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Background: Temozolomide (TMZ)-based chemotherapy represents an effective way for 

treating human glioma. However, its clinical application is limited because of its side effects and 

resistance to standard chemotherapy. Hence, the search for novel chemosensitizers to augment 

their anticancer efficiency has attracted much attention. Natural borneol (NB) has been identified 

as a potential chemosensitizer in treating human cancers. However, the synergistic effect and 

mechanism of NB and TMZ in human glioma have not been investigated yet.

Materials and methods: U251 human glioma cells were cultured, and the cytotoxicity and 

apoptosis of NB and/or TMZ were examined by MTT assay, flow cytometric analysis and 

Western blot. Nude mice tumor model was also employed to evaluate the in vivo anticancer 

effect and mechanism.

Results: The results showed that the combined treatment of NB and TMZ more effectively 

inhibited human glioma growth via triggering mitochondria-mediated apoptosis in vitro, 

accompanied by the caspase activation. Combined treatment of NB and TMZ also caused 

mitochondrial dysfunction through disturbing Bcl-2 family expression. Further investigation 

revealed that NB enhanced TMZ-induced DNA damage through inducing reactive oxide 

species (ROS) overproduction. Moreover, glioma tumor xenograft growth in vivo was more 

effectively inhibited by the combined treatment with NB and TMZ through triggering apoptosis 

and anti-angiogenesis.

Conclusion: Taken together, our findings validated that the strategy of using NB and TMZ 

could be a highly efficient way to achieve anticancer synergism.
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Introduction
Glioma is the most common primary malignant tumor in the adult central nervous 

system.1 The 5-year survival rate is less than 5%.2–4 Because of its high recurrence 

rate, single surgery, chemotherapy or radiotherapy was not appropriate for the treat-

ment of human glioma.5 Combined therapies have emerged as excellent strategies. 

Studies have shown that postoperative chemotherapy had achieved great outcome for 

human glioma.6 However, the existence of blood–brain barrier (BBB) confined the 

clinical application of chemotherapy.7–9 Hence, the search for novel chemosensitizers 
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to promote the BBB permeability and improve the chemo-

therapy of human glioma is urgently needed.10

Natural borneol (NB), a simple bicyclic monoterpene, was 

isolated from the resin of Dryobalanops aromatica Gaertn F, 

which showed multiple pharmacological properties. It is 

reported that NB could improve the oral bioavailability of 

anti-tumor drugs by regulating the permeability of the BBB.10 

Increased evidence have confirmed that NB can increase 

cell membrane mobility and drug solubility, decrease 

mucus stickiness and elasticity and inhibit drug efflux.11,12 

Recently, studies showed that NB can act as a chemosensi-

tizer to enhance anticancer drug-induced apoptosis in human 

cancer cells through triggering DNA damage and regulation 

of MAPKs and AKT pathways.13,14 However, the potential 

of NB as a chemosensitizer in human glioma has not been 

elucidated yet.

In this study, U251 human glioma cells and nude mice-

bearing glioma xenograft were employed to evaluate the 

combined effect and mechanism of NB and TMZ against 

human glioma cell growth in vitro and in vivo. The results 

indicated that NB had the potential to enhance TMZ-mediated 

anticancer efficiency against human glioma through trigger-

ing mitochondrial dysfunction and reactive oxide species 

(ROS)-induced DNA damage.

Materials and methods
chemicals
NB was obtained from BenFu Technology Co., Ltd. (Guang-

zhou, China) DMEM, PBS, FBS, 2’.7’-dichlorofluorescin 

diacetate (DCFH-DA) probe and mitochondria-targeted 

MitoSOX probe (M36008) were all purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). Temozolomide 

(TMZ), MTT and propidium iodide (PI) were obtained from 

Sigma-Aldrich Co. (St Louis, MO, USA). TUNEL-DAPI kit, 

MitoSOX probe and BCA assay kit were purchased from 

Beyotime Institute of Biotechnology (Shanghai, China). All 

antibodies used in this study were obtained from Cell Signal-

ing Technology (Beverly, MA, USA). All solvents used were 

of high performance liquid chromatography (HPLC) grade.

cell culture, drug treatment and 
determination of cell viability
U251 human glioma cells were acquired from American Type 

