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Introduction

The blood–brain barrier (BBB) is a specialized barrier that 
protects the brain microenvironment against toxins and 
pathogens in the circulation and maintains brain homeosta-
sis. This barrier is composed of endothelial cells of brain 
capillaries, astrocyte end-feet ensheathing the capillary, and 
pericytes embedded in the capillary basement membrane. 
The barrier function of these cells results from the tight 
intercellular junctions and efflux transporters expressed on 
the plasma membrane. P-glycoprotein (P-gp) expression at 
the BBB prevents the entry of unwanted bloodborne toxins 
and signaling molecules into the brain.1 P-gp plays a critical 
role in cross-resistance mediated by the BBB and blood–
tumor barrier (BTB).2,3 The BBB remains intact until small 
tumor cell colonies coalesce to form large tumor masses; 
accumulating evidence indicates that BBB permeability 
varies among different experimental brain metastases and 

that its function is related to the growth pattern and size of 
the lesions.4,5 The debate on the “openness” of the BTB, a 
tumor-disrupted form of the BBB formed by brain metasta-
ses or primary brain tumors, remains ongoing. The pheno-
types of BTB vary according to cancer type as well as 
cancer genotype.6,7 Most data indicate that the BTB is not as 
intact as the BBB and is not sufficiently open for chemo-
therapeutics to penetrate.8

Metastatic brain tumors are the most common brain 
malignancies and have a poor prognosis. The limited abil-
ity of chemotherapeutics to penetrate the BBB and BTB 
might require modification to improve the efficacy of treat-
ments for brain metastasis. A phase I study concluded that 
lapatinib combined with the 5-FU prodrug capecitabine for 
HER2-positive breast cancer patients with central nervous 
system metastases is a feasible combination.9 Capecitabine 
is an oral fluoropyrimidine carbamate preferentially 
converted to the cytotoxic 5-FU in tumor and plasma.10 
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Meanwhile, brain metastases from colorectal cancer are 
rare, but there is no treatment guideline for patients suffer-
ing from brain metastases. Although 5-fluorouracil (5-FU) 
is the adjuvant treatment for primary and metastatic 
colorectal cancer,11-13 the chemotherapy guideline for brain 
metastases is still absent.14 To prove the concept that pen-
etration of chemotherapeutics through BBB could be mod-
ulated to treat brain metastasis, we used 5-FU as a candidate 
drug for the experimental model.

In a murine model of primary glioma, borneol was found 
to be capable of increasing BTB permeability by augment-
ing the expression levels of tight junction-associated 
proteins.15 However, agents that can effectively enhance 
BTB permeability in brain metastases have not yet been 
developed. Therefore, scientists are seeking potential drugs 
to increase the permeability of the BBB and BTB. Borneol 
(Figure 1A) is a bioactive ingredient found in several spe-
cies of plants, such as Heterotheca subaxillaris,16 Artemisia 
princeps,17 Callicarpa rubella,18 Blumea balsamifera,19 and 
Kaempferia galanga.20 Borneol has been reported to enhance 
drug penetration through the BBB.21 Moreover, it has 
been identified as a potentially promising neuroprotective 
agent for treating cerebral ischemic injury, largely by 
alleviating BBB disruption.22 Tetrandrine (Figure 1B) is a 
bis-benzylisoquinoline alkaloid isolated from Stephania 
tetrandra, which has been reported to inhibit the function of 
P-gp.23

To our knowledge, little is known about whether borneol 
and tetrandrine could be used together to play a therapeutic 
role in metastatic brain cancer. We hypothesized that bor-
neol and tetrandrine could be used together in combination 
with 5-FU to exert a synergistic therapeutic effect in meta-
static brain cancer. Borneol could be used to enhance BBB/
BTB permeability, and tetrandrine could be used to inhibit 
P-gp expression. Both effects could cooperatively provide 
therapeutic benefits for metastatic brain cancer. To investi-
gate this hypothesis, multiple experimental models were 
developed to evaluate aspects such as cell viability, BBB/
BTB integrity, and the effect of the P-gp inhibitors borneol 
and tetrandrine on BBB/BTB permeability in vitro and on 
chemotherapeutic control of brain metastasis in vivo. The 
pharmacodynamic interaction of the herbal drugs borneol 
and tetrandrine in improving the BBB/BTB penetration 
ability of 5-FU was further discussed.

