:0 > LPA C18:1 [7]. Gintonin functions as an exogenous
ginseng-derived G-proteinecoupled LPA receptor ligand [7,8]. We
previously showed that gintonin exhibits various in vitro and in vivo
AD-related pharmacological effects [9]. In preclinical tests, gintonin
exhibits invitroand invivoanti-ADactivities.Co-oraladministrationof
gintonin with an AD therapeutic agent, such as DPZ, in patients with
AD demonstrated improvement of cognitive functions [10]. However,
the previous report did not showwhether systemic administration of
gintonin could stimulate the brain delivery of DPZ when both are
coadministered.

In the present study, we examined the effects of gintonin to
determine whether coadministration of gintoninwith DPZ facilitates
brain delivery of DPZ. We found that gintonin successfully enhanced
brain delivery of DPZ, and that gintonin-mediated enhancement of
brain delivery of DPZ was blocked by the LPA receptor antagonist.
Further, we found that the gintonin-mediated enhancement of brain
delivery of DPZ from plasma also involves the vascular endothelial
growth factor (VEGF) receptor because the VEGF receptor antagonist
and coadministration of VEGF also blocked and enhanced gintonin-
mediated brain delivery of DPZ. Finally, we discuss the pharmaco-
logical roles of gintonin in the brain delivery of DPZ.

2. Materials and methods

2.1. Materials

Gintonin, devoid of ginseng saponins, was prepared from Panax
ginseng according to the previously described methods [11] and
dissolved in 0.9% saline. DPZ hydrochloride and dipyridamole were
purchased from Sigma-Aldrich (St. Louis, MO, USA). We purchased
Ki16425 from Cayman Chemicals (Ann Arbor, MI, USA) and axitinib
from Tocris Bioscience (Bristol, UK). The VEGF was obtained from
GenScript (Piscataway, NJ, USA), and other chemicals were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Animals

MaleWistar rats (8 weeks old ; OrientBio, Seongnam-si, the South
Korea) were purchased from the OrientBio for this study. All experi-
ments were conducted in accordance with the National Institutes of
Health Guide of the Care and Use of Laboratory Animals, and all
experimental procedures were approved by the Institutional Animal
CareandUseCommitteeof theBiomedicalResearchInstituteatKonkuk
University (Permit Number: 17-206).

2.3. In vivo experiments

The experiments were performed according to the procedure
illustrated by the diagram in Fig. 1. The rats were allocated into four
groups according to administered treatments: (1) DPZ (5 mg/kg)
alone, DPZ þ gintonin (15, 30, 40 mg/kg), VEGF (200 mg/kg) þ DPZ,
VEGF þ DPZ þ gintonin (30 mg/kg), mannitol (20% in 0.9%
saline) þ DPZ (5 mg/kg), mannitol þ DPZ þ gintonin (30 mg/kg) all
via intravenous injection. (2) After other groups were pretreated
with Ki16425 (30 mg/kg) or axitinib (25 mg/kg) for 30 min by
intraperitoneal injection, DPZ þ gintonin were coadministered
intravenously. (3) After DPZ (10 mg/kg) was administered orally,
gintonin (30 mg/kg) was injected intravenously 50 min later. (4)
After gintonin (100 mg/kg) was administered orally using oral
gavage after an overnight fast, DPZ (5 mg/kg) was injected intra-
venously 50 min later. Five minutes after intravenous injection, the
cerebral spinal fluid (CSF) samples from all groups were collected
from the cisterna magna [12]. Rats were placed under anesthesia
with 3% isoflurane and then exposed to 1.5% isoflurane delivered in
an 30% O2/70% N2O mixture. Then, the anesthetized rat was placed
in a stereotaxic apparatus (Stoelting Co.; Wood Dale, IL ,USA) and a
midline incision was made between the ears and over the occipital
bone. After the cervicospinal muscle was reflected and the atlanto-
occipical membranewas exposed, themembranewas punctured by
using a 30-gauge needle and the CSF was drawn into syringe.
2.4. Sample preparation for LPA analysis