Culture Collection (ATCC, Manassas, VA, USA) and were 

cultured in DMEM with 10% FBS, penicillin (100 U/mL) and 

streptomycin (100 U/mL) at 37°C in a 5% CO
2
 incubator. Cell 

was seeded in 96-well plates and treated with 10–160 µM 

TMZ or 5–80 µg/mL of NB for 48 hours. For combined 

treatment, the cells were treated with TMZ (20 and 40 µM) 

and NB (40 and 80 µg/mL) for 48 hours. Cell viability of 

U251 cells was detected by the MTT assay. After treatment, 

20 µL/well of MTT solution (5 mg/mL) was added to the 

cells and incubated for 5 hours at 37°C. The supernatants 

were aspirated and 150 µL of DMSO was added. Then, the 

absorbance was measured on a scanning multi-well spectro-

photometer. Cell viability was calculated as a percentage of 

control (as 100%).

Flow cytometric analysis
Cell cycle distribution and apoptosis were assessed by flow 

cytometric analysis as previously used.15 The cells treated 

with NB and/or TMZ were harvested by centrifugation and 

washed with PBS, and then the cells were fixed with 70% 

alcohol and stained with PI solution for 2 hours. Labeled cells 

were washed with PBS and then analyzed by flow cytometry 

(FCM). The proportions of cells in G0/G1, S and G2/M 

phases were represented as DNA histograms. Apoptotic cells 

with hypodiploid DNA contents were measured by quantify-

ing the sub-G1 peak. For each experiment 10,000 events per 

sample were recorded.

Detection of early and late apoptoses
Early and late apoptoses of U251 cells were detected by 

Annexin V–PI staining and TUNEL-DAPI staining, respec-

tively. Cells cultured in a chamber slide were treated with 

3.7% formaldehyde for 10 minutes and permeabilized in 

PBS with 0.1% Triton X-100. Then, the cells were admin-

istered with the Annexin V–PI staining and TUNEL-DAPI 

staining kits for measuring the early and late apoptoses, 

respectively. The experiments were conducted according to 

the manufacturer’s instructions. The images were obtained 

from a fluorescence microscope.

evaluation of mitochondrial dysfunction
Mitochondrial function was evaluated by the mitochondrial 

membrane potential (∆ψ
m
) and mitochondrial morphology, 

which were examined by JC-1 and Mito-Tracker probes, 

respectively. Briefly, the cells seeded in a 6 cm plate were 

exposed to NB and/or TMZ. After treatment, the cells were 

washed and incubated with 10 µM JC-1 or Mito-Tracker 

for 15 minutes in the dark. Then, the cells were washed and 

imaged under an inverted fluorescence microscope.

Measurement of rOs generation and 
superoxide anion
The intracellular ROS and superoxide anion were measured 

by DCFH-DA and MitoSOX probes in live cells, respec-

tively. Briefly, after treatment with NB and/or TMZ, the cells 
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were incubated with 10 µM DCFH-DA or 0.5 µM MitoSOX. 

After reaction, the cells were washed and observed by an 

inverted fluorescence microscope for the detection of ROS 

(green fluorescence) and superoxide anion (red fluorescence). 

The images shown here were obtained from three indepen-

dent experiments.

Western blot analysis
Total protein was prepared from the cells treated with NB 

and/or TMZ and quantified by the BCA kit. SDS-PAGE was 

performed in 10% tricine gel, and 40 µg/lane total protein was 

loaded. After electrophoresis, proteins were transferred from 

the gel onto a nitrocellulose membrane at 110 V for 1 hour. 

Then, the membrane was blocked with 5% nonfat milk 

for 1 hour, and the membranes were hatched with primary 

antibodies at 1:1,000 dilution in 5% nonfat milk over night 

at 4°C. Finally, the membrane was treated with horseradish 

peroxidase-coupled secondary antibody at 1:2,000 for 1 hour 

at room temperature. Protein was imaged under an Image-

System (Bio-Rad Laboratories Inc., Hercules, CA, USA). 