Materials and Methods

Cell Culture

The murine colorectal adenocarcinoma cell line CT26, 
murine melanoma cell line B16F10, and murine brain endo-
thelial cell (MBEC) line bEnd3 were obtained from the 
American Type Culture Collection and maintained in 
RPMI 1640 medium and Dulbecco’s modified Eagle’s 

Figure 1. Chemical structures of (A) borneol and (B) tetrandrine.
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medium, respectively. All culture media contained 10% 
heat-inactivated fetal calf serum (HyClone, Logan, UT, 
USA), L-glutamine (200 mM), NaHCO3 (10 nM), HEPES 
(20 mM), and geneticin (G418; Sigma, St. Louis, MO, 
USA). Cells (5 × 104/mL) were maintained in the exponen-
tial growth phase before the experiments and were incu-
bated in a humidified atmosphere containing 95% air and 
5% CO2 at 37°C. The murine colorectal carcinoma cell line 
CT26 has been widely used as a syngeneic tumor model to 
study immunotherapies.24

Establishment of the BBB and BTB Models With 
Permeability Calibration

An in vitro model of the BBB was established by mono-
layer culture of bEnd3 MBECs in a Transwell apparatus 
(Corning 3401: 12 mm × 0.4 μm polycarbonate 12-well 
Transwell, USA). The in vitro BTB model was established 
by sequential seeding of MBECs (4 × 105/mL) for 48 h in 
the upper chambers and then tumor cells (CT26) (6.67 × 104/
mL) were added in the lower chambers for 24 h. The upper 
and lower chambers were separated by a permeable mem-
brane to further observe the impact of tumor cells on BBB 
integrity. To test and calibrate the BBB permeability of 
5-FU in vitro, 4 materials of different sizes, including fluo-
rescein sodium (Na-F 376 Da) and FITC-dextran (4000, 
20 000, and 70 000 Da), were evaluated in Transwell cul-
ture. The permeability calibration data collected for the 4 
materials in increasing order of size were 61%, 24%, 21%, 
and 19%, indicating size-dependent permeability.

MTT Assay of Cell Viability

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay is a colorimetric assay that evaluates 
cell metabolic activity to characterize cell viability. MTT 
solution (500 ng/mL in culture medium) was added to the 
harvested cells at 100 μL/well and incubated at 37°C for 3 h. 
After incubation, the MTT solution was removed, and 
100 µL of dimethyl sulfoxide was added to each well and 
incubated for 15 min. An ELISA plate reader was used to 
determine the ratio of the absorbance at 570 and 630 nm. 
First, to determine the direct effect of borneol (#15598, 
Sigma-AldrichTM, Merck KGaA, Darmstadt, Germany) and 
tetrandrine (#T2695, Sigma-AldrichTM, Merck KGaA, 
Darmstadt, Germany) on tumor cell viability in the absence 
of BBB/BTB and 5-FU, tumor cells were treated with drugs 
at different concentrations. The concentration of borneol 
ranged from 0 to 300 μg/mL, and that of tetrandrine ranged 
from 0 to 10 μg/mL. After 24 h, the half-maximal inhibitory 
concentration (IC50) values (ie, the concentration at which 
cell viability was reduced by approximately 50%) in CT26 
cells were determined. The combined effect of borneol and 
tetrandrine was evaluated using the Chou-Talalay method.25 
Second, tumor cells were treated with borneol (300 μg/mL) 

and tetrandrine (10 μg/mL) in the BTB model without 5-FU. 
These results could facilitate the understanding of the effect 
of borneol and tetrandrine on tumor cells in the BTB. In the 
BTB model, we next tested the effect on CT26 cell viability 
of 5-FU with or without borneol/tetrandrine, alone or in 
combination. The control group cells were treated with 
5-FU (10 μg/mL) alone. The effects of 5-FU on the viability 
of CT26 cells with or without borneol (300 μg/mL), tetran-
drine (10 μg/mL), and borneol (300 μg/mL) + tetrandrine 
(10 μg/mL) were observed. In the BTB model, CT26 cells 
seeded in the lower chamber were collected and subjected 
to MTT assay. To obtain further data on the integrity of 
BBB/BTB, the effects of borneol, tetrandrine, and borneol 
+ tetrandrine on the integrity of the BTB were examined in 
subsequent experiments.

