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A B S T R A C T

According to the basic theories of traditional Chinese medicine, Gastrodia elata (GE) is clinically utilized for the
treatment of cephalalgia and migraine. The gastrodigenin (p–hydroxybenzyl alcohol, HBA), one of the effective
components of GE, may pass through the blood–brain barrier (BBB) to exert its pharmacological effects. This
study aimed to investigate BBB permeability of HBA via in vitro hCMEC/D3 BBB model and in vivo microdialysis
in rats. For the establishment of in vitro BBB model, hCMEC/D3 cells were used to construct the monolayer. The
integrity of the monolayer was evaluated by TEER measurements, expression analysis of tight junction proteins
(claudin-5, zo-1 and occludin) and apparent permeability coefficients (Papp) of fluorescein disodium. During the
6-day incubation of hCMEC/D3 cells, the values of TEER gradually increased and maintained above 100 Ω·cm2.
Besides, the expression levels of claudin-5 and zo-1 in hCMEC/D3 cells increased over time, and tended to be
stable, suggesting that integrity of the monolayer has been completely established. Moreover, the Papp of
fluorescein disodium was 3.94 × 10−7 cm·s−1 after administration for 180 min, indicating that the monolayer
retains the characteristics of BBB and can restrict the diffusion of hydrophilic small-molecule compounds. A
sensitive HPLC method was established for HBA detection, and the transport rate of HBA was assessed by a
transwell system. HBA crossed the hCMEC/D3 BBB model rapidly, but a plateau was observed when HBA
concentrations were relatively similar between the two sides of transwell. Permeability assay revealed that
32.91% of HBA could penetrate the in vitro BBB model after 240 min of administration. In vivo BBB permeability
was evaluated by determining the concentrations of HBA in blood and brain simultaneously. Following HBA
administration, the samples of microdialysis were collected at 20, 40 and 60 min, and then every 30 min until
the procedure ended. Pharmacokinetic parameters of HBA showed that HBA could pass through BBB and reach
its maximum concentration at 40 min in blood and brain tissue. Furthermore, AUC0–t and AUC0–inf for the
brain–to–blood distribution ratio of HBA were 0.1925 and 0.2083, respectively, indicating that approximately
20% of HBA in blood could pass through the BBB and subsequently transported into the brain. Both in vitro and in
vivo experiments confirmed that HBA could penetrate the BBB. In summary, the findings of this study highlight
that a promising amount of HBA in blood can pass through the BBB and exerts its pharmacological effects on
central nervous system (CNS) diseases.

1. Introduction

In traditional Chinese medicine, Gastrodia elata (GE) has been
clinically used for treating different central nervous system (CNS) dis-
eases, such as migraine, trigeminal autonomic cephalalgias and head-
ache attributed to cranial and cervical vascular disorder [1]. According
to the Chinese Pharmacopoeia, gastrodigenin (p–hydroxybenzyl al-
cohol, HBA; Fig. 1) is recognized as one of the main compounds for

quality control of GE. HBA exerts pharmacological effects on CNS dis-
eases by blocking oxidative stress, preventing brain injury [2] and
improving viability of neural progenitor cells to protect nervous system
against ischemic injury [3]. Drug molecules should pass through the
blood–brain barrier (BBB) to exhibit their pharmacological activities on
CNS diseases. Therefore, the promising therapeutic effects of HBA
against CNS diseases indicate that this drug may cross BBB and play an
important role in treating CNS diseases. However, it remains necessary
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to verify whether HBA can pass through BBB and the proportion of HBA
transported into the brain.

