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Abstract. It has been previously indicated that gintonin, 
which is a novel exogenous ginseng‑derived lysophosphatidic 
acid (LPA) receptor ligand, restores memory dysfunctions 
in an APPswe/PSEN‑1 double‑transgenic mouse model of 
Alzheimer's disease (AD Tg mice) by attenuating β‑amyloid 
plaque deposition, recovering cholinergic dysfunctions and 
upregulating hippocampal neurogenesis in the cortex and 
hippocampus. Although β‑amyloid plaque depositions in 
AD is accompanied with disruptions of brain microves‑
sels, including the brain‑blood barrier (BBB), it is unknown 
whether gintonin exerts protective effects on brain microvas‑
cular dysfunctions in AD Tg mice. In the present study, the 

effects of gintonin‑enriched fraction (GEF) on the changes 
in β‑amyloid plaque depositions, brain permeability of Evans 
blue, and microvascular junctional proteins were investigated 
in AD Tg mice. Long‑term oral administration of GEF reduced 
β‑amyloid plaque depositions in the cortex and hippocampus 
of AD Tg mice. GEF treatment also reduced the permeability 
of Evans blue through BBB and decreased immunoreactivity of 
platelet endothelial cell adhesion molecule‑1 (a marker of BBB 
disruption) in the cortex and hippocampus of AD Tg mice in 
a dose‑dependent manner. However, GEF elevated the protein 
expression of occludin, claudin‑5 and zonula occludens‑1, 
which are tight‑junction proteins. The present results demon‑
strated that long‑term oral GEF treatment not only attenuates 
β‑amyloid plaque depositions in the brain but also exhibits 
protective effects against microvascular disruptions in AD Tg 
mice. Finally, GEF exhibits anti‑AD effects through attenu‑
ation of β‑amyloid plaque depositions and protection against 
brain microvascular damage in an AD animal model.

Introduction

Lysophosphatidic acid (LPA, 1‑acyl‑2‑hydroxy‑sn-glycero-
3‑phosphate) is a simple phospholipid present in the animal 
system, having diverse in vitro and in vivo biological effects 
in the neuronal and non‑neuronal cells and organs as a 
lipid‑derived growth factor (1). The primary cellular actions 
of LPA include intracellular calcium concentration or [Ca2+]
i transient induction as well as Ca2+‑mediated cell prolif‑
eration, differentiation, morphological changes, migration, 
and survival (1). These effects are mediated by the activa‑
tion of G protein‑coupled LPA receptors (LPARs), of which 
there are six different subtypes (2). Early in vitro and in vivo 
studies have shown that LPA1 receptor is involved in the early 
brain development and cortical growth through neurogen‑
esis (3). Recent studies have demonstrated that LPA‑LPA1 
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receptor axis are also involved in many adult brain functions, 
including emotion and cognition (4). Further, LPAR1‑6 is also 
expressed in the endothelial cells of blood vessel (5,6). LPA 
exists in different body fluids, such as plasma, and it takes 
part in angiogenesis (7,8). Although LPA plays an important 
role in angiogenesis, little is known on the effects of LPA on 
maintenance of microvascular integrity including blood‑brain 
barrier (BBB) in Alzheimer's disease (AD). Although accumu‑
lating evidence shows that AD patients exhibit BBB leakage 
due to alterations of BBB permeability (9‑11), the main causes 
of vascular dysfunctions in AD are due to β‑amyloid accumu‑
lation in the brain (12). It is currently unknown whether LPA 
affects endothelial cell junctional proteins that regulate BBB 
functions.

