
Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction 

and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages 
(https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://doi.org/10.1177/1534735418767553

Integrative Cancer Therapies
2018, Vol. 17(3) 806 –812
© The Author(s) 2018 
Article reuse guidelines:
sagepub.com/journals-permissions 
DOI: 10.1177/1534735418767553
journals.sagepub.com/home/ict

Research Article

Introduction

Intracranial malignant tumor is one of the most common 
diseases of the nervous system, causing increased intracra-
nial pressure, compression of the brain tissue, and resulting 
in life-threatening dysfunction of the nervous system. 
Primary intracranial malignant tumor accounts for about 
1.9% of the adult malignancies, of which the most common 
pathological type is glioma.1 Other malignant tumors even-
tually appear as brain metastases in about 20% to 30% of 
cases. Metastatic lung cancer is most common in intracra-
nial malignant tumors.2

Chemotherapy is an important method in the treatment 
of intracranial malignant tumors. The blood-brain barrier 
(BBB) is the greatest challenge in treating intracranial malig- 
nant tumors. How to improve drug permeability across the 
BBB is a research hotspot. Borneol, molecular formula 
C

10
H

18
O, is a commonly used traditional Chinese medicine 

in China. It tastes hard, slightly cold, and affects heart, 

spleen, and lung. Its functions include aromatic resuscitation 
and promoting increased drug distribution. It can enhance 
the permeability of various membranes including skin, 
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Abstract
Background: The blood-brain barrier (BBB) is the greatest challenge in the treatment of intracranial malignant tumors. 
Objective: The aim of this study is to determine the role of borneol in opening the BBB and elucidate the underlying 
mechanisms. Materials and Methods: Twenty Sprague-Dawley (SD) rats were randomized into borneol group 
intragastrically administered with 10% borneol corn oil (2 mL/kg) and control group. After 30 minutes, 2% Evans blue (4 
mL/kg) was injected. Thirty minutes later, brain tissue was analyzed using the Evans blue standard curve. Another 40 SD 
rats were randomized into high-, medium-, and low-dose borneol groups and a control group. Each rat in the experimental 
groups was intragastrically administered with 10% borneol corn oil (2 mL/kg, 1.25 mL/kg, and 0.5 mL/kg, respectively). The 
control group was injected with corn oil of 1.25 mL/kg. After 30 minutes, the rats were killed, and the brain tissues were 
collected. The expression of occludin, occludens-1, nitric oxide synthase, P-glycoprotein, and intercellular cell adhesion 
molecule-1 (ICAM-1) was detected by immunohistochemy. Results: The concentration of Evans blue in the borneol group 
was higher than in the control group (P < .05). The mean density of ICAM-1 expression was higher in the experimental 
group than in the control group (P < .05). In contrast, significant differences of positive area and total density of ICAM-1 
were shown only between the high-dose group and the control group (P < .05). Conclusion: Borneol can open the BBB, 
which might be related with the increased expression of ICAM-1.
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mucosa, and the BBB.3 Zhang et al4 evaluated the effect of 
oral administration of borneol on brain-targeted delivery 
of nanoparticles. Co-incubation of brain capillary endo-
thelial cells with borneol and nanoparticles could sig-
nificantly enhance the cellular uptake. Recent studies 
showed that borneol could promote penetration of metho-
trexate, nimustine, and other drugs through the BBB, 
increasing drug concentration in the brain.5 The purpose 
of this study is to further elucidate the role of borneol in 
the opening of the BBB and delineate the underlying 
molecular mechanism.

Materials and Methods

Animals and Reagents

This study was conducted in accordance with the institu-
tional guidelines for the care and use of laboratory animals 
set by Zhejiang Chinese Medical University (Zhejiang, 
China). Sixty male Sprague-Dawley (SD) rats (300 ± 20 g) 
were provided by the Laboratory Animal Center of Zhejiang 
Chinese Medical University (Hangzhou, China). Corn oil 
and borneol were obtained from Hangzhou Jiu-zhou 
Pharmacy (Hangzhou, China). Evans blue powder was pur-
chased from Shanghai Kexing Company (Shanghai, China). 
Secondary antibodies to occludin, occludens-1 (ZO-1), 
nitric oxide synthase (NOS), P-glycoprotein (P-gp), and 
intercellular cell adhesion molecule-1 (ICAM-1) were pur-
chased from Beijing Zhongshan Gold Bridge Biological 
Technology Co, Ltd (Beijing, China). Diaminobenzidine 
was supplied by Beijing Zhongshan Gold Bridge Biological 
Technology Co, Ltd (Beijing, China).