The basic structure of BBB is relatively similar to brain micro-
vascular endothelial cells and tight junction protein, which are indis-
pensable for the establishment of in vitro BBB model. Tight junction
between cells maintains the stability of brain microenvironment and
blocks small-molecule drugs from BBB penetration. Specifically,
claudin, occludin and zo are the major structural proteins of tight
junction [4]. The hCMEC/D3 cell line, an immortalized cell line, has
been proven to be reliable and feasible for BBB model establishment.
This cell line exhibits similar morphological and functional character-
istics as primary brain endothelial cells. A number of cell adhesion
molecules in endothelial cells is also positively expressed in hCMEC/D3
cell line, and the positive expression of specific protein in endothelial
cells can retain for at least 35 generations [5]. Moreover, ATP binding
cassette (ABC) transporters, such as multidrug resistance proteins
(MRP) and breast cancer resistance protein (BCRP), are highly ex-
pressed in hCMEC/D3 cell line [6]. In addition, hCMEC/D3 cell line
retains morphological and functional characteristics of BBB even
without co–culturing with glial cells [7].

For the in vivo assessment of BBB permeability, microdialysis can act
as a useful and efficient technique because of its continuously and si-
multaneously drug monitoring in tissues and blood. Besides, it can also
be used for the evaluation of brain pharmacokinetics apart from in vivo
BBB penetration [8]. In addition to common pharmacokinetic para-
meters, brain–to–blood ratio is calculated to determine the amount of
drug penetrating BBB, with simultaneous sampling from both blood and
brain [9,10]. Although the pharmacokinetic parameters of HBA in
blood have been reported [11], only a few studies have investigated the
simultaneously sampling of blood and brain, brain–to–blood distribu-
tion of HBA, and in vitro BBB permeability of HBA.

The present study aimed to investigate the BBB permeability and
pharmacokinetics of HBA through both in vitro and in vivo experiments.
The integrity of hCMEC/D3 monolayer was established for in vitro BBB
permeability assays. Simultaneous microdialysis of blood and brain in
rats was used for the in vivo BBB penetration assessment of HBA.

2. Materials and methods

2.1. Chemicals and reagents

HBA was obtained from Sigma–Aldrich Co., Ltd. (St. Louis, USA).
Fetal bovine serum (FBS) was purchased from Biological Industries Co.,
Ltd. (Kibbutz Beit Haemek, Israel). Roswell Park Memorial Institute
1640 (RPMI 1640), 0.25% Trypsin–EDTA and Hanks Balanced Salt
Solution (HBSS) were purchased from Gibco Life Technologies (New
York, USA). Antibodies of claudin-5, zo-1 and occludin were purchased
from Santa Cruz Biotechnology, Inc. (Dallas, USA), while GAPDH an-
tibody was obtained from Cell Signaling Technology, Inc. (Denver,
USA). Transwell plates (polyethylene terephthalate membrane, pore
size 0.4 μm) were purchased from Corning Costar (Cambridge, USA).
The perfusates used for blood and brain microdialysis were Ringer's
solution (RS; 147 mM NaCl, 4 mM KCl and 2.5 mM CaCl2) and artificial
cerebrospinal fluid solution (aCSF; 73 mM NaCl, 1.3 mM KCl, 0.6 mM
CaCl2 and 0.9 mM MgCl2), which were purchased from Shanghai Hao
Cai Biotechnology Co., Ltd. (Shanghai, China). The brain probe and

blood probe were obtained from Shenzhen Ryward Life Technology Co.,
Ltd., Eicom (Shenzhen, China).

2.2. Cell lines and animals

The hCMEC/D3 cell line was supplied by JENNIO Biological
Technology Co., Ltd. (Guangzhou, China). Adult male Sprague Dawley
(SD) rats were purchased from the Laboratory Animal Center of
Guangzhou University of Chinese Medicine. The animals, weighing
between 180 and 220 g, were raised in a specifically pathogen–free
environment. All animal experimentation was approved by the Animal
Ethics Committee of Guangzhou University of Chinese Medicine (reg.
SCXK Guangdong 2013–0020).

2.3. Instruments and HPLC methods

Transepithelial electrical resistance (TEER) was assessed by a
Millipore Millicell ERS–2 V–ohm meter (Billerica, MA, USA), and the
concentration of fluorescein disodium was determined by a Hitachi
F–2500 fluorescence spectrophotometer (Tokyo, Japan).