Panax ginseng C.A. Meyer is one of medicinal plant having 
diverse biological effects. Recent reports show that ginseng 
contains a novel exogenous LPAR ligand, gintonin (13), since 
gintonin includes a large amount of LPAs such as LPA C18:2, 
LPA C18:1, and LPA C16:0, as an biologically active ingredi‑
ents (14). At the cellular level, gintonin induces intracellular 
Ca2+ transients with low effective concentration 50 values in 
cells expressing LPAR1, LPAR2, LPAR3 or LPAR5, but with 
high effective concentration 50 in cells expressing LPAR4 and 
LPAR6, indicating that gintonin exhibits a differential affinity 
for LPARs (13). Previously, we have demonstrated that gintonin 
regulates various Ca2+‑dependent ion channels and recep‑
tors (14). Furthermore, short‑term treatment with gintonin has 
been found to enhance synaptic transmission by stimulating 
glutamate release in hippocampal slices and increase long‑term 
potentiation (15). An in vivo study on normal mice demon‑
strated that long‑term administration of gintonin enhanced 
hippocampus‑dependent memory  (16). Previous reports 
also showed that long‑term treatment of gintonin attenuated 
β‑amyloid plaque deposition in the cortex and hippocampus 
and restored β‑amyloid‑induced memory dysfunction. 
Moreover, long‑term administration of gintonin‑enriched 
fraction (GEF) also restored β‑amyloid‑induced cholinergic 
brain dysfunction by increasing acetylcholine synthesis and 
stimulating hippocampal neurogenesis in an APPswe/PSEN‑1 
double‑Tg mouse model of AD (AD Tg mice) (16‑18). Although 
LPA is involved in brain functions in normal and AD animal 
model, it is unknown whether gintonin can protect the brain 
microvessels from damages induced by β‑amyloid plaque 
accumulation in a Tg mouse model of AD.

In the present study, we investigated the effects of GEF 
on β‑amyloid plaque depositions, disruptions of brain micro‑
vascular permeability, and microvascular endothelial cell 
protein expression in the brain of AD Tg mice. We found that 
long‑term oral administration of GEF attenuated depositions 
of β‑amyloid plaques, the increased Evans blue permeability, 
reduced expression of platelet endothelial cell adhesion 
molecule (PECAM‑1), and enhanced occludin, claudin‑5, and 
zonula occludens (ZO)‑1 in the cortex and hippocampus of 
AD Tg mice. We further discussed the pharmacological roles 
of GEF on brain microvascular integrity in AD.

Materials and methods

GEF preparation. Four‑year‑old Korean ginsengs were 
purchased from local ginseng market (Geumsan Ginseng 

Cooperative, Geumsan, Republic of Korea) and identi‑
fied and the specimen (voucher no. NIBRVP0000730014) 
was deposited at the herbarium of the National Institute of 
Biological Resources (Herbarium code: KB, http://sweetgum.
nybg.org/science/ih/herbarium‑details/?irn=138656). GEF 
was prepared as described previously (19). One kilogram of 
ginseng was ground into small pieces (>3 mm) and refluxed 
eight times with 70% fermented ethanol for 8 h at 80˚C. The 
extract (350 g) was concentrated, dissolved in distilled cold 
water at a ratio of 1 to 10, and stored at 4˚C for 24‑96 h. The 
supernatant and precipitate from the water fractionation 
after ethanol extraction was separated by centrifugation at 
3,000 rpm for 20 min. After centrifugation, the precipitate was 
lyophilized.

The main active ingredient compositions of GEF. The 
detailed compositions of this fraction including LPAs as an 
active ingredient of GEF were identified in previous report 
through LC‑MS/MS analysis (20). Thus, GEF contains 
~7.5% linoleic (C18:2), 2.8% palmitic (C16:0), and 1.5% oleic 
acids  (C18:1). GEF contains ~0.2% LPA C18:2, 0.06% LPA 
C16:0, and 0.02% LPA C18:1. GEF contains 0.08% lysophos‑
phatidylcholine, 0.03% lysophosphatidylethanolamine, and 
0.13% lysophosphatidylinositols. GEF also contains ~1% 
phosphatidic acid (PA) 16:0‑18:2, 0.5% PA 18:2‑18:2, and 0.2% 
PA 16:0‑18:1 (20).