Transendothelial Electrical Resistance (TEER) 
Assay of BBB Integrity

Changes in BBB integrity can be addressed in vitro by 
determining the permeability of a cell monolayer to differ-
ent solutes and measuring the TEER,26,27 which reflects the 
ionic conductance of the paracellular pathway in the epithe-
lial monolayer. The TEER method is widely applied because 
it is noninvasive and can be used to monitor live cells. The 
device we use to measure TEER is Epithelial Volt/Ohm 
(TEER) Meter made by WPI (World Precision Instruments, 
Sarasota, FL, USA). TEER values were determined by 
measuring the resistance of the cell layer between 2 elec-
trodes positioned on either side of the barrier. The measured 
resistance value before the addition of cells was subtracted 
from subsequent measurement values; specifically, the 
TEER was calculated using the following equation: 
TEER = [Resistanceexp(Ω) – Resistanceblank(Ω)] × bottom 
area (cm2). A lower TEER indicates higher permeability. 
The TEER method was used to evaluate the effect of co-
cultured CT26 and B16F10 cells on BBB integrity. CT26 
cells significantly influenced the integrity of the BBB, indi-
cating that they can be used to establish an informative BTB 
model. The integrity of the BBB in the BTB model was 
influenced by borneol (300 μg/mL), tetrandrine (10 μg/mL), 
and their combination. To obtain further data on the activity 
of P-gp, the effects of borneol, tetrandrine, and borneol +  
tetrandrine on P-gp activity were analyzed in subsequent 
experiments.

Flow Cytometric Analysis of P-gp Expression

P-gp activity was estimated by flow cytometry using the 
fluorescent substrate rhodamine 123, which was purchased 
from Thermo Fisher Scientific (Pittsburgh, PA, USA). The 
bEnd3 cells were seeded in the upper chamber of the 
Transwell apparatus on day 1. The tumor cells were seeded 
in the bottom chamber of the Transwell apparatus on day 3. 
The different groups were treated with 5-FU, borneol, and 
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tetrandrine on day 4. On day 5, the cells were harvested and 
incubated with 20 μM rhodamine 123 solution for 45 min. 
Cells were then washed twice with PBS and analyzed 
(10 000 cells/sample) for the accumulation of rhodamine 
123 using a FACSCalibur flow cytometer (excitation at 
515 nm and emission at 545 nm; Becton Dickinson, San 
Jose, CA, USA). Data were analyzed using CellQuest 
software (Becton Dickinson). 7-Aminoactinomycin D 
(7-AAD, 0.25 μg/mL) was used to differentiate dead cells 
for exclusion. The concentrations used were as follows: 
borneol (300 μg/mL), tetrandrine (10 μg/mL), and 5-FU 
(10 μg/mL). 5-FU was added to all groups. In some experi-
ments, SN50 (trifluoroacetate salt ≥95% (HPLC-grade), 
Sigma), a peptide capable of inhibiting the nuclear translo-
cation of the active NF-κB complex, was used to inhibit the 
function of NF-κB. In our experiments, SN50 was used at a 
concentration of 20 μM. To investigate the potential mecha-
nism of borneol, tetrandrine, and P-gp, western blot analy-
sis of NF-κB was performed.

Western Blot Analysis of NF-κB Expression

P-gp-mediated drug resistance is associated with the over-
expression of MDR1 in cells.28 The MDR1 promoter 
sequence contains a κB site recognized by NF-κB.29 
Therefore, downregulation of NF-κB can reverse the MDR 
mechanism in tumor cells.30 Cells were treated with borneol 
(300 μg/mL) or tetrandrine (10 μg/mL) for 24 h. The cells 
were then collected, and whole-cell lysates were prepared. 
Forty micrograms of protein extract was used for the 
experiments. The membrane was blocked with 5% skim 
milk and incubated with primary antibodies against P-gp 
and β-actin (Sigma-Aldrich, Eugene, OR, USA) at 4°C 
overnight. Then, a goat anti-mouse secondary antibody 
(Merck Millipore, Darmstadt, Germany) was added. A 
MultiGel-21 enhanced chemiluminescence system (TopBio 
Inc. Taipei, Taiwan) was used for final protein detection. 
Similar procedures to NF-κB were performed, but with 
antibodies against NF-κB. The effects of 5-FU, borneol, 
and tetrandrine on mice were observed in subsequent 
experiments.