β-Actin was used as the equal loading.

in vivo study
U251 cell suspension (109 cells) was inoculated in the armpit 

of 6-week-old Balb/c nude mice. After 1-week growth, 

the tumor-bearing mice were randomly divided into four 

groups (10 mice/group). The control group was given the 

corresponding solvent, and the other groups were given 

20 mg/kg/day NB and/or 10 mg/kg/day TMZ every day for 

2 weeks. At the end of the experiment, tumor was separated, 

and the tumor volume and weight were measured, using the 

formula: volume=l×w2/2, with l being the maximal length and 

w being the width. Sections of tumors were used for Western 

blotting and immunohistochemical (IHC) assay. All animal 

experiments were approved by the Animal Experimentation 

Ethics Committee of Shandong in China.

statistical analysis
All data and images were done from three independent exper-

iments at least, and all data were indicated as mean±standard 

error. Statistical analysis was performed by SPSS statistical 

package (SPSS 13.0 for Windows; SPSS Inc., Chicago, IL, 

USA). The data of two groups were analyzed by Student’s 

t-test, and the data of three or more groups were analyzed 

by one-way analysis of variance multiple comparisons to 

assess significant differences, and differences with P,0.05 

or P,0.01 were considered statistically significant. Bars 

with different letters indicate statistical difference at the 

P,0.05 level.

ethical statement
This study was performed in Key Lab of Cerebral Micro-

circulation in Universities of Shandong, Taishan Medical 

University. All the in vitro and in vivo experiments were 

performed in accordance with the relevant guidelines and 

regulations of Taishan Medical University. The in vivo 

experiments were approved by the Taishan Medical Uni-

versity Ethics Committee. All surgeries were performed 

under 10% chloral hydrate, and all efforts were made to 

minimize suffering.

Results
nB enhances TMZ-induced cytotoxicity 
in human glioma cells
In order to optimize the dosages for combined treatment, 

the cytotoxicity of NB or TMZ alone toward human glioma 

cells was screened by the MTT assay. As shown in Figure 1A 

and B, treatment of U251 cells with TMZ (0–40 µM) for 

48 hours caused no significant cytotoxicity. Only treatment 

with 80 and 160 µM TMZ significantly inhibited U251 cell 

growth. U251 cells exposed to NB (0–80 µM) for 48 hours 

showed no cytotoxicity. However, combined treatment 

of NB and TMZ significantly inhibited U251 cell growth 

(Figure 1C). For instance, the treatment of cells with 80 µM 

NB or 40 µM TMZ alone showed no significant changes in 

the U251 cell viability. However, combined treatment of NB 

(80 µM) and TMZ (40 µM) significantly inhibited the cell 

viability to 52.8%. Similar cytotoxicity effect of NB and/or 

TMZ was also detected in U87 human glioma cells and BV-2 

mice microglial cells (Figure S1). Combined treatment-

induced growth inhibitory effect was further confirmed 

by the morphological changes in U251 cells. As shown in 

Figure 1D, the treatment of U251 cells with NB or TMZ 

alone caused no significant change in cell morphology. 

However, combined treatment of NB and TMZ dramatically 

resulted in the cell morphological changes, such as the cell 

shrinkage, decrease in the cell number and loss of cell-to-

cell contact. Taken together, these results indicated that NB 

had the potential to enhance TMZ-induced cytotoxicity in 

human glioma cells.

nB enhances TMZ-induced apoptosis 
in human glioma cells
To verify the cell death mechanism, U251 cells after treat-

ment with NB and/or TMZ were analyzed by FCM. As shown 

in Figure 2A, the treatment of U251 cells with NB or TMZ 

alone caused no significant apoptosis and no effects on cell 

cycle distribution. However, enhanced cell apoptosis was dra-

matically detected after combined treatment of NB and TMZ. 
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For instance, the combined treatment of NB (40 and 80 µM) 

and TMZ (20 µM) triggered U251 cell apoptosis to 28.1% 

and 49.2%, respectively. Annexin V–PI and TUNEL-DAPI 

staining further confirmed combined treatment-induced early 

and late apoptoses, respectively (Figure 2B and C). The 

statistical analysis of early apoptosis further confirmed this 

conclusion (Figure S2). Moreover, the enhanced cell apop-

tosis was further confirmed in the protein level. As shown in 

Figure 2D, enhanced activation of caspase-3, -7 and -9 was 

detected after combined treatment of NB and TMZ. The acti-

vation of caspase-7 and caspase-9 indicated the contribution 

of mitochondria-mediated apoptosis. Taken together, these 

results demonstrated that NB had the potential to enhance 

TMZ-induced apoptosis in human glioma cells.

nB enhances TMZ-induced mitochondria 
dysfunction by regulating Bcl-2 family
Mitochondrion integrates the internal and external apoptotic 

signals and plays a significant role in deciding cells’ fate. 