Animals, drug treatments, and ethical approval. The breeding 
pairs of double‑Tg male mice expressing the mutant swe‑AβPP 
(AβPPswe) and mutant presenilin‑1 (PSEN‑1) genes (dele‑
tion of exon 9) [AβPPswe/PSEN‑1 double‑Tg mice, B6C3‑Tg 
(AβPPswe/PSEN1dE9) 85Dbo/J; The Jackson Laboratory] 
were housed and bred in an approved animal facility at the 
Kangwon National University, Republic of Korea. Four 
animals were housed in each cage under constant temperature 
(23±1˚C) and humidity (55±5%). The animals were provided 
access to food and water ad  libitum and were maintained 
under a 12‑h light/dark cycle (lights on 07:00‑19:00). The 
mice were divided into wild‑type (WT, n=8), AD Tg (n=8), 
and AD Tg + GEF (50 or 100 mg/kg, p.o., n=8) groups. The 
six‑month‑old AD Tg mice were treated with saline or gintonin 
(50 or 100 mg/kg, orally) 3 times a week for 3 months (17). 
All analyses were performed when the mice were 9 months 
old. The number of mice which died during 9 months old 
was 0, 1, 2 and 1 in wild‑type, AD Tg treated with saline, AD 
Tg + GEF (50 mg/kg), and AD Tg + GEF (100 mg/kg) group, 
respectively. All experimental procedures were conducted in 
a blinded manner in accordance with the Guide for the Care 
and Use of Laboratory Animals of the National Institutes of 
Health. The protocol was approved by the Institutional Animal 
Care and Use Committees of Kangwon (Permit no. 13‑156) 
and Konkuk (Permit no. 14‑956) Universities. Sodium pento‑
barbital (50 mg/kg, i.p.) was used for mouse anesthesia and 
mice were sacrificed by cervical dislocation when they did not 
respond to paw stimuli.

Brain and section preparation. The brains and sections 
were prepared as previously described with slight modifica‑
tions (19). Mice from WT (n=4), AD Tg (n=4), and AD Tg + 50 
or 100 mg/kg GEF (n=4, each) groups were sacrificed using 
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diethyl ether and were perfused intracardially with 0.9% saline 
and fixative with 4% paraformaldehyde in 0.1 M phosphate 
buffer (pH 7.4). The brains were fixed with the same fixative 
overnight at 4˚C. The brains were serially cryoprotected in 
10, 20 and 30% sucrose in phosphate‑buffered saline for 48 h 
at 4˚C and coronally sliced into 30‑µm‑thick sections with a 
freezing microtome (model: CM3050S, Leica Biosystems) for 
immunohistochemical and immunofluorescent staining.

Quantification of BBB permeability. The level of BBB disrup‑
tion was detected by the quantitative measurement of Evans 
blue content as previously described (21). Briefly, 2% steril‑
ized Evans blue dye (Sigma‑Aldrich; Merck KGaA) solution 
was intravenously injected at a dose of 4.0 ml/kg per mouse 
in WT (n=4), AD Tg (n=4), and AD Tg + 50 or 100 mg/kg 
GEF (n=4, each) groups. Thirty minutes after the injection, 
the mice were perfused with saline to remove Evans blue 
dye from the vascular system. The brains were immediately 
removed, sliced into 2 mm thickness using brain matrix (Cell 
Point Scientific), and fixed with 4% paraformaldehyde solu‑
tion. Cryosections of 30 µm thickness were prepared and 
immunofluorescent staining of PECAM‑1 was performed 
as previously described (21). Staining with Evans blue and 
immunofluorescent staining of PECAM‑1 were used to detect 
albumin extravasation (BBB permeability) and BBB disrup‑
tion, respectively.

Quantitative real‑time PCR analysis. For real‑time PCR 
analysis, the hippocampus from the right hemisphere of each 
mouse groups were used after harvest and the total RNA was 
extracted using TRIsure reagent according to the manufac‑
turer's instructions (Bioline). Real‑time PCR analysis was 
performed as previously described (21). Briefly, the hippo‑
campus were reacted with the following primer sets: ICAM‑1, 
5'‑TGC GTT TTG GAG CTA GCG GAC CA‑3' and 5'‑CGA 
GGA CCA TAC AGC ACG TGC AG‑3'; VCAM‑1, 5'‑CCT 
CAC TTG CAG CAC TAC GGG CT‑3' and 5'‑TTT TCC AAT 
ATC CTC AAT GAC GGG‑3'; claudin‑3, 5'‑CTG GGA GGG 
CCT GTG GAT GAA CT‑3' and 5'‑TCG CGG CGC AGA ATA 
GAG GAT‑3'; and glyceraldehyde 3‑phosphate dehydrogenase, 
5'‑AGG TCA TCC CAG AGC TGA ACG‑3' and 5'‑CAC CCT 
GTT GCT GTA GCC GTA T‑3'. All real‑time PCR experi‑
ments were performed at least three times, and the expression 
of each gene was normalized to that of glyceraldehyde 3‑phos‑
phate dehydrogenase.