Experimental Animal Model of Internal Carotid 
Artery Guided Brain Metastasis and Treatment

Male BALB/c mice (4-5 weeks old) were obtained from the 
National Laboratory Animal Center (Taipei, Taiwan). Mice 
were bred and maintained in a specific pathogen-free area at 
our animal facility. Mice were housed, 5 per cage, and pro-
vided sterilized laboratory chow (LabDiet 5001, PMI 
Nutrition International, LLC, MO) and water ad libitum. 
The virological and bacteriological status of the mice was 
monitored routinely. The animal room was automatically 
maintained on a 12-h light/dark cycle at 22 ± 1°C for 

acclimatization. All the experiments were performed under 
sterile conditions. The animal experimental protocols 
were conducted in accordance with the regulations of the 
Institutional Guide for the Care and Use of Laboratory 
Animals, and the experimental protocol was approved by 
the Experimental Animal Committee of Mackay Memorial 
Hospital (MMH-A-S-106-37). Mice were anesthetized by 
intraperitoneal injection of ketamine hydrochloride 
(120 mg/kg). A skin incision was made over the right side of 
the neck, and the vessels over the neck were identified at the 
positions of the common carotid artery, external carotid 
artery, and internal carotid artery. The external carotid 
artery was ligated, and CT26 cancer cells were injected into 
the common carotid artery to circulate into the internal 
carotid artery. The skin was closed after the cancer cells 
were injected. The success of internal carotid artery injec-
tion was evaluated using an in vivo imaging system and 
acquisition of both dorsal and ventral images, which showed 
a systemic distribution of bioluminescence throughout the 
animal. Subsequent metastasis was monitored by optical 
imaging twice weekly for 60 days.

After initiation of tumor growth by common carotid 
artery injection as described below, mice were treated with 
no medication (control), 5-FU (10 mg/kg/day) alone, bor-
neol (300 mg/kg/day) + 5-FU (10 mg/kg/day), tetrandrine 
(10 mg/kg/day) + 5-FU (10 mg/kg/day), or borneol (300 mg/
kg/day) + tetrandrine (10 mg/kg/day) + 5-FU (10 mg/kg/
day) for 5 consecutive days. Intraperitoneal injection was 
used to administer all medications. Each group contained 3 
mice for the survival observation. The day of administration 
was defined as study day 1, and the mice were observed for 
60 days. Tumors were measured weekly using an in vivo 
imaging system (IVIS Instrument, Spectrum, 120V, Andor 
C-124262/Perkinelmer, USA), and measurement data were 
expressed as the luciferase intensity within the region of 
interest (ROI). Hair was shaved from the head before using 
IVIS. The use of IVIS could decrease the requirement of 
sacrifice and organ collection.31

Statistical Analysis

Differences between 2 groups were compared using an 
independent Student’s t-test. Differences between more 
than 2 groups were compared using one-way ANOVA fol-
lowed by Dunnett’s post hoc test, as specified in the figure 
legends. The Mann–Whitney U test or Kruskal–Wallis test 
followed by Dunn’s test was applied to compare the dif-
ference when the distribution of data did not follow the 
normality assumption (Shapiro–Wilk test), as specified 
in the figure legends. The Brown–Forsythe test followed 
by Dunnett’s T3 test was applied to compare the differ-
ence when the distribution of data did not follow the 
assumption of equal variances. Survival time was esti-
mated using Kaplan–Meier curves and log-rank tests. A 
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linear mixed model was used to compare repeated mea-
sures of body weight and tumor size across time points 
among the different treatment groups. Data are presented as 
mean ± standard deviation. Statistical significance was set 
at P < .05. IBM SPSS Statistics 21 (IBM Co., Armonk, NY, 
USA) was used for statistical analysis.

Results and Discussion

Effect of Borneol and Tetrandrine on Cultured 
Tumor Cells

To investigate the cytotoxicity of borneol and tetrandrine on 
CT26 tumor cell viability in the absence of 5-FU and BBB/
BTB, cells were treated with borneol at concentrations 
ranging from 0 to 300 μg/mL (0, 1, 5, 10, 50, 100, and 
300 μg/mL) and tetrandrine at concentrations ranging from 
0 to 10 μg/mL (0, 2.5, 5, and 10 μg/mL) for 24 h. In this 
study, the IC50 values for borneol and tetrandrine were 240 
and 7 μg/mL, respectively. The IC50 values for borneol +  
tetrandrine at 2 concentrations (expressed as borneol IC50/
tetrandrine IC50) were 300/4 and 150/5 μg/mL. The effect of 
the combination of borneol and tetrandrine was more sig-
nificant than that of the other treatments. These results 
showed that tetrandrine had a greater inhibitory effect than 
borneol on the viability of CT26 tumor cells. The combina-
tion of borneol and tetrandrine profoundly suppressed cell 
viability, especially at higher concentrations.