The stock standard solution of each acyl-LPAs (LPAC18:2, LPAC18:1,
LPA C16:0) and LPA C14:0 internal standard (IS) was prepared in high-
pressure liquid chromatography (HPLC) grade methanol. All solu-
tionswere stored at 4�Cuntil the time of analysis.Working solutions
wereprepared froma100mg/mLstocksolution.Thecalibrationcurve
of serum sampleswas prepared by spiking 10 mL ofworking solution
(0.5, 1, 2, 5, 8, 10 mg/mL) into 90 mL of the samples.

A volume of 100 mL of the CSF or serum (real sample) was
transferred to a 1 mL tube and spiked with 10 mL IS (5 mg/mL). After
vortexing for 30 s, the samples were precipitated with 300 mL
methanol. The samples were vortexed for 30 s and then centrifuged
for 10 min at 10,000 rpm. The organic layer was filtered through a
syringe filter 0.2 mm (MILLEX-LG; Merck Millipore Corporation,
Merck KGaA, Darmstadt, Germany). A volume of 2 mL of the solution
was injected for LC-MS/MS analysis [13].

Stock solutions of DPZ and dipyridamole (IS) were prepared and
diluted in HPLC-grademethanol. The stock solutions of the analytes
were stored at 4�C for onemonth.Working solutionswere prepared
froma100mg/mLstocksolution.ThecalibrationcurveofCSFsamples
waspreparedbyspiking2.5mLofworkingsolution (0.1,0.2, 0.5,1, 2,5,
10mg/mL) into22.5mLof thesample. Further, thecalibrationcurvesof
serum sampleswere prepared by spiking 5 mL working solution (0.1,
0.2, 0.5, 1, 2, 5, 8, 10 mg/mL) into 45 mL of the sample.

A 25 mL volume of the CSF (real sample) was transferred to a
1 mL tube and spiked with 5 mL IS (50 mg/mL). After vortexing for
30 s, the samples were precipitated with 25 mL of acetonitrile. The
samples were vortexed for 30 s and then centrifuged for 10 min at
6,000 rpm. The organic layer was transferred to a insert vial. A
volume of 2 mL was injected for LC-MS/MS analysis. A 50 mL volume
of the serum (real sample) was transferred to a 1 mL tube and
spiked with 10 mL IS (50 mg/mL). After vortexing for 30 s, the
samples were precipitated with 300 mL of methanol. The samples
were vortexed for 30 s and then centrifuged for 10 min at
10,000 rpm. The organic layer was filtered through a syringe filter
(0.2 mm, MILLEX-LG; Merck Millipore Corporation, Merck KGaA,
Darmstadt, Germany). A volume of 2 mL of the solutionwas injected
for LC-MS/MS analysis.
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2.5. Quantitation of LPAs and DPZ using LC-MS/MS

Analyses were quantified by LC-MS/MS using an Agilent series
1100 HPLC (Agilent Technologies, Santa Clara, CA, USA) instrument,
which consisted of a G1311A Quart pump, G1313A autosampler,
G1322A degasser, G1316A column oven, and an API 2000� LC-MS/
MS system (Applied Biosystems, Foster City, CA, USA). Tandemmass
spectrometric analysis was carried out using an electrospray ion
source in positive and negative modes. Analytical data were pro-
cessed using Analyst 1.4.2 software (AB SCIEX; Seocho-gu, the
South Korea) Quantitation was performed by the multiple reaction
monitoringmode of the precursor ions and the related product ions
using an internal standard method with peak area ratios.