Immunohistochemical and immunofluorescence evaluations. 
Immunohistochemical staining was performed as previously 
described (21). Briefly, the free‑floating sections (n=4 per brain) 
of each mouse from WT (n=4), AD Tg (n=4), and AD Tg + 50 
or 100 mg/kg GEF (n=4, each) groups were reacted with 
rabbit anti‑β‑amyloid antibody (1:200; Invitrogen; Thermo 
Fisher Scientific, Inc.) and biotinylated secondary antibody 
(1:200; Vector Laboratories), and were visualized using an 
avidin‑biotinylated horseradish peroxidase complex Elite® kit 
(Vector Laboratories) and 3,3'‑diaminobenzidine. The sections 
were analyzed using a DP70 image analysis system (Olympus 
Co.). β‑amyloid plaque deposition in the parietal cortex and 
hippocampus were quantified using ImageJ (http://rsb.info.
nih.gov/ij/). The plaque deposition was also quantified as 

previously described (17). The images of β‑amyloid‑stained 
sections were compared to 6‑grade plaque photographic 
reference panels (17) and assigned a numerical grade ranging 
from 0 to 6. Immunofluorescence staining was performed as 
previously described (21). Briefly, the floating brain sections 
from all mice (n=3 per brain) were incubated with rabbit 
anti‑PECAM‑1 (1:500; Santa Cruz Biotechnology, Inc.), mouse 
anti‑occludin, claudin‑5, and ZO‑1 (1:500; Invitrogen; Thermo 
Fisher Scientific, Inc.) antibodies and secondary antibody 
(1:200; Vector Laboratories), and examined with a confocal 
imaging system (LSM 5 PASCAL; Carl Zeiss). The captured 
color images were converted to 8‑bit gray‑scale images and the 
specific signals were detected from a nonspecific background 
by a threshold value that was set between 25 and 30. The area 
densities of immunofluorescent positive area were calculated 
as the proportion of pixels having higher fluorescent intensities 
than threshold value.

Statistical analyses. All statistical analyses were performed 
using SPSS package version 21.0 (SPSS Inc.) for Windows. 
Multiple comparisons were performed using one‑way ANOVA 
with Tukey's post hoc test for the data in Figs. 2, 3 and S1 and 
non‑parametric Kruskal Wallis test with post hoc test for the 
data in Fig. 1. All data are presented as the mean ± SEM, and 
the statistical difference was detected at a 5% level unless 
otherwise indicated.

Results

Effects of GEF on β‑amyloid plaque deposition in the brain of 
AD Tg mice. The six‑month‑old AD Tg mice were first treated 
with saline or GEF (50 or 100 mg/kg, p.o.) 3 times a week for 
3 months. Next, to evaluate whether long‑term oral adminis‑
tration of GEF reduced brain β‑amyloid depositions, we first 
examined the plaque burdens in the parietal cortex and hippo‑
campus of AD Tg mice by immunohistochemical analyses. 
We observed that the number of β‑amyloid plaques and grade 
of β‑amyloid plaque depositions were significantly higher in 
AD Tg mice than that in wild‑type mice (Fig. 1A, B, E and F), 
whereas the depositions were significantly inhibited by 
long‑term oral administration of GEF with dose‑dependent 
manner (Fig. 1C, D, E and F). These results indicated that 
GEF has inhibitory effects against β‑amyloid plaque deposi‑
tions in AD Tg mice, which is well consistent with previous 
reports (17,18).

Effects of GEF on Evans blue permeability in AD Tg mice. 
Since the amyloid plaque accumulations in AD brain are associ‑
ated with brain blood vessel disruptions including BBB (12), we 
further examined whether brain microvascular permeability was 
increased in AD Tg mice and whether long‑term oral adminis‑
tration of GEF can attenuate the increased brain microvascular 
leakage. We used Evans blue as a marker of BBB integrity (22). 
In the present study, we found that compared to cortex and hippo‑
campus of WT mice (Fig. 2A, D and G), the level of Evans blue 
staining was significantly higher around the PECAM‑1 positive 
endothelial cells in the cortex and hippocampus of AD Tg 
mice (Fig. 2B, E and G), whereas long‑term oral administration 
of GEF significantly inhibited the increased magnitude of Evans 
blue staining and amount of the dye in cortex and hippocampus 
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Figure 1. GEF inhibited β‑amyloid depositions in the brain of AD Tg mice. (A‑C) A period of three months after 50 or 100 mg/kg GEF treatment (mice were 
9 months old), brain sections (n=3 per brain) from WT (n=4), AD Tg (n=4), and AD Tg + 50 or 100 mg/kg GEF (n=4, each) groups of mice were immunostained 
using antibody for β‑amyloid (D and E). The number of β‑amyloid plaques in the parietal cortex and hippocampus were estimated using (D) ImageJ and 
(E and F) numerical grades were assigned to the plaque deposition levels of 50 or 100 mg/kg GEF treatment. Scale bar, 100 µm. ###P<0.001 vs. WT mice; 
*P<0.05 and **P<0.01 vs. AD Tg mice alone. GEF, gintonin‑enriched fraction; AD, Alzheimer's disease; WT, wild‑type; ND, not determined.