Fluorescent Spectrophotometry for 
Establishment of Evans Blue Standard Curve

An amount of 0.010 g Evans blue was dissolved with 
formamide in a 100-mL volumetric flask and adjusted to a 
concentration of 100 µg/mL. Aliquots of 0.25 mL, 0.5 mL, 
1 mL, 2 mL, 4 mL, 6 mL, and 8 mL were transferred into a 
10-mL volumetric flask and diluted with formamide, respec-
tively. The absorbance (a) was read at 620 nm using 970CRT 
fluorescent spectrophotometer (Shanghai Sanke Company, 
Shanghai, China). The regression equation was computed by 
the absorbance (a) to Evans blue concentration (b) in the 
solution through zero setting using formamide.

Fluorescent Spectrophotometry for Detection of 
Evans Blue Content

Twenty male SD rats were randomly divided into a borneol 
group (10 rats) and a control group (10 rats). The rats in the 
borneol group were administered with 10% borneol corn oil 

solution (2 mL/kg) intragastrically, and the rats in the con-
trol group were administered with the same dose of corn oil. 
Thirty minutes later, a 2% Evans blue solution (4 mL/kg) 
was injected into the rats by tail vein. After 30 minutes, 
the rats were sacrificed by cervical dislocation, and brain 
tissue of each (0.3 g) was taken and weighed accurately. 
Physiological saline (0.9%) was added to the brain tissue at 
a ratio of 1:19, homogenized, and centrifuged at 4000 rpm/
min for 20 minutes. A 0.2-mL supernatant was withdrawn 
using a pipette and detected using fluorescent spectropho-
tometry with rat brain homogenate serving as a control for 
the absorbance. According to the standard curve, the con-
tent of EB (ng/mL) in brain tissue was determined.

Immunohistochemistry for Detection of Occludin, 
ZO-1, NOS, P-gp, and ICAM-1

Forty male SD rats were randomly divided into groups of 
high-, medium-, and low-dose borneol groups (30 rats) 
along with a control group (10 rats). The rats were fasted 
overnight before the experiment, weighed in the morning 
on the day of experiment. The experimental groups of rats 
were intragastrically administered with 10% borneol corn 
oil at the dose of 2 mL/kg, 1.25 mL/kg, and 0.5mL/kg, 
while the control group was administered with 1.25 mL/kg 
corn oil. Thirty minutes later, the rats were killed and the 
brain tissue was extracted into a bottle with formalin fixed 
liquid and labeled as 1 to 40. The number of specimens in 
each group was 9, due to failure to obtain the predetermined 
brain tissue from one rat in each group.

Samples were heated in an oven for 2 hours at 60°C, 
dewaxed, distilled with water for 2 minutes, followed by high-
pressure steam distillation. After blocking with a peroxidase 
in 3% H

2
O

2
 solution for 10 minutes, washing 3 times with 

phosphate-buffered saline (PBS) for 5 minutes, the mixture 
was supplemented with a primary antibody and incubated at 
37°C for 60 minutes. After PBS washing in the same manner, 
secondary antibodies to occludin, ZO-1, NOS, P-gp, and 
ICAM-1, respectively, were added. Occludin and ZO-1 were 
diluted to 1:50, while NOS, P-gp, and ICAM-1 were diluted 
to 1:100. After incubation at 37°C for 60 minutes in PBS, 
samples were washed 3 times with PBS for 5 minutes. Each 
section was colored by diaminobenzidine for 1 to 2 minutes.

Each slice was photographed microscopically, and the 
images were analyzed by IPP6.0 image analysis software. 
The positive area, mean density, and total density were 
measured.

Statistics

The statistical software SPSS 17 was used for statistical 
analysis. The values were expressed as the mean ± square 
error ( x s± ). The Student’s t test was used to compare the 
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differences between the 2 groups, and P < .05 denoted sig-
nificant difference. The single factor variance analysis was 
used to compare the groups.