HBA samples were analyzed on a Kromasil ODS column
(250 mm × 4.6 mm, 5.0 μm) using a Shimadzu LC–20 AT HPLC system
(Kyoto, Japan). The microdialysis system included a MD–1000 micro-
injection pump and a MD–2310 probe, which were purchased from
BASi (West Lafayette, USA).

The mobile phase contained a mixture of methanol (A) and 0.5%
phosphoric acid (B), and the gradient elution (A: 10% and B: 90%) was
employed at a flow rate of 1 ml·min−1. The injection volume and de-
tection wavelength were set at 10 μl and 220 nm, respectively.

2.4. Cell cultures

The complete medium was consisted of 90% RPMI 1640 and 10%
FBS. The hCMEC/D3 cells were seeded at a density of 2 × 105 cells per
well in transwell plates, and the bottom of the plates was maintained
with the same medium at 37 °C in a humidified atmosphere containing
5% CO2. The culture medium was changed and TEER was determined
every two days. TEER of> 100 Ω·cm2 was selected for the determina-
tion of HBA [ [12]].

2.5. Western blotting

After incubation for 2, 4, 6, 8 and 10 days, hCMEC/D3 cells were
lysed with RIPA buffer on ice for 15 min, followed by centrifugation at
13000 rpm for 10 min at 4 °C. Protein samples were separated by 10%
SDS–PAGE, and then transferred onto polyvinylidene fluoride mem-
brane (PVDF; Millipore, USA). Subsequently, the membrane was
blocked with buffer containing 5% BSA, Tris (20 mM, pH 7.4), NaCl
(75 mM) and Tween 20 (1%) at room temperature for 1 h. After that,
the membrane was incubated with primary antibodies overnight at
4 °C, followed by secondary antibody at room temperature for 1 h.
Finally, the membrane was incubated with electrochemiluminescence
(ECL; Millipore, USA) substrate for 2 min, and Image J was used to
analyze the grey values of the image. Grey value was calculated as the
ratio of grey value of sample protein to grey value of GAPDH.

2.6. Fluorescein disodium permeability assay

Before starting the experiments, the barrier integrity of hCMEC/D3
cell monolayers was examined by TEER, and only the monolayer with
TEER>100 Ω·cm2 was selected. Permeability assays were conducted
by adding HBSS containing fluorescein disodium (100 μg·ml−1) to the
apical side (AP) and injecting blank HBSS into the basolateral side (BL).
After incubation for 180 min, 100 μl of medium was collected from the
BL. Fluorescence intensities of the samples were measured, and Papp
(AP → BL) was calculated as follows: Papp = (ΔC/Δt)/(C0A), where ΔC/

Fig. 1. Chemical structure of HBA.
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Δt represents the change in FLU concentration over time, C0 is
100 μg·ml−1, and A is 4.67 cm2.

2.7. Transport of HBA across hCMEC/D3 cell monolayer

Prior to the experiments, the cells were washed with warm HBSS.
After TEER examination of hCMEC/D3 cell monolayers (> 100 Ω·cm2),
HBA dissolved in HBSS (200 μg·ml−1) was added to the AP side, while
blank HBSS was injected into the BL side. Aliquots (200 μl) of medium
were collected from the BL at 10, 20, 40, 60, 90, 120, 180 and 240 min,
and then replaced with the corresponding volume of HBSS. For HBA
determination, the samples were injected into the HPLC system without
preliminary treatment.

2.8. Validation of HBA determinative method

For calibration curve, seven concentrations of calibration standards
were processed. The contents of HBA in samples were calculated by the
obtained calibration curve within the same day. LLOQ (Lower Limit of
Quantification) was defined at which an acceptable accuracy
within±20% and precision below 20% can be obtained, by con-
sidering a signal–to–noise ratio of 10:1. The inter–day and intra–day
precision assays were carried out at three levels, with five replicates for
each of the three batches on three consecutive days.

2.9. Probe calibration

Probes of brain and blood were inserted into the right hippocampus
and jugular vein, respectively. The relative recovery (RR%) and relative
loss (RL%) at different flow rates, different drug concentrations and 8-h
stability in vivo were calculated as follows: RR% = Cdialysis/
Cperfusate × 100%; RL%= (Cperfusate–Cdialysis)/Cperfusate × 100%. RS and
aCSF were used as the blank perfusates for vascular perfusion and
cerebral perfusion, respectively.