To compare the combination index (CI) of borneol and 
tetrandrine in terms of CT26 tumor cell viability, The 
Chou–Talalay method, which is based on the median-effect 
equation derived from the mass-action law principle, was 
used.25 This theory provides a common link between a sin-
gle entity and multiple entities and between first-order and 
higher-order dynamics. The resulting combination index 
(CI) theorem of Chou–Talalay offers quantitative defini-
tions for additive effects (CI = 1), synergism (CI < 1), and 
antagonism (CI > 1) in drug combinations.25

According to the Chou–Talalay method, the CI values of 
borneol + tetrandrine at CI50, CI75, CI90, and CI95 were 0.42, 
0.24, 0.14, and 0.10, respectively. These CI values were less 
than 1, suggesting a synergistic effect of the borneol + tet-
randrine combination. This is the first time that borneol has 
been combined with tetrandrine for the treatment of cancer 
cells.

Effect of Borneol and Tetrandrine on Tumor 
Cells With a BTB

To explore the effect of borneol and tetrandrine on tumor 
cells in the presence of BTB, in the absence of 5-FU, tumor 
cells were treated with borneol (300 μg/mL) and tetrandrine 
(10 μg/mL) in the BTB model. The CT26 cell viability rates 
were 0.68 ± 0.39, 0.76 ± 2.60, and 0.26 ± 0.43 after 

treatment with borneol (300 μg/mL), tetrandrine (10 μg/mL) 
and borneol (300 μg/mL) + tetrandrine (10 μg/mL), respec-
tively. No significant inhibition of tumor cell viability was 
observed in the BTB model. These results suggest that bor-
neol, tetrandrine, and borneol + tetrandrine might have a 
comparatively lower effect on the inhibition of tumor cell 
viability in the BTB model. Borneol is a promising candi-
date for central nervous system drug delivery, mainly 
through mediation of multitargeted effects that increase 
BBB permeability32; moreover, tetrandrine has a potential 
therapeutic effect in cancer.33 These observations and lower 
toxicity on the inhibition of tumor cell viability in the BTB 
model might provide synergistic treatment with chemother-
apy medicine on the viability of CT26 cells.

Modulation of the Effect of 5-FU on Tumor 
Cells With a BTB by Borneol, Tetrandrine and 
Borneol + Tetrandrine

To investigate the modulatory effects of borneol and tetran-
drine on 5-FU treatment of tumor cells in the BTB, 300 μg/
mL borneol, 10 μg/mL tetrandrine, and 10 μg/mL 5-FU 
were used, and CT26 cell viability was assessed in the BTB 
experimental model. The control group was treated with 
5-FU alone (10 μg/mL). The CT26 cell viability rates were 
0.49 ± 0.46, 0.38 ± 0.58, and 0.017 ± 0.015 after treatment 
with borneol (300 μg/mL), tetrandrine (10 μg/mL) and bor-
neol (300 μg/mL) + tetrandrine (10 μg/mL), respectively, 
demonstrating that CT26 cell viability after treatment with 
5-FU (10 μg/mL) was significantly reduced in the group 

Figure 2. Modulation of 5-FU effect by borneol and tetrandrine 
on tumor cells with BTB.
Data are presented as mean ± standard deviation. The concentrations 
used were BN (300 μg/mL), tetrandrine (10 μg/mL), and 5-FU (10 μg/mL) 
in the BTB model. N = 3 for each group. *P < .001 (Brown–Forsythe test 
followed by Dunnett’s T3 test). Borneol (300 μg/mL) and tetrandrine 
(10 μg/mL), especially in combination (borneol + tetrandrine), enhanced 
the effect of 5-FU on the viability of CT26 cells.
Abbreviations: BN, borneol; TT, tetrandrine; BN + TT, borneol 
combined with tetrandrine; BTB, blood–tumor barrier.
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treated with borneol (300 μg/mL) + tetrandrine (10 μg/mL) 
(Figure 2). These results suggest that the penetration of 
5-FU through the BTB was significantly enhanced by the 
combination of borneol and tetrandrine. According to a pre-
vious report, P-gp inhibition may disrupt the BBB or BTB 
to enhance the efficacy of chemotherapeutic drugs on brain 
tumors.34,35 In addition, our results indicate that borneol 
regulates BBB permeability in experimental models of 
ischemic stroke.22 Moreover, physical methods, such as 
pulsed high-intensity focused ultrasound with an ultrasound 
contrast agent, have been used to disrupt the BBB and BTB 
for chemotherapeutic applications.36