Results

Standard Curve of Evans Blue

The regression equation—y = a + b * x, with a = 0.00064, 
b = 0.09425, r2 = 0.99991—showed good linear relationship 
between Evans blue concentration from 0.05 to 4.5 µg/mL 
and absorbance values (Figure 1).

Evans Blue Content

The optical density value and Evans blue content in the bor-
neol group were higher than in the control group (P < .05; 
Table 1).

Expression of Occludin, ZO-1, NOS, P-gp, and 
ICAM-1

No significant difference was observed in the expression of 
occludin among the various borneol groups or between the 

different experimental groups and the control group in posi-
tive area, mean density, and total density (P > .05; Table 2 
and Figure 2). Obvious differences of ZO-1 expression 
appeared between the experimental and the control groups 
in mean density (P < .05). However, there was no signifi-
cant difference in mean density among the 3 different 
experimental groups (P > .05). No significant difference 
was shown in ZO-1 expression among the different borneol 
groups or between the experimental borneol groups and the 
control group in positive area (P > .05) and total density 
(P > .05; Table 3 and Figure 2).

There was no significant difference in NOS expression 
between the experimental groups and the control group in 
terms of positive area, mean density, and total density (P > 
.05). Meanwhile, no significant differences occurred among 
the different borneol groups (P > .05; Table 4 and Figure 2).

No apparent differences were seen in P-gp expression 
among the different experimental groups or between the 
experimental groups and the control group in positive 
area, mean density, and total density (P > .05; Table 5 and 
Figure 2).

As for the expression of ICAM-1, Table 6 and Figure 2 
show that there was a significant difference between 
high-, medium-, and low-dose borneol groups and the 
control group in mean density (P < .05), and more sig-
nificant especially for the high-dose group. However, 
significant difference occurred only between the high-
dose borneol group and the control group in positive 
area and total density (P < .05). And significant differ-
ence was observed between the high-dose borneol group 
and the low-dose group in total density (P < .05). 
However, neither in positive area nor mean density was 
significant difference seen between the different borneol 
groups (P > .05).

Discussion

The BBB is the most important barrier in brain-targeted 
delivery. In 1885, Ehrlich found that intravenously injected 
dye could stain most organs except the brain.6,7 Therefore, 
methods to test whether the BBB is opened became a new 
field of study. In some experiments,8,9 Evans blue became a 
common method to test whether the BBB is opened or not. 
In brain tumors, drug distribution to brain tumor is more 
restricted than in peripheral tumors. For example, Taskar 
et al found the lapatinib concentration in lung metastasis 
tissue is 5.15-fold higher than that in brain metastasis, in 
their metastatic breast tumor-bearing mouse model.10 Chen 
et al found that borneol opened the BBB, promoted diffu-
sion via pinocytosis by increasing the number and volume 
of pinosomes.11 Jin et al found that borneol increased the 
permeability of the blood-eye barrier, by altering the distri-
bution of transmembrane proteins claudin-5 and occludin in 
blood-optic nerve.12

Figure 1. Standard curve of Evans blue.

Table 1. Optical Density and Evans Blue Content in 
Experimental and Control Groups.

Groups n

Optical Density Content (µg/mL)

x s± P x s± P

Control group 10 0.0870 ± 0.0164 0.9908 ± 0.1639  
Borneol group 10 0.1350 ± 0.0206 <.05 1.4710 ± 0.2057 <.05



Wu et al 809

Table 2. Comparison of Occludin Expression.

Groups n Positive Area (µm2) ( x s± ) Mean Density ( x s± ) Total Density ( x s± )

Control group 9 35655.00 ± 22156.226 0.2412 ± 0.0283 1.0368 ± 6.9716
High group 9 28076.78 ± 17744.036** 0.2293 ± 0.0118** 7.6383 ± 5.1534**
Medium group 9 29668.33 ± 15516.837** 0.2276 ± 0.0139** 8.1874 ± 4.6320**
Low group 9 25405.40 ± 10894.482** 0.2246 ± 0.0154** 6.9441 ± 3.1402**

*P < .05, **P > .05 versus control group.