For flow rate calibration, HBA was dissolved in blank perfusates
(30.96 μg·ml−1 in RS and 51.48 μg·ml−1 in aCSF) and perfusion was
conducted under different flow rates (1.0, 1.5, 2.0 and 2.5 μg·ml−1).
The concentrations of HBA in the dialysates were determined prior to
RR% and RL% calculation. For drug concentration calibration, different
concentrations of HBA were dissolved in blank perfusates
(10.32–30.96 μg·ml−1 in RS and 5.72–51.48 μg·ml−1 in aCSF) and
perfusion was conducted. The concentrations of HBA in the dialysates
were determined prior to RR% and RL% calculation. For probe stability
test, the perfusion of HBA (30.96 μg·ml−1 in RS and 28.60 μg·ml−1 in
aCSF) was conducted for 8 consecutive hours, and the dialysate was
collected every 60 min at 2 μl·min−1

flow rate. The concentrations of
HBA in the dialysates were determined prior to RL% calculation.

2.10. Pharmacokinetic study

Before starting the experiments, probes were settled in heparin so-
dium and perfused for 30 min to prevent cruor during perfusion. All the
rats were fasted for 12 h, but had free access to water. The microdialysis
probes for brain and blood were implanted in the right hippocampus
and jugular vein, respectively. Following a complete probe implanta-
tion, HBA (24 mg·kg−1) was orally administrated, and dialysates were
collected at 20, 40 and 60 min, and afterwards every 30 min until the
end of the experiment. The flow rate was set as 2 μl·min−1 during the
entire microdialysis procedure. For HBA determination, the samples
were injected into the HPLC system without preliminary treatment.
Pharmacokinetic parameters were determined by non–compartmental
analysis using the PKSolver 2.0.

2.11. Statistic analysis

Statistical calculations were performed using SPSS software version

19.0. One–way analysis of variance (ANOVA) followed by
Student–Newman–Keuls test was used for multigroup comparisons.
P < .05 was regarded as statistical significance.

3. Results

3.1. TEER curve

Time–TEER curve is shown in Fig. 2. TEER increased with culturing
time until day 6, and then remained stable. The, stability of TEER in-
dicated that hCMEC/D3 monolayer was completed on the basis of
steady electrical resistance. Thus, the in vitro BBB model was estab-
lished in this study.

The values of TEER inside and outside the Transwell inserts were
measured every other day during BBB model establishment. The TEER
values gradually increased and achieved> 100 Ω·cm2 after day 6, im-
plying the integrity of hCMEC/D3 cells is being enhanced [12]. During
this state, the micropores on the polyester film were almost completely
closed. These results indicated that the in vitro BBB model was well-
established, and its barrier integrity was not damaged.

3.2. Expression of tight junction proteins

The expression levels of tight junction proteins are shown in Fig. 3.
Fig. 3(A) demonstrates the expression levels of claudin-5, zo-1 and
occludin. As illustrated in Fig. 3(B), the expression level of claudin-5 in
hCMEC/D3 cells increased significantly until day 6, while that of zo-1
upregulated before day 4. These results indicated that the over-
expression of claudin-5 and zo-1 in hCMEC/D3 cells retained their
monolayer characteristics over time. However, the expression level of
occludin in hCMEC/D3 cells did not change significantly throughout
the incubation time.

The results of expression assays showed that tight junction proteins
were obviously expressed in hCMEC/D3 cells, suggesting that hCMEC/
D3 model could reflect the protein–related properties of in vivo BBB.
Moreover, the expression levels of claudin-5 and zo-1 in hCMEC/D3
cells were significantly higher compared to the cells cultured for two
and four days.