Figure 2. GEF reduced BBB permeability in the brain of AD mice. Three months after GEF treatment (mice were 9 months old), sterilized Evans blue solution 
was intravenously injected to mice of WT (n=4), AD Tg (n=4), and AD Tg + GEF (n=4) groups. A period of 30 min after injection, brain sections (n=3 per 
brain) were prepared, immunofluorescence staining was performed using an antibody against PECAM‑1. The representative pictures of Evans blue (left panel 
of A‑C and D‑F) and PECAM‑1 (middle panel of A‑C and D‑F) were captured and quantified with (G) two different dosages of GEF. Scale bar, 50 µm. #P<0.05 
and ##P<0.01 vs. WT mice; *P<0.05 and **P<0.01 vs. AD Tg mice alone. GEF, gintonin‑enriched fraction; BBB, brain‑blood barrier; AD, Alzheimer's disease; 
WT, wild‑type; ZO‑1, zonula occludens‑1.
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with dose‑dependent manner (Fig. 2C, F and G). The GEF effect 
corroborated with the alteration in PECAM‑1 (Figs. 2 and 3), 
indicating that long‑term administration of GEF might assist in 
the maintenance of BBB integrity in the AD animal model.

Effects of GEF on maintenance of BBB integrity in AD Tg 
mice. Since long‑term administration of GEF reduced the 
leakage of brain microvessels in AD as observed in the 
Evans blue staining (Fig. 2), we further evaluated the effects 

Figure 3. GEF maintained the BBB integrity in the brain of AD mice. A period of 3 months after GEF treatment (mice were 9 months old), brain sections (n=3 
per brain) including the parietal cortex and hippocampus (CA3) from WT (n=4), AD Tg (n=4), and AD Tg + 50 or 100 mg/kg GEF (n=4, each) groups were ana‑
lyzed by the immunofluorescence staining using an antibodies against (A) PECAM‑1, (C) occludin, (E) claudin‑5 and (G) ZO‑1 and quantified (B, D, F and H). 
Scale bar, 100 µm. #P<0.05 and ##P<0.01 vs. WT mice; ###P<0.001 vs. WT mice; *P<0.05 and **P<0.01 vs. AD Tg mice alone. GEF, gintonin‑enriched fraction; 
BBB, brain‑blood barrier; AD, Alzheimer's disease; WT, wild‑type; ZO‑1, zonula occludens‑1.
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of GEF on the disruptions of BBB components in cortex 
and hippocampus that form the BBB. We first compared 
PECAM‑1 (CD31) protein expression in AD Tg mice with that 
in WT mice as an indicator of BBB disruption (23,24). We 
found that compared to WT mice, the immunofluorescence 
level of PECAM‑1 was higher in the cortex and hippocampus 
of AD Tg mice (Fig. 3A and B), although this elevated expres‑
sion was significantly inhibited by long‑term oral treatment 
with GEF with dose‑dependent manner  (Fig.  3A  and  B). 
Since BBB disruption is also related to the alterations in the 
levels of intercellular tight junction molecules (25,26), we also 
investigated whether GEF had further protective effects on the 
protein expression of junctional molecules using immunofluo‑
rescence staining. The expression levels of occludin, claudin‑5, 
and ZO‑1, the main junctional proteins, was downregulated in 
the cortex and hippocampus of AD Tg mice as compared to 
WT mice (Fig. 3C‑H). However, long‑term oral GEF treatment 
significantly prevented this downregulation (Fig. 3C‑H). We 
additionally investigated whether GEF had further protective 
effects on the gene expression of the representative molecules 
using quantitative real‑time PCR. The mRNA expression 
of claudin‑3, a junctional protein, was downregulated in 
the hippocampus of AD Tg mice as compared to WT mice, 
whereas long‑term GEF treatment prevented this down‑
regulation (Fig. S1A). The mRNA expression of endothelial 
ICAM‑1 and VCAM‑1, two intercellular adherens junction 
proteins, were upregulated in the hippocampus of AD Tg mice 
as compared to WT mice, whereas GEF treatment attenu‑
ated the upregulation of ICAM‑1 and VCAM‑1 expression 
(Fig. S1B and C). These results suggest that GEF might exert 
protective effects on BBB disruption induced by β‑amyloid 
plaque depositions in AD Tg mice through regulation of the 
differential gene or protein expression of adherens and junc‑
tional molecules.