Chromatographic separations of acyl-LPAs (LPAC18:2, LPAC18:1, LPA
C16:0) and LPA C14:0 IS were performed on a Waters XBridgeTM C18
analytical column (Waters; Milford, USA). The mobile phase was
composed of acetonitrile, 0.1% formic acid, and 10 mM ammonium
formate in water, 85:15 (v/v). The isocratic pump mode was run at a
flow rate of 0.25 mL/min, and 2 mL aliquots were injected into the
column. The column temperature was maintained at 25�C. The ion
spray voltage was set at �4.5 kV in the negative ion mode. The
capillary temperature was set at 450�C. The operating conditions,
optimized by a flow injection of all analytes, were as follows: nebu-
lizing, auxiliary, and curtain gas flows of 50.0, 70.0, and 15 PSI,
respectively. The compound parameters viz. The collision energy and
declusteringpotentialwere set at�72V to�106Vand�46V to�66V
Fig. 2. Effects of gintonin on circulating LPA levels in rats. (AeD) Vehicle or gintonin (40 mg/
levels of various LPAs were determined at the indicated time points. Values depict the me
surement of LPAs were described in Materials and methods. LPA, lysophosphatidic acid.
for acyl-LPAs. The mass transitions (precursor ion/product ion) used
for LPAC18:2, LPAC18:1, LPAC16:0, and LPAC14:0 (IS)werem/z 433/m/z
79, 435/m/z 79, 409/m/z 79, and m/z 381/m/z 79, respectively.

Chromatographic separations of DPZ and dipyridamole (IS) were
performed on a Phenomenex kinetex� EVO C18 analytical column
(Phenomenex; Torrance, CA, USA). The mobile phase is made up of
acetonitrile and 5-mM ammonium formate in water at a ratio of
70:30 (v/v). The isocratic pump mode was run at a flow rate of
0.15 mL/min, and 2 mL aliquots were injected into the column. The
column temperature was maintained at 20�C. The ion spray voltage
was set to 5.5 kV in the positive ion mode.

The capillary temperature was set to 450�C. The operating
conditions, optimized by a flow injection of all analytes, were as
follows: nebulizing, auxiliary, and curtain gas flows of 30.0, 70.0,
and 10 PSI, respectively. The compound parameters viz. The colli-
sion energy, and declustering potential (DP) were set to 65 V and 96
V for DPZ and 43 V and 121 V for IS. The mass transitions (precursor
ion/product ion) used for DPZ and dipyridamole (IS) were m/z 380
/ m/z 91 and m/z 505 / m/z 429, respectively.

2.6. Data analysis

Statistical analyses between DPZ alone and the cotreatment of
gintonin with DPZ or other drugs were performed using one-way
analysis of variance, as indicated, using Sigma Stat 4.0 (Systat
Software, Inc; San Jose, CA, USA). All values are presented as the
kg) was administered intravenously into catheterized rats into the tail vein, and plasma
an � standard error of mean (S.E.M.) (n ¼ 4). Experimental procedures for the mea-
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mean � standard error of mean (S.E.M). The significance of the
difference was considered statistically significant when p < 0.05.

3. Results

3.1. Determination of plasma LPA concentrations after intravenous
gintonin administration

Because gintonin's active ingredients are LPAs that transiently
open the bloodebrain barrier (BBB) [14], we first determined rat
plasma LPA concentration after intravenous administration of
Fig. 3. Determination of mean CSF and plasma concentrations of donepezil for estimation
centration in CSF; B, DPZ concentration in serum), 4 mg/kg (C, DPZ concentration in CSF
concentration in serum) donepezil alone or were coadministered with gintonin (15, 30, or 4
5 min after each injection. The analysis of donepezil was described in Materials and methods
to with donepezil alone. CSF, cerebrospinal fluid.
gintonin. After administration of gintonin (40 mg/kg) through the
rat tail vein, we prepared plasma and determined the LPA concen-
trationwith a different time course. As shown in Fig. 2, although the
control vehicle group showed only a small and negligible amount of
LPA C16:0, LPA C18:1, and LPA C18:2, intravenous gintonin adminis-
tration increased those LPAs 2 min post-gintonin administration,
and these LPAs rapidly returned to a basal level comparablewith the
control after 1min. The amount of blood LPAwas in the order of LPA
C18:2 > LPA C16:0 > LPA C18:1, which is consistent with the ratio
contents of LPAs in gintonin [7]. These results show that intravenous
gintonin administration transiently increases plasma LPAs.
of brain delivery effects of gintonin. Rats were administered 3 mg/kg (A, DPZ con-
; D, DPZ concentration in serum), and 6 mg/kg (E, DPZ concentration in CSF; F, DPZ
0 mg/kg) intravenously via the tail vein. CSF and plasma samples were collected within
. Values depict the mean � S.E.M. (n ¼ 10). *P < 0.05, **P < 0.01, ***P < 0.005, compared