3.3. Permeability of fluorescein disodium

Fluorescein disodium can be used to detect the permeability of BBB,

Fig. 2. Time–TEER curve of the integrity of hCMEC/D3 monolayer. (x ± s;
n = 3).
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as this compound can hardly penetrate normal BBB. However, if BBB is
damaged or with increased permeability, fluorescent signal can be
clearly observed in brain tissue because fluorescein disodium is not
restricted and pass through BBB. In this study, the Papp value of fluor-
escein disodium across BBB monolayer was evaluated, and the results
are presented in Table 1.

After 180 min, the mean value of Papp in three duplicate samples
was 3.94 × 10−7 cm·s−1. BBB model established by hCMEC/D3 cells
manifested restrictive permeability to small hydrophilic molecules, thus
preventing the penetration of small hydrophilic molecules and main-
taining cerebral homeostasis.

Fluorescein disodium is a hydrophilic small–molecule compound
with no corresponding cell surface receptor, which is often restricted by
BBB. Thus, the detection of fluorescein disodium permeability can be
used to evaluate the restrictive capability of hydrophilic small–mole-
cule substances. The Papp value of fluorescein disodium against in vitro
BBB model established by hCMEC/D3 was< 15 × 10−6 cm·s−1, im-
plying that the permeability of fluorescein disodium is poor because
drugs with Papp < 15 × 10−6 cm·s−1 are considered poor delivery
across the BBB [13]. These results suggest that the established hCMEC/
D3 model exhibits similar characteristics as in vivo BBB.

3.4. Establishment of HBA determinative method

Prior to BBB permeability measurement, a HPLC method was es-
tablished to detect the concentrations of HBA. As demonstrated in
Fig. 4, the residence time of HBA was 14.6 min. Typical linear regres-
sion equations for the calibration curves over HBA concentration ranges
are shown in Table 2. HBA could be clearly differentiated and quanti-
tatively determined at the LLOQ level.

The intra– and inter–day precision of HBA were evaluated in five
duplicate samples, at three concentration levels. The results are pre-
sented in Table 3.

Tables 2 and 3 point out that the proposed HPLC method has reli-
able linearity and precision, which fell within the acceptance criteria of
HBA determination.

3.5. Probe calibration

The results of probe calibration are shown in Tables 4-6. RR% and
RL% fluctuated slightly over different concentrations of HBA in RS
(10.32–30.96 μg·ml−1) and aCSF (5.72–51.48 μg·ml−1), indicating that
the probe can remain stable during HBA perfusion. Moreover, ac-
cording to the stability of probe implanted in both vessel and brain, the
in vivo reliability of this probe could maintain for at least 8 h. These
findings demonstrated that the probe might not be significantly affected
by flow rate and drug concentration during microdialysis, and was
stable for 8 h in vivo.

The reverse dialysis method has used to determine the relative loss
rate of the probe to the drug, which is reliable for probe calibration
[14]. In addition, this method is also simple, time–saving and con-
venient for the determination of HBA.

3.6. In vitro BBB permeability of HBA

As shown in Fig. 5, the concentrations of HBA were increased in
hCMEC/D3 cells within 40 min. The transport rates of HBA across the
BBB increased rapidly to 31.44% in 10 min, and then raised to 40.29%.
Following that, the transport rates of HBA decreased gradually and
retained at 32.91% after treatment for 4 h. This indicates that the
permeability of BBB is promising when there was an obvious difference
in HBA concentrations between the two sides of transwell, but a plateau
could be observed when HBA concentrations were relatively similar
between the two sides of transwell.

3.7. Pharmacokinetic study of HBA in blood and brain

After being anesthetized by an intraperitoneal injection of urethane,
the head and skin of rats were shaved and disinfected with 70%
ethanol, respectively, prior to the surgery. After exposing the skull with
a 2-cm midline incision, a micro drill was used to implant the catheter
through a 0.9-mm hole (AP + 0.2 mm, MR + 3.5 mm), and lowered to
a depth of 3 mm ventral to the dura surface. The entire surgical process
was completed within 30 min, and antidote was used to terminate the
anesthesia. After three days, the animals were anesthetized with 25%
urethane. The brain probe was inserted into the catheter carefully to
perfuse the aCFS at a flow rate of 2 μl·min−1 for 1 h. The blood probe
was carefully implanted (approximately 2.5–3.0 mm), and RS was
perfused at a flow rate of 2 μl·min−1 for 1 h.