Effect of Borneol, Tetrandrine and 
Borneol + Tetrandrine on BTB Integrity

To evaluate the effect of tumor cell co-culture on BBB 
integrity without chemotherapy medications, we used the 
BTB model and TEER assay. In the BTB model, endothe-
lial bEnd3 and tumor CT26 cells were seeded in the upper 
and lower chambers of the transwell apparatus. Because 
electrical resistance can reflect ionic conductance, TEER 
has been widely used to investigate the integrity of the BBB 
and BTB. As shown in Figure 3, CT26 cells significantly 
impaired BBB integrity. The BBB (bEnd3) and CT26-BTB 
(bEnd3 + CT26) TEER values were significantly different 
at 18.55 ± 4.77 and 7.00 ± 2.60, respectively. To investigate 
the effect of borneol, tetrandrine, and borneol + tetrandrine 
on the integrity of the BTB, the herbal ingredients borneol, 
tetrandrine, and borneol + tetrandrine were used to assess 
the TEER of the BTB. The electrical resistance in the BBB 
and BTB models was significantly reduced by treatment 

with borneol (300 μg/mL), tetrandrine (10 μg/mL), and 
borneol (300 μg/mL) + tetrandrine (10 μg/mL). The 
CT26-BTB TEER values were 19.09 ± 7.53, 4.82 ± 1.43, 
8.55 ± 2.95, and 3.03 ± 2.10 after treatment with control, 
borneol (300 μg/mL), tetrandrine (10 μg/mL) and borneol 
(300 μg/mL) + tetrandrine (10 μg/mL) (Figure 4). These 
results imply that borneol markedly influences the integrity 
of BTB. The TEER values in the borneol + tetrandrine 
group were significantly lower than those in the control 
group, suggesting a synergistic effect of the combination of 
borneol and tetrandrine. Both borneol and tetrandrine are 
natural products that exhibit multiple biological activities. 
For example, a previous report indicated that borneol syner-
gistically enhanced the anticancer efficacy of cisplatin in 
human glioma cells.37

Effect of Borneol, Tetrandrine and Borneol + 
Tetrandrine on P-gp Activity

To investigate the activity of the P-gp transporter, rhoda-
mine 123 was used and analyzed by flow cytometry. The 
materials increase the cellular accumulation of rhodamine 
123 in P-gp–expressing cells by inhibiting its efflux. The 
use of rhodamine 123 to evaluate the inhibitory potential of 
P-gp on drug retention has been previously reported.38 The 
expression of P-gp in the CT26-BTB model was examined 
using flow cytometry. The performance of P-gp-mediated 

Figure 3. Integrity of BBB affected by tumor cells in the BTB 
model.
Data are presented as mean ± standard deviation. CT26 cells showed 
significantly impaired BBB integrity. n = 3 per group. *P < .05, t-test 
indicates a significant difference compared to the control group.
Abbreviations: BBB, blood–brain barrier; BTB, blood–tumor barrier.

Figure 4. Effect of borneol and tetrandrine on BBB/BTB 
integrity.
Data are presented as mean ± standard deviation. These results imply 
that borneol may influence the integrity of BTB. The TEER values in 
the borneol + tetrandrine group were significantly (up to 80%) lower 
than those in the control group, suggesting a synergistic effect of the 
combination of borneol and tetrandrine. *P < 0.05 (Kruskal–Wallis test 
followed by Dunn’s test) indicates a significant difference compared to 
the control group. Borneol and tetrandrine were used at concentrations 
of 300 and 10 μg/mL, respectively. n = 3 per group.
Abbreviations: BN, borneol; TT, tetrandrine; BN + TT, borneol 
combined with tetrandrine; BBB, blood–brain barrier; BTB, blood–tumor 
barrier.
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transport was evaluated using flow cytometry after rhoda-
mine 123 staining. The relative fluorescence intensity of 
rhodamine 123 in drug-treated cells was compared with 
that in the 5-FU (10 μg/mL) group, which was set to 1, 
and 5-FU (10 μg/mL) was added to all groups. The values 
of rhodamine 123 intensity in the borneol (300 μg/mL), 
tetrandrine (10 μg/mL), and borneol (300 μg/mL) + tetran-
drine (10 μg/mL) groups were 1.05 ± 0.18, 6.81 ± 1.35, and 
8.11 ± 1.60, respectively. These results suggest that resis-
tance to P-gp-mediated transport was significantly enhanced 
by treatment with borneol (300 μg/mL) and tetrandrine 
(10 μg/mL), but was not affected by treatment with borneol 
(300 μg/mL) or tetrandrine (10 μg/mL) alone (Figure 5). 
Borneol showed a tissue-specific BBB-opening effect. 
Moreover, borneol has been shown to increase the delivery 
of rhodamine 123 in the hippocampus and hypothalamus.39 
Rhodamine-123 is a substrate for both P-gp and the organic 
cation carrier systems in cell lines such as the kidney 
LLC-PK1 cell line.40