J Ginseng Res 2021;45:264e272268
3.2. Effects of gintonin on brain delivery of DPZ

Based on the transient increases of plasma LPAs after gintonin
administration (Fig. 2) and the finding that gintonin binds to the
LPA1 receptor expressed in human brain microvessel endothelial
cells, inducing morphological changes and increasing BBB perme-
ability through the paracellular pathway [14], we next investigated
whether gintonin could enhance brain delivery of therapeutic
agents for treatment of the neurodegenerative disease, such as AD.
DPZ (Aricept) is a primary andwell-known anti-ADmedicine that is
clinically prescribed for patients with AD. In the present study, we
first examined the concentration of gintonin or DPZ for the brain
delivery of DPZ. As shown in Figs. 3Ce3E, coadministration of
gintonin (15, 30, or 40 mg/kg) with DPZ (3, 4, or 6 mg/kg) to the rat
intravenously increased the DPZ concentration in the rat CSF with a
gintonin concentration-dependent manner. Thus, coadministration
of gintonin (30 or 40 mg/kg) with DPZ (4 or 6 mg/kg) significantly
increased CSF DPZ concentration compared with DPZ alone
(Figs. 3Ce3E). We could observe that only coadministration of
gintonin (30 and 40 mg/kg) with DPZ (3 mg/kg) enhanced CSF DPZ
delivery (Fig. 3A). However, gintonin had no significant effects on
serum DPZ amount, indicating that gintonin enhances brain de-
livery of DPZ (Figs. 3B, 3D and 3F). Thus, coadministration of gin-
tonin (30 or 40 mg/kg) with DPZ (>4 mg/kg) exhibits a consistent
enhancement of brain delivery of DPZ. The minimally required
amount of gintonin and DPZ to enhance brain delivery of DPZ was
30 mg and 3 mg, respectively (Fig. 3A). Furthermore, gintonin-
mediated enhancement of the brain delivery of DPZ was time-
dependent (Figs. 4A, 4B). Interestingly, coadministration of ginto-
nin (30 mg/kg) with DPZ (4 mg/kg) enhanced brain delivery of DPZ,
reaching a maximal level at 5 min after intravenous coadminis-
tration of gintonin and DPZ, after which CSF concentration of DPZ
decreased, indicating that gintonin rapidly enhances brain delivery
of DPZ. Thus, these results demonstrate that gintonin-mediated
facilitation of brain delivery of DPZ are concentration- and time-
dependent.
3.3. Involvement of LPA and VEGF receptors in gintonin-mediated
enhancement of brain delivery of DPZ