The validated HPLC method was applied to determine the con-
centrations of HBA in blood and brain tissue. As shown in Table 7 and
Fig. 6A, the pharmacokinetic data revealed that the concentrations of
HBA increased to Cmax at 40 min in both blood and brain tissue. No-
tably, the Cmax values were 38.03 μg·ml−1 in blood and 10.60 μg·ml−1

Fig. 3. Expression of the tight junction proteins in hCMEC/D3 cells. (A) The expression levels of claudin-5, zo-1 and occludin at different culture times via Western
blot analysis. (B) Grey value analysis of protein blots. ⁎P < .05 vs. Day 2 group; #P < .05 vs. Day 4 group; x ± s; n = 3.

Table 1
Permeability of fluorescein disodium.

Time (min) Papp (1 × 10−7 cm·s−1)

40 4.80 ± 0.40
80 4.27 ± 0.21
120 4.65 ± 0.08
180 3.94 ± 0.15

(x ± s; n = 3)
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in brain after 40 min of administration, indicating that HBA can be
absorbed into the bloodstream and transported across the BBB rapidly.
However, t1/2 demonstrated that half amount of HBA could be elimi-
nated within 70.75 and 57.63 min in blood and brain, respectively.
Moreover, the Cmax, AUC0–t and AUC0–inf of HBA were higher in blood
than in brain tissue. The values of AUC0–t and AUC0–inf were 5810.41
and 6076.32 μg·min·ml−1 in blood, while 1115.32 and
1266.53 μg·min·ml−1 in brain, respectively. Furthermore, AUC0–t and
AUC0–inf for the brain–to–blood distribution ratio (AUCbrain/AUCblood)
of HBA were 0.1925 and 0.2083, suggesting that approximately 20% of

HBA in blood penetrates the BBB and exerts pharmacological effects on
CNS diseases.

4. Discussion

hCMEC/D3 cell line is considered as a reliable tool for the estab-
lishment of in vitro BBB model, as this cell line is screened from the

Fig. 4. HPLC chromatogram of HBA. (A) HBA standard solution; (B) sample of in vitro BBB permeability across hCMEC/D3 cells; (C) sample of blood microdialysis;
and (D) sample of brain microdialysis.

Table 2
Regression equations, linear ranges and LLOQ of HBA.

Analyte Linearity R2 Linear range
(μg·ml−1)

LLOQ(μg·ml−1)

In HBSS Y = 36,238 X-77040 0.999 4.1–258.1 0.4
In RS Y = 30,203 X-3711.3 1 0.4–51.6 0.4
In aCSF Y = 45,886

X + 10,014
0.999 0.1–51.5 0.1

Table 3
Intra– day and inter– day precision of HBA.

Analyte Concentration (μg·ml−1) Intra–day RSD% Inter–day RSD%

In HBSS 129.38 1.17 0.07
36.11 3.28 0.69
9.14 2.93 3.37

In RS 30.96 1.19 1.95
10.32 1.14 1.15
0.42 4.88 8.22

In aCSF 34.32 0.11 0.75
11.44 0.47 1.11
0.14 0.93 3.13
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primary brain capillary endothelial cell lentivirus [15], and it displays
similar characteristics as primary brain capillary endothelial cells, such
as the comparable expression levels of tight junction proteins and
chemokines. More importantly, in vitro BBB model can be established by
hCMEC/D3 cells without the co–incubation of astrocytes [16]. Fur-
thermore, the positive expression of signature proteins in hCMEC/D3
cells can maintain for at least 35 passages [4], which sustains the re-
peatability and reliability of the model. Therefore, hCMEC/D3 cell line
was selected to establish an in vitro BBB model in the present study. In
addition, the TEER value, tight junction protein expression and fluor-
escein disodium permeability of hCMEC/D3 cells were determined to
evaluate their integrity and similarity to the in vivo BBB.