P-gp, an efflux transporter protein expressed in cerebral 
microvascular endothelial cells, is present in both the BBB 
and BTB,1 implying that compounds that inhibit P-gp-
mediated transport may modulate drug efflux through the 
BBB and BTB to promote the retention of penetrated drugs, 
rendering a net effect of enhanced permeability. Our results 
were consistent with those of a previous report, which indi-
cated that borneol increased the permeability of the physi-
ological BBB.41 The BTB is highly heterogeneous and 
characterized by numerous distinct features, including non-
uniform permeability and active efflux of molecules.42 The 
potential cause of the high failure rates of drug permeability 

is the BBB and BTB, which limit the access of potentially 
effective chemotherapeutics to metastatic lesions. Strategies 
to overcome these barriers include new small molecules 
capable of crossing into the brain parenchyma, novel for-
mulations of existing chemotherapeutics, and barrier dis-
ruption techniques.43 Our results indicate that resistance to 
P-gp-mediated transport was significantly increased by 
treatment with tetrandrine in combination with borneol 
(Figure 5).

Effect of NF-κB on P-gp Activity by Western Blot 
Analysis

To investigate the possible mechanism by which the 
potential herbal ingredients borneol and tetrandrine inhibit 
P-gp activity, the relationships between the herbal ingredi-
ents and NF-κB were evaluated. In brain endothelial cells, 
the BBB function can be influenced by NF-κB.44 In this 
study, the P-gp proteion expression level in the 5-FU 
(10 μg/mL) reference group was set to 1, and the relative 
expression levels of P-gp in the borneol (300 μg/mL), 
tetrandrine (10 μg/mL), and borneol (300 μg/mL) + 
tetrandrine (10 μg/mL) treatment groups were 0.76 ± 0.20, 
0.76 ± 0.19, and 0.68 ± 0.2. Borneol, tetrandrine, and bor-
neol + tetrandrine may suppress the expression level of 
P-gp, but no significant differences were observed.

In the present study, the relationship between the herbal 
ingredients and the expression of NF-κB was explored using 
western blot analysis. The NF-κB expression level in the 
5-FU (10 μg/mL) reference group was set to 1, and the 
relative expression levels of NF-κB in the borneol (300 μg/
mL), tetrandrine (10 μg/mL), and borneol (300 μg/mL) + 
tetrandrine (10 μg/mL) treatment groups were 1.04 ± 0.4, 
1.08 ± 0.24, and 1.02 ± 0.43, respectively, suggesting that 
NF-κB expression levels were not significantly different 
among the groups. Thus, the expression of P-gp might be 
downregulated by borneol and tetrandrine, but NF-κB 
might not be influenced by borneol and tetrandrine in the 
CT26-BTB model.

Furthermore, to explore the relationships among the 
herbal ingredients, NF-κB activity, and P-gp activity, the 
activity of P-gp was evaluated through flow cytometric 
analysis of rhodamine 123 in the CT26-BTB model. SN50 
is a peptide capable of inhibiting the nuclear translocation 
of the active NF-κB complex. To further examine the 
effect of NF-κB activity on P-gp activity, SN50 was used 
as an inhibitor of NF-κB activity. The P-gp activity rate in 
the 5-FU (10 μg/mL) group was set to 1, and the relative 
P-gp activity levels in the borneol (300 μg/mL), tetran-
drine (10 μg/mL), and borneol (300 μg/mL) + tetrandrine 
(10 μg/mL) groups, as determined by flow cytometric 
analysis of rhodamine 123 retention, were 0.86 ± 0.05, 
4.78 ± 2.30, and 4.70 ± 2.11, respectively, in the absence of 