In a previous report, we showed that gintonin activates six LPA
receptor subtypes to elicit [Ca2þ]i transient in mammalian cells [7].
However, there is no selective antagonist on each LPA receptor
subtype except Ki16425, which is a selective LPA1/3 receptor
Fig. 4. Determination of mean CSF and plasma concentrations time profile of donepezil on
concentration in serum) samples were collected within 5, 15, and 30 min after intravenous in
the mean � standard error of mean (S.E.M.) (n ¼ 8). *p < 0.05, **p < 0.01, compared with
antagonist [15]. Subsequently, we examined whether gintonin-
mediated enhancement of brain delivery of DPZ is attenuated by
the LPA1/3 receptor antagonist, Ki16425, because the gintonin-
mediated increase of the BBB permeability was blocked by
Ki16425 [14]. As shown in Fig. 5A, coadministration of Ki16425
with gintonin þ DPZ abolished gintonin-mediated enhancement of
brain delivery of DPZ, indicating that gintonin-mediated enhance-
ment of brain delivery of DPZ is achieved via LPA1/3 receptors. In
previous reports, we showed that gintonin stimulates VEGF release
in human umbilical vessel endothelial cells and astrocytes [16,17].
Furthermore, it was reported that VEGF is a kind of BBB opening
agent [18]. Therefore, we examined the effects of the VEGF receptor
antagonist on gintonin-mediated enhancement of the brain de-
livery of DPZ. Fig. 5A shows that the VEGF receptor antagonist,
axitinib, attenuates gintonin-mediated enhancement of brain de-
livery of DPZ, raising the possibility that gintonin-mediated
enhancement of brain delivery of DPZ might also involve VEGF
receptor activation.
3.4. Effects of VEGF or mannitol on gintonin-mediated
enhancement of brain delivery of DPZ

Because the VEGF receptor antagonist attenuated gintonin-
mediated enhancement of the brain delivery of DPZ, we also
examined whether coadministration of VEGF with gintonin þ DPZ
further enhances gintonin-mediated brain delivery of DPZ. Fig. 5C
shows that VEGF coadministration with gintonin þ DPZ further
enhanced brain delivery of DPZ compared with DPZ alone or
gintonin þ DPZ. Interestingly, coadministration of VEGF and DPZ
enhanced the serum DPZ concentration (Fig. 5D). We also exam-
ined the effects of mannitol, a BBB disrupting agent indicated to
increase BBB permeability through osmolarity changes, on
gintonin-mediated enhancement of brain delivery of DPZ. Mannitol
itself not only enhanced brain delivery of DPZ but also showed a
slightly additive effect on gintonin-mediated enhancement of brain
delivery of DPZ (Fig. 5E). This result is consistent with a previous
report [17] and with the claim that mannitol might aid in the
gintonin-mediated enhancement of brain delivery of DPZ. When
both gintonin and DPZ were coadministered via the oral route,
gintonin did not exhibit any changes in CSF and serum concentra-
tions of DPZ (Fig. 6). These results indicate that gintonin-mediated
enhancement of brain delivery of DPZ is mainly effective by coad-
ministration of both gintonin and DPZ through the intravenous, but
not the oral route, of either gintonin or DPZ.
brain delivery effect of gintonin. CSF (A, DPZ concentration in CSF) and plasma (B, DPZ
jection of DPZ alone (6 mg/kg) or cotreatment with gintonin (30 mg/kg). Values depict
donepezil alone. CSF, cerebrospinal fluid; DPZ, donepezil.



Fig. 5. Effects of pretreatment of LPA1/3 receptor (Ki16425), VEGF, VEGF antagonist (Axitinib), or mannitol on gintonin-mediated enhancement of brain delivery of donepezil. (AeB)
After Ki16425 (30 mg/kg) or axitinib (25 mg/kg) was pretreated for 30 min by intraperitoneal injection, rats received administration of DPZ (6 mg/kg) or coadministration with
gintonin (30 mg/kg) intravenously via the tail vein. #p < 0.01, compared with donepezil alone. *p < 0.01, **p < 0.001, compared with gintonin þ donepezil. (CeD) Rats were treated
with DPZ (6 mg/kg) þ VEGF (200 mg/kg) or DPZ þ VEGF þ gintonin (30 mg/kg) via intravenous injection. #p < 0.01, compared with donepezil alone; ##p < 0.01, compared with
donepezil þ gintonin. *p < 0.01, compared with gintonin þ donepezil. (EeF) After mannitol (5 mg/kg; 20% in 0.9% saline) þ DPZ (6 mg/kg) or mannitol þ DPZ þ gintonin (30 mg/kg)
treatment to the rats, CSF and plasma samples were collected within 5 min. #p < 0.01, compared with donepezil alone; *p < 0.01, compared with mannitol þ donepezil. Values
depict the mean � standard error of mean (S.E.M.) (n ¼ 8). CSF, cerebrospinal fluid; DPZ, donepezil; VEGF, vascular endothelial growth factor.