Claudin-5, zo-1 and occludin are three of the most important tight
junction proteins for maintaining BBB. Claudin-5 is an important
transmembrane protein that regulates the permeability of BBB [17]. Zo-
1 promotes the attachment of occludin to the cytoskeleton system, thus
affecting the permeability of BBB [18]. Occludin is the first identified
integral protein that localized at tight junctions [19]. High expression
level of occludin is one of the important reasons for the low perme-
ability of BBB compared to other tissue barriers. The expression level of
occludin is significantly higher in cerebral vascular endothelium than in
other tissues, indicating that this protein can reflect the structural and
functional integrity of BBB. In this study, occludin was apparently ex-
pressed in hCMEC/D3 cells, even though its expression levels were not
significantly increased over time. The expression patterns of claudin-5,
zo-1 and occludin indicated that the tight junction behavior of hCMEC/
D3 cells is similar to the in vivo environment of BBB.

In the present study, BBB permeability assays of HBA indicated that
HBA could penetrate both in vitro and in vivo BBB model, and subse-
quently transported into the brain.

Hydrophobicity or lipophilicity of a drug affects its transport of lipid
membrane, pharmacological effect, bioavailability and toxicity [20,21].
The endothelial cell membrane is lipophilic and the water–soluble
compounds can hardly diffuse through the lipid membrane, thus, hy-
drophilic compounds are often limited by the BBB. According to
Pubmed database, the lipophilicity value (XlogP3) of HBA was found to
be 0.2 [22]. XlogP3 is a parameter that represents the lipophilicity of
compounds, in where XlogP3 > 0 denotes that a compound distributes
more in organic phase than in water. On the contrary, when XlogP<0,
the compound is more soluble in water than in organic solvent.

Tight intercellular junctions around the capillary membranes can
act efficiently to slow down the drug diffusion into the brain by func-
tioning as a thick lipid barrier. BBB limits the diffusion and penetration
of hydrophilic, water–soluble and polar drugs into the brain tissue [23].
BBB permeability is one of the most important factors for determining
drug absorption and bioavailability. The results of in vitro permeability
assay indicated that HBA could pass through BBB rapidly and maintain
a balance between the two sides of the in vitro BBB model.

Drugs diffuse along the concentration gradient, and the semi-
permeable membrane can allow the diffusion of small–molecule com-
pounds. Once the probe is in place and perfusion has started, the gra-
dient enters the perfusate through the semi–permeable membrane. As
the perfusate in the dialysis tube keeps flowing and renewing, the
transmembrane concentration gradient of drug always existed and the
drug can be diffused continuously. Besides, RS [24] and aCSF [25] have
been reported as the main dialysis perfusates of blood and brain, re-
spectively.

Due to the constant perfusate flow through the catheter and hence
incomplete equilibrium at the membrane, only a fraction of the drug
concentration can be ‘recovered’ in the microdialysate, which is re-
ferred as relative recovery and relative loss [26]. These parameters can
be affected by several factors, such as type of drugs, drug concentration
and flow rate [16]. We evaluated the relative parameters of

Table 4
Flow rate calibration of probes in blood and brain.

Probe Flow rate (μl·min−1) RR% RL%

In blood 1.0 50.80 ± 0.11 48.06 ± 0.96
1.5 47.04 ± 2.36 41.79 ± 0.33
2.0 45.06 ± 0.02 40.11 ± 0.22
2.5 37.64 ± 0.02 37.13 ± 0.16

In brain 1.0 50.76 ± 1.03 39.83 ± 0.51
1.5 43.74 ± 1.27 42.84 ± 0.61
2.0 41.64 ± 1.09 41.45 ± 0.30
2.5 30.84 ± 0.83 43.42 ± 0.04

(x ± s; n = 4)

Table 5
HBA concentration calibration of probes in blood and brain.

Probe Concentration (μl·min−1) RR% RL%

In blood 30.96 46.33 ± 0.39 42.17 ± 0.64
20.64 45.46 ± 0.58 46.89 ± 0.11
10.32 48.18 ± 1.15 49.09 ± 0.20

In brain 51.48 42.16 ± 0.54 39.83 ± 0.51
28.60 38.33 ± 0.15 42.84 ± 0.61
5.72 36.23 ± 0.04 43.42 ± 0.04

(x ± s; n = 4)

Table 6
Stability of HBA during microdialysis in blood and brain.