Figure 5. Effect of borneol and tetrandrine on P-gp activity in 
the BTB model.
Data are presented as mean ± standard deviation. The concentrations 
of the analytes borneol, tetrandrine, and 5-FU used in this experiment 
were 300, 10, and 10 μg/mL, respectively. n = 3 per group. *P < .05 
(Kruskal–Wallis test followed by Dunn’s test) indicates a significant 
difference compared to the control group (10 μg/mL 5-FU).
Abbreviations: BN, borneol; TT, tetrandrine; BN + TT, borneol 
combined with tetrandrine; BTB, blood–tumor barrier.
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SN50 (Figure 6A), and 0.74 ± 0.07, 4.63 ± 2.32, and 
4.24 ± 1.48, respectively, with SN50 (Figure 6B). Both the 
5-FU + TT and 5-FU + borneol + tetrandrine groups were 
significantly different from the control group, which was 
independent of the addition of SN50. To compare Figure 6A 
and B, these results suggested that the activity of P-gp was 
not significantly different among the groups, further 
indicating that tetrandrine, either alone or in combina-
tion with borneol, does not modulate the activity of P-gp 

through altering the expression of NF-κB. These results are 
different from those reported by Fan et al.30 In our study, the 
permeability of the physiological BBB was increased by 
borneol, and borneol did not influence the activity of P-gp 
(Figure 5).

Survival Time and Body Weight Analysis

To investigate the efficacy and wellbeing effects of 5-FU, 
5-FU + borneol, 5-FU + tetrandrine, and 5-FU + borneol 
+ tetrandrine treatment in mice, the survival time and body 
weight of mice injected with CT26 tumor cells were moni-
tored. Mice were injected with CT26 cancer cells into the 
common carotid artery with ligation of the external carotid 
artery, from which they circulated into the internal carotid 
artery. To ensure metastasis, an in vivo imaging system 
was used to acquire both the dorsal and ventral images. 
The images showed a systemic distribution of biolumines-
cence throughout the animals. The survival times in the 
control, 5-FU, 5-FU + borneol, 5-FU + tetrandrine and 
5-FU + borneol + tetrandrine groups were 19.5 ± 3.1, 
18 ± 4.4, 24 ± 3.5, 21.7 ± 7.1, and 31 ± 1.0 days, respec-
tively. Borneol combined with tetrandrine significantly 
prolonged the survival of 5-FU-treated mice with brain 
metastasis (Figure 7). Moreover, the borneol + tetrandrine 
+ 5-FU-treated mice survived longer than mice in the 
untreated control group. No acute toxicity or obvious 
changes in body weight were observed in any of the mice. 
These results suggest that borneol + tetrandrine may be a 
useful antimetastatic agent and can be used as an adjunct to 
chemotherapeutics to treat brain metastasis, as a synergistic 
effect of the herbal ingredients with 5-FU was observed. 
Our study is consistent with a previous report indicating 
that adjuvant chemotherapy may prolong the survival of 
patients with cancer.45 Although the augmentation of 5-FU 
effect by borneol + tetrandrine against brain metastasis 
might be through modulation of BBB/BTB in vivo, as noted 
in the in vitro model, the causal relationship remains to be 
elucidated.

Conclusion

In vitro assays showed that the bioactive constituents bor-
neol and tetrandrine potentially improved the penetration of 
5-FU through the BBB and BTB models. Studies in the in 
vivo brain metastasis model indicated that the combination 
of borneol and tetrandrine can be used as an adjunct to che-
motherapeutics to treat brain metastasis. Both in vitro and 
in vivo experiments demonstrated the synergistic effect of 
these herbal ingredients with 5-FU. Our study provides the 
first demonstration that borneol + tetrandrine combined 
with 5-FU can potentially be used to treat brain metastases 
of tumor cells.
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Figure 6. Effect of the NF-κB inhibitor on the modulatory 
activity of BN and TT in the BTB model. (A) Without SN50.  
(B) With SN50.
Data are presented as mean ± standard deviation. (A) Effect of BN and 
TT in the BTB model without the NF-κB inhibitor (SN50) treatment.  
(B) Effect of BN and TT in the BTB model following treatment with 
the NF-κB inhibitor SN50 (20 μM). The concentrations of the analytes 
borneol, tetrandrine, and 5-FU were 300, 10, and 10 μg/mL, respectively. 
*P < .05 (ANOVA followed by Dunnett’s test) indicates a significant 
difference compared to the control group (10 μg/mL 5-FU). Both the 
5-FU + TT and 5-FU + BN + TT groups showed significant changes 
compared to the control group, which was independent of the addition 
of SN50. On comparing the differences between Figure 6A and B by 
flow cytometry, the activity of P-gp was not significantly different among 
the groups. According to this result, the 5-FU + TT and 5-FU + BN + TT 
groups could influence the function of P-gp through another pathway.
Abbreviations: 5-FU + BN, 5-FU combined with borneol; 5-FU + TT, 
5-FU combined with tetrandrine; 5-FU + BN + TT, 5-FU combined with 
borneol and tetrandrine; BTB, blood–tumor barrier.
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