Discussion

The endothelium is located inside most of the blood vessel, 
including the brain microvessels which consists of a mono‑
layer of endothelial cells. Inter‑endothelial connections, such 
as adherens junctions and tight junctions contain a variety 
of junctional proteins (27). These inter‑connecting proteins 
in the endothelium contribute to the integrity of the BBB. 
Considering that in vitro deposition of β‑amyloid leads to BBB 
disintegration and BBB dysfunctions in AD resulting in an 
alteration in BBB permeability (9,28), we investigated whether 
long‑term treatment via oral GEF could alter β‑amyloid plaque 
deposition, leakage of brain microvessels, and expression of 
intercellular tight junction proteins in AD Tg mice.

In the present study, we showed that accumulations of 
amyloid plaques in the brain are closely associated with disrup‑
tion of brain microvascular integrity. First, we found that GEF 
administration attenuated β‑amyloid plaque accumulations in 
cortex and hippocampus, of which is comparable with done‑
pezil used as a positive drug in previous study (17). Next, we 
showed that GEF‑mediated attenuation of β‑amyloid plaque 
accumulations helped in restoring the brain microvascular 
integrity as observed by Evans blue test and immunohisto‑
chemical studies with endothelial junctional proteins such as 
PECAM‑1, occludin, claudin‑5 and ZO‑1 (Figs. 1‑3). In the 

Evans blue test, we observed that long‑term administration 
of GEF restored BBB permeability near to wild‑type level 
with 100  mg/kg GEF  (Fig.  2). Regarding the endothelial 
adherens proteins, long‑term GEF treatment reduced the 
expression of PECAM‑1, ICAM‑1, and VCAM‑1, of which 
expressions are increased by β‑amyloids (11, 28). In addition, 
β‑amyloid induced inflammation in the brain led to activation 
of microglia, increased ICAM‑1 expression, and disruption of 
BBB integrity (28). GEF, however, attenuated the increased 
gene expression of claudin‑3, ICAM‑1, and VCAM‑1 near to the 
wild‑type level in the hippocampus of AD Tg mice (Fig. S1). 
In addition, β‑amyloid accumulations affected PECAM‑1, 
occludin, claudin‑5, and ZO‑1 expression level, resulting in 
disruption of BBB integrity (28). GEF, however, also attenuated 
the increased expression of PECAM‑1 near to the wild‑type 
level and also restored the decreased occludin, claudin‑5 and 
ZO‑1 protein expression level in the cortex and hippocampus 
of AD Tg mice near to the wild‑type (Fig. 3), demonstrating 
that GEF‑mediated attenuation of amyloid plaque accumula‑
tions was closely related to brain microvascular integrity.

Occludin, claudin‑5, and ZO‑1, members of junctional 
protein, participates in the formation of tight junctions among 
the brain microvascular endothelial cells. Although the selec‑
tive loss of occludin, claudin‑5, and ZO‑1 from BBB tight 
junctions is demonstrated under different pathological condi‑
tions, such as experimental autoimmune encephalomyelitis 
and human glioblastoma multiforme  (29,30), alteration in 
claudin‑5 expression by in vivo β‑amyloid plaque accumula‑
tion is not currently unknown. In the present study, occludin, 
claudin‑5, and ZO‑1, expression was reduced in the cortex and 
hippocampus of AD Tg mice, whereas oral administration of 
GEF increased the expression of occludin, claudin‑5, and ZO‑1. 
These findings supported that claudin‑5, occludin, and ZO‑1 
might also be involved in the pathology of AD by affecting 
tight junction integrity and GEF treatment could restore the 
claudin‑5, occludin and ZO‑1 level (Fig. 3).