Probe Mean of RL% in 8 h SD of RL% in 8 h RSD%

In blood 40.20 1.67 4.2
In brain 43.02 1.29 2.9

(x ± s; n = 4)

Fig. 5. Permeability of HBA through hCMEC/D3 BBB model. (x ± s; n = 4).

Table 7
Blood and brain microdialysis parameters for HBA.

Parameters In blood In brain

Cmax (μg·ml−1) 38.03 ± 2.62 10.60 ± 1.55
Tmax(min) 40 40
T1/2 (min) 70.75 ± 5.98 57.63 ± 1.99
AUC0–t (μg·min·ml−1) 5810.41 ± 603.85 1115.32 ± 71.58
AUC0–inf (μg·min·ml−1) 6076.32 ± 600.57 1266.53 ± 131.68
CL/F(mg·kg−1)/(ml·μg−1)/h 0.239 ± 0.024 1.146 ± 0.118
MRT (min) 200.69 ± 3.86 276.98 ± 6.87
Brain–to–blood distribution ratio(0–t) 0.1925 ± 0.0097
Brain–to–blood distribution

ratio(0–inf)
0.2083 ± 0.0012

(x ± s; n = 3)
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microdiaysis method, and the results showed that RR% and RL% could
remain stable under different conditions and times. This suggests that
the microdialysis method is useful and reliable for the pharmacokinetic
analysis of HBA.

Next, we evaluated the pharmacokinetic parameters of HBA in the
blood and brain simultaneously. The results indicated that HBA could
be absorbed into the blood and brain tissue within 40 min.
Approximately 20% of HBA in blood could penetrate the BBB and exert
pharmacological effects on CNS disorders. However, HBA is metabo-
lized within a short period of time, and its metabolic rate in brain tissue
was much shorter than that in blood. HBA exhibited the same Tmax in
both blood and brain, but displayed shorter t1/2 in brain than in blood.
The rapid metabolism of HBA might be attributed to first–pass elim-
ination and hepatic metabolism.

HBA is a metabolite of gastrodin (GAS), and GAS can be degraded to
HBA rapidly in the blood [27]. Due to its poor permeability, the
pharmacological effects of GAS may be affected by HBA bio-
transformation. HBA can be metabolized from GAS in vivo, and then
passes through the BBB and preserves in the brain. Hence, the actual
pharmacological activity of GAS on CNS diseases is on accounted of the
remaining HBA in the brain.

The pharmacokinetic curves of HBA displayed biphasic time-con-
centration courses, which may be a consequence of enterohepatic cir-
culation. After administration, HBA may undergo first-pass effect and
cause decreasing concentrations in blood, followed by excretion into
bile via hepatocytes. Afterwards, the compound enters the intestinal
lumen through the biliary tract and the common bile duct. Due to its
low polarity and great membrane permeability, HBA in the intestinal
lumen can be absorbed by the intestinal epithelial cells and subse-
quently enters the blood circulation, which accounts for a double bi-
phasic phenomenon.

In the present study, HBA penetrated hCMEC/D3 BBB model and
maintained a balance between two sides. The pharmacokinetics of HBA
in blood and brain after oral administration were also investigated. The
brain–to–blood distribution ratio of HBA in 480 min and infinite time
were 19.25% and 20.83%, respectively, suggesting that approximately
20% of HBA in blood can pass through the BBB. The brain–to–blood
distribution ratio of HBA is comparable to that of some drugs against
CNS disorders, including L–Dopa (treatment of Parkinson's disease,
10%) [28], meropenem (treatment of meningitis, 16%) [29] and pali-
peridone (anti–depression, 37%) [30]. In comparison with the poor
permeability of GAS, HBA may serve as an effective compound that
penetrates BBB and retains the pharmacological effects of GE on CNS
diseases.
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