Figure 2. The expression of occludin, ZO-1, NOS, P-gp, and ICAM-1 detected by immunochemistry.
(A) Occluding, mainly located in the nucleus of glial cells and neurons. (B) ZO-1, mainly located in the cytoplasm of glial cells and neurons. (C) NOS, 
mainly located in the cytoplasm of neurons and vascular endothelial cells. (D) P-gp, mainly located in the cytoplasm of neurons. (E) ICAM-1, mainly 
located in the cytoplasm of vascular endothelial cells.

This study further investigated the role of borneol in 
transport across the BBB and determined the underlying 
mechanisms. Data show that Evans blue served as an effective 

marker in evaluating the permeability across BBB.13 Evans 
blue is an azo dye that has a very high affinity for serum 
albumin. Because of this, it can be useful in physiology in 
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estimating the proportion of body water contained in blood 
plasma. It is used to assess the permeability of the BBB to 
macromolecules. Because serum albumin cannot cross the 
barrier and virtually all Evans blue is bound to albumin, 
normally the neural tissue remains unstained.14 When the 
BBB has been compromised, albumin-bound Evans blue 
enters the central nervous system. Evans blue was also used 
to evaluate the role of borneol in opening BBB in this study, 
and the results were consistent with previous study.15

BBB’s tight junction is located in the adjacent microvas-
cular endothelial cells of the brain, comprising the trans-
membrane protein family of claudins, occludin, and the 
surrounding membrane proteins including ZO-1s and adhe-
sion molecules among others, maintaining the structural 
integrity of BBB cells. ZO-1 and occludin are both protein 

biomarkers of tight junctions. Their expression induces the 
opening of closed connections and increases the cellular 
permeability of BBB.16 Incubating lexiscan with bEnd.3 
cell monolayers could decrease the transendothelial cell 
electrical resistance and diminish the expression of occludin, 
caudin-5, and ZO-1, which were all essential for keeping 
tight junction integrity.17 Gao et al18 found the expression of 
ZO-1 in untreated bEnd.3 monolayers was continuously 
aligned on the cell-cell interface, while conjugating 16 of 
lexiscan molecules onto 1 dendrimer (Den-Reg16) treatment 
led to discontinued expression even in the absence of ZO-1, 
resulting in 17.6-fold increase of permeability of the model 
drug and 68% reduction of transendothelial cell electrical 
resistance. Downregulation of protein biomarkers opens the 
tight junctions and increases the permeability of BBB.

Table 3. ZO-1 Expression in Different Groups.

Groups n Positive Area (µm2) ( x s± ) Mean Density ( x s± ) Total Density ( x s± )

Control group 9 0.00 ± 0.000 0.00 ± 0.000 0.00 ± 0.000
High group 9 2780.22 ± 5367.739** 0.07 ± 0.071* 472.74 ± 914.655**
Medium group 9 5323.11 ± 7703.858** 0.11 ± 0.118* 1324.52 ± 2263.061**
Low group 9 2371.56 ± 3768.895** 0.07 ± 0.088* 476.61 ± 773.918**

*P < .05, **P > .05 versus control group.

Table 4. Comparison of Nitric Oxide Synthase Expression.

Groups n Positive area (µm2) ( x s± ) Mean Density ( x s± ) Total Density ( x s± )

Control group 9 105965.44 ± 120981.123 0.1719 ± 0.0023 2.0543 ± 2.4546
High group 9 128179.00 ± 179867.052** 0.1428 ± 0.0838** 2.6384 ± 3.8538**
Medium group 9 70409.00 ± 105006.001** 0.1540 ± 0.0580** 1.4647 ± 2.2926**
Low group 9 74895.56 ± 118527.556** 0.1752 ± 0.0077** 1.5686 ± 2.6899**

**P > .05 versus control group.

Table 5. Comparison of P-Glycoprotein Expression.

Groups n Positive Area (µm2) ( x s± ) Mean Density ( x s± ) Total Density ( x s± )

Control group 9 6.44 ± 19.333 0.02 ± 0.065 1.39 ± 4.171
High group 9 70.33 ± 159.949** 0.08 ± 0.095** 30.678 ± 10.226**
Medium group 9 18.78 ± 55.213** 0.06 ± 0.096** 9.923 ± 3.308**
Low group 9 1.78 ± 3.833** 0.04 ± 0.087** 0.708 ± 0.236**

**P > .05 versus control group.

Table 6. Comparison of Intercellular Cell Adhesion Molecule-1 Expression.