S.-H. Choi et al / Gintonin-stimulated donepezil delivery to the brain 269
4. Discussion

AD is a representative neurodegenerative disease that is
dramatically increased in aging population. The BBB remains the
main obstacle for efficient drug delivery to treat the disease [19,20].
Because most of the newly developed drugs do not permeate into
the brain because of the BBB, efficient drug delivery into the brain
without cause of brain damage is one of the biggest challenges for
AD treatment, as well as other brain diseases. In the present study,
we investigated whether gintonin could enhance brain delivery of
DPZ. We found that intravenous administration of gintonin rapidly
and transiently increased plasma LPA concentration (Fig. 2) and
that intravenous but not oral coadministration of gintoninwith DPZ
enhances brain delivery of DPZ in a concentration- and time-
dependent manner (Figs. 3 and 4). Gintonin-mediated enhance-
ment of brain delivery of DPZ was blocked by Ki16425, a LPA1/3



Fig. 6. Effects of orally administered gintonin on donepezil brain delivery system. (A) Donepezil (10 mg/kg) was administered intravenously 60 min after oral treatment of gintonin
(100 mg/kg). (C) Gintonin (40 mg/kg) was administered intravenously 60 min after oral treatment of donepezil (10 mg/kg). CSF (A and C) and plasma samples (B and D) were
collected within 5 min. The analysis of donepezil was described in Materials and methods. Values depict the mean � standard error of mean (S.E.M.) *p < 0.05, compared with
donepezil alone (n ¼ 8).
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receptor antagonist (Fig. 5A). We further demonstrated that
gintonin-mediated enhancement of brain delivery of gintonin
might involve the VEGF receptor because coadministration of the
VEGF receptor antagonist with gintonin and DPZ blocked the
enhanced brain delivery of DPZ (Fig. 5A). Moreover, coadministra-
tion of the VEGF with DPZ or gintonin þ DPZ also further enhanced
brain delivery of DPZ (Fig. 5C).

It can be argued that if gintonin allows other molecules from the
plasma besides DPZ to enter the brain at the same time, it could
impair normal brain function and affect brain homeostasis. How-
ever, this is unlikely, because plasma LPAs after gintonin adminis-
tration reached a peak 1 min post-gintonin administration and
rapidly decreased to the basal levels (Fig. 2). With transient time
course of plasma LPA concentrations, gintonin administration in-
duces a rapid enhancement of DPZ delivery to brain 5 min after
administration, and the gintonin effect was not observed at a later
time point (Fig. 4). These results suggest that a transient increase of
plasma LPAs by gintonin administration is in sequence coupled to
the transient opening of the BBB for the DPZ entrance into the brain
(Fig. 4).

It would also be interesting to speculate the underlying mech-
anism of how intravenous coadministration of gintonin with DPZ
enhances brain delivery of DPZ compared with DPZ administration
alone. In the previous report, we showed that gintonin opens the
BBB transiently through LPA1/3 receptor signaling pathways [14].
The dual direct and indirect mechanisms might be involved in the
gintonin-mediated enhancement of brain delivery of DPZ. The first
contributing element is the direct role of the LPA1/3 receptor in
gintonin-mediated enhancement of DPZ through a paracellular
pathway. In a previous report, gintonin was shown to bind to LPA1/
3 receptor on human brainmicrovessel endothelial cells and induce
morphological changes through Rho-associated kinase activation
for transient opening of the BBB for its entrance to brain, via the
paracellular pathway [14]. The second contributing element for the
enhancement of brain delivery of DPZ is an indirect role of gintonin
via the VEGF and VEGF receptor for gintonin-mediated enhance-
ment of brain delivery of DPZ. Previous reports showed that the
main role of tha VEGF is as a cytokine growth factor for the for-
mation of blood vessels [21]. In addition to its angiogenic effects,
recent studies also showed that the VEGF increases the perme-
ability of the BBB, as indicated in Fig. 3 [18,19].We recently reported
that gintonin stimulates VEGF release in blood vessel cells and
cortical astrocytes [16,17], which are key cells for BBB formation in
the brain. Thus, the VEGF release from the blood microvessel
endothelial cells by gintonin administration might be coupled to
transient BBB opening via VEGF receptor activation. Acting jointly,
gintonin-induced activations of LPA receptors on brain microvessel
endothelial cells and gintonin-mediated VEGF release from brain
microvessel endothelial cells might also contribute to gintonin-
mediated enhancement of DPZ (Fig. 7).