It is noteworthy to consider the molecular mechanisms 
which are involved in the beneficial effects of GEF on the 
integrity of brain microvascular endothelium in AD Tg mice. 
First, LPA plays a key role in angiogenesis via LPARs (8). In a 
previous study, we have shown that gintonin stimulated prolif‑
eration, migration, and tube formation in human umbilical 
vein endothelial cells via LPA1/3 receptor activations (31). 
GEF also increased the release of vascular endothelial growth 
factors (VEGF) from human umbilical vein endothelial cells 
and astrocytes through LPAR membrane signaling (31,32). 
VEGF is involved in maintaining the integrity of BBB and its 
ability to significantly prevent β‑amyloid‑induced endothe‑
lial cell apoptosis (33,34). Thus, the GEF‑mediated release 
of VEGF from the brain microvascular endothelial cells and 
astrocytes might contribute to the restoration of AD‑induced 
changes in the blood vessels and junctional proteins of 
the brain. Second, β‑amyloid, which induces neuroinflam‑
mation and oxidative stress in the brain microvessels can 
disrupt the integrity of the brain microvascular endothe‑
lium by modifying the inter‑junctional protein expression 
and microvascular permeability  (35,36). GEF‑mediated 
anti‑neuroinflammatory and anti‑oxidative effects via LPA 
receptors might protect the brain microvascular endothelium 
from disintegrations following β‑amyloid plaque deposition. 
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In fact, we showed that both in vitro treatment of RAW 264.7 
cells with gintonin and in vivo administration of gintonin 
to AD Tg and Parkinson's disease and Huntington's disease 
model mice were found to inhibit microglial activation 
and formation of reactive oxygen species (17,37‑41). Thus, 
gintonin‑mediated VEGF release in brain microvessels and 
astrocytes and gintonin‑mediated anti‑neuroinflammatory 
and anti‑oxidant effects might contribute to the brain micro‑
vascular integrity in AD Tg mice.

In addition, it is worthwhile to note the differential regula‑
tions of gintonin on the brain microvascular functions. In a 
previous report, we have shown that acute intravenous adminis‑
tration of gintonin opened BBB transiently and increased BBB 
permeability through LPA1/3 receptor signaling pathways (42). 
We further showed that gintonin itself could enter the brain 
and bind to the neuronal cells (42). Thus, previous and present 
studies demonstrate that gintonin could exert differential 
regulatory functions on brain BBB that might be dependent on 
the route and duration of its administration. This hypothesis 
is supported by the fact that after acute oral administration 
of the same dose of gintonin that was used for the long‑term 
treatment in the AD mouse model, we could not observe any 
effect of gintonin on the brain permeability through transient 
BBB opening (data not shown). Thus, although it is likely that 
acute intravenous but not oral administration of gintonin opens 
BBB transiently, further studies are required to elucidate the 
molecular mechanisms of the differential effects of gintonin 
on brain BBB regulation.

Taken together, the present study demonstrated that 
β‑amyloid plaque depositions might induce changes in the 
junctional protein expressions eventually disrupting the 
integrity of BBB, which is linked to the increased BBB perme‑
ability. Long‑term oral administration of GEF to AD Tg mice, 
however, exerted protective effects against brain microvascular 
disruptions as well as β‑amyloid plaque depositions (Figs. 1‑3). 
The present study is well‑consistent with previous report that 
long‑term oral administration of GEF to Parkinson's disease 
animal model mice also protect from BBB disruptions induced 
by 1‑Methyl‑4‑phenyl‑1,2,3,6‑tetrahydropyridine (40). Thus, 
the present study might further expand the previous molecular 
knowledges on the gintonin‑mediated anti‑AD effects.

In summary, the present study showed that long‑term oral 
treatment of GEF attenuated the disruptions of BBB perme‑
ability and endothelial inter‑junctional proteins observed in 
the brain microvessels of AD Tg mice. Taken together, the 
present study demonstrated a possibility that gintonin‑medi‑
ated anti‑AD effects might be achieved through mitigations of 
the microvascular damages and attenuations of amyloid plaque 
accumulation in the brain.
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