Groups n Positive area (µm2) ( x s± ) Mean Density ( x s± ) Total Density ( x s± )

Control group 9 540.78 ± 968.002 0.1371 ± 0.1041 1.3090 ± 2.3879
High group 9 54815.78 ± 75885.329* 0.2117 ± 0.0281* 1.3545 ± 1.6164*
Medium group 9 20072.22 ± 14032.406** 0.2115 ± 0.0265* 5.7597 ± 4.0004**
Low group 9 13294.33 ± 7282.652** 0.1980 ± 0.0127* 4.0023 ± 2.3294**

*P < .05, **P > .05 versus control group.



Wu et al 811

Our results indicate that the expression of occludin 
located in the brain microvascular endothelial cells is not 
altered after borneol administration. The average density of 
ZO-1 in the borneol groups was higher than in the control 
group. However, no significant differences in positive area 
or total density were seen between the experimental and the 
control groups. These results suggested that occludin and 
ZO-1 may not play a major role in borneol-mediated open-
ing of the BBB.

The NOS catalyzes the NO synthesis from L-arginine. 
NO opens the BBB.19 The study of Banks showed the path-
way of Ca2+-NOS-NO and VEGF-PI3K-Akt-eNOS-NO are 
not the only 2 pathways to activate NO on the BBB; astro-
cytes can also induce endothelial cell synthesis by releasing 
tumor necrosis factor.20

P-gp is a transmembrane glycoprotein with a relative 
molecular weight of 170 kD. It is encoded by the multidrug-
resistance gene and belongs to the superfamily of ATP-binding 
cassette transporter protein. P-gp is an ATP-dependent efflux 
pump, which eliminates intracellular drugs to decrease their 
cellular concentrations. Studies suggested that the opening 
of the BBB by borneol reduces the expression of P-gp in the 
BBB,21 which was inconsistent with our study findings.

ICAM-1 belongs to the immunoglobulin superfamily of 
adhesion molecules. ICAM-1 on the surface of brain micro-
vascular endothelial cell mainly regulates adhesion and 
migration of leukocytes. A number of free radicals and 
cytotoxins are released when leukocytes adhere to the vas-
cular endothelium, following endothelial cell damage and 
BBB opening.22 Yun’s study showed that bloodletting punc-
ture treatment could reduce water content of brain and the 
permeability of the BBB caused by ischemic stroke through 
the model of permanent middle cerebral artery occlusion. It 
was demonstrated that the expression levels of ICAM-1 and 
VEGF were downregulated.23 That means the suppression 
of expression levels of ICAM-1 can attenuate BBB disrup-
tion, protecting cerebral microvessel structure. Another 
study found the same results through the mouse model of 
experimental autoimmune encephalomyelitis. It proved that 
resveratrol can protect the integrity of the BBB in experi-
mental autoimmune encephalomyelitis mice by repressing 
adhesion proteins ICAM-1 and vascular cell adhesion 
molecule-1.24

Our study suggests that the average density of ICAM-1 
in high-, medium-, and low-dose borneol groups was higher 
than in the control group, and the positive area and the total 
density in the high-dose group are also higher than in the 
control group. We believe that borneol enhances the expres-
sion of ICAM-1 on the BBB. The increased expression of 
ICAM-1 probably promotes the adhesion and migration of 
leukocytes and increases the release of free radicals and cell 
toxins after adherence to the vascular endothelial cells, 
which aggravates the endothelial cell damage and promotes 
the opening of the BBB. Our study suggests that borneol can 

increase the expression of ICAM-1, and then lead to the 
opening of BBB, which is represented by the content of 
Evans blue dye. The increase of the expression of ICAM-1 
and the opening of the BBB in our experiment are in accor-
dance with Kong’s study in which the reduction of ICAM-1 
decreased the opening of the BBB.22 Taken together, our 
findings demonstrated that borneol can open the BBB and 
might be related with the increased expression of ICAM-1. 
The mechanism of how ICAM-1 opens the BBB needs to be 
further verified and will be our next study.

The BBB can prevent the entry of drugs into the brain. 
The ability of borneol to open the BBB could be used for 
tumor treatment, repair of brain injury, treatment of brain 
infections, and chronic diseases of nervous system. The 
prospects of application of borneol would be of great 
significance.25
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