Fig. 7. Schematic illustration of gintonin-mediated stimulations of donepezil permeability into brain. Gintonin-mediated stimulations of donepezil permeability into brain might
include two signaling pathways. One possibility is that activation of LPA1/3 receptors by gintonin induces morphological changes of brain microvessel endothelial cells through
Ga12/13-Rho-associated kinase morphological changes signaling pathway that is coupled to increases in brain permeability to donepezil, as shown in a previous report [14]. The
other is through the VEGF. The activations of LPA1/3 receptors by gintonin is coupled to an increase in VEGF synthesis and release from brain microvessel endothelial cells through
the Gaq/11-phospholipase C (PLC)-Ca2þ signaling pathway. Released VEGFs increase brain permeability, as indicated in previous reports [18,19]. VEGF, vascular endothelial growth
factor.
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Interestingly, whenwe added gintonin to VEGF þ DPZ, we could
observe a slight decrease of DPZ concentration levels in the brain
compared with VEGF þ DPZ treatment (Fig. 5C). Thus, the addition
of gintonin in the presence of the VEGF did not exhibit additive or
synergic effects on the brain delivery of DPZ. Currently, we cannot
explain the exact cause. One reason might be because of a satura-
tion of VEGF treatment for brain delivery of DPZ, although the re-
ceptors for VEGF and gintonin are different. In case of mannitol
effects with gintonin on the brain delivery of DPZ, the molecular
mechanisms on the mannitol-induced increase of DPZ delivery to
the brain is different from that of the VEGF and gintonin because
mannitol simply increases brain permeability by disturbance of the
osmolarity, whereas gintonin- and VEGF-induced increase of brain
permeability is achieved through their respective LPA and VEGF
receptors. Therefore, we could observe a slight increase in the
gintonin þ mannitol þ DPZ compared with the gintonin þ DPZ for
the brain delivery of DPZ (Fig. 5E).

In a previous clinical study, we showed that long-term oral
coadministration of gintonin-enriched fraction to patients with
mild AD administered anti-AD drugs, such as DPZ, improved
cognitive functions without adverse effects [10]. In the present
study, we further extended the role of gintonin by showing that
acute intravenous coadministration of gintonin with DPZ enhanced
brain delivery of DPZ. If acute coadministration of gintonin with
DPZ enhances brain delivery of DPZ in clinical applications, it could
be anticipated that intravenous coadministration of gintonin with
DPZ can reduce the dosage of DPZ administration. This can be
associated with beneficial effects of gintonin through attenuations
of DPZ-induced adverse effects [22]. However, further clinical
studies should be required to confirm whether a lower amount of
DPZ exhibits the same efficacy in improving cognitive functions in
patients with AD when it is coadministered with gintonin.

In summary, we showed that intravenous gintonin administra-
tion transiently increased plasma LPAs. Coadministration of
gintoninwith DPZ induces rapid enhancement of the brain delivery
of DPZ, and the gintonin-mediated enhancement of brain delivery
of DPZ involves LPA and VEGF receptors. Finally, the present study
indicates the possibility that a systemic coadministration of gin-
tonin with DPZ might increase treatment efficiency of AD by
increasing the concentration of brain DPZ.
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