The depletion of mitochondrial membrane potential (∆ψ
m
) 

will lead to the release of multiple apoptosis factors from 

the mitochondria into the cytoplasm. Hence, both the ∆ψ
m
 

and the mitochondrial morphological change were evaluated 

using JC-1 and Mito-Tracker probes, respectively. As shown 

Figure 1 nB enhances TMZ-induced cytotoxicity in human glioma cells.
Notes: cytotoxicity of TMZ (A) and nB (B) toward U251 cells. (C) nB enhances TMZ-induced cytotoxicity in U251 cells. U251 cells were seeded in 96-well plate and 
treated with nB and/or TMZ for 48 hours. The cell viability was detected by the MTT assay. (D) cell morphological changes. cells were treated with 80 µg/ml nB and/or 
40 µM TMZ for 48 hours, and cell morphology was observed by a microscope (magnification, 200×). scale bar=50 µm. all data and images were obtained from three 
independent trials. Bars with “*” or “**” indicate the statistical difference at the P,0.05 and P,0.01 levels, respectively. Bars with different characters indicate the statistical 
difference at the P,0.05 level.
Abbreviations: nB, natural borneol; TMZ, temozolomide.
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in Figure 3A, U251 cells exposed to treatment with NB or 

TMZ alone showed no significant change in the ∆ψ
m
 and the 

mitochondrial morphology. However, the combined treat-

ment of NB and TMZ significantly caused the loss of ∆ψ
m
, 

as reflected by the fluorescence shift from red to green. The 

statistical analysis of ∆ψ
m
 further confirmed this conclusion 

(Figure S3). Moreover, combined treatment also resulted in 

the mitochondrial fragmentation. As shown in Figure 3B, the 

mitochondria in healthy cells and in cells treated with NB 

or TMZ alone all showed filamentous network with exten-

sive interconnection throughout the cytoplasm. However, 

combined treatment markedly caused the mitochondrial 

fragmentation from protonema to punctiform. Bcl-2 family 

proteins have been depicted as essential regulators of the 

mitochondrial apoptosis pathway. Therefore, the Bcl-2 

family was also identified. As shown in Figure 3C, exposure 

of cells to NB or TMZ alone caused no obvious effects on 

the Bcl-2 family expression. Combined treatment of NB and 

TMZ effectively increased the expression of Bax and Bad, 

but decreased the expression of Bcl-2 and Bcl-XL. Taken 

together, these abovementioned results revealed that NB 

had the potential to enhance TMZ-induced mitochondrial 

dysfunction through affecting Bcl-2 family balance.

nB enhances TMZ-induced Dna damage 
through rOs accumulation
ROS could enter nucleus to cause DNA damage by which 

many anticancer agents induce cancer cell apoptosis.16 

β

Figure 2 nB enhances TMZ-induced apoptosis in human glioma cells.
Notes: (A) FcM analysis of cell apoptosis. cells seeded in six-well plate were treated with nB and/or TMZ for 48 hours. Then, the cells were stained with Pi and analyzed 
by FcM. Detection of cell early apoptosis (B) and late apoptosis (C). scale bar in (B) is 20 µm. cells after treatment were stained by annexin V–Pi and TUnel-DaPi kits 
for the detection of early apoptosis and late apoptosis, respectively. (D) caspase activation. Total protein was prepared, and the protein expression was examined by the 
Western blotting method. scale bar in (C) is 50 µm. all data and images were obtained from three independent experiments.
Abbreviations: FCM, flow cytometry; NB, natural borneol; PI, propidium iodide; TMZ, temozolomide.
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Therefore, the oxidative status in U251 cells treated with 

NB and/or TMZ was examined. As shown in Figure 4A, 

treatment with NB or TMZ alone only caused slight ROS 

generation. However, the combined treatment of NB and 

TMZ significantly caused ROS accumulation, as indicated 

by the enhanced green fluorescence. The statistical analysis 

of ROS generation further confirmed combined treatment-

induced ROS accumulation (Figure S4). Furthermore, the 

mitochondrial superoxide overproduction was also detected 

by MitoSOX, a specific mitochondria-targeted probe, and the 

results suggested that enhanced production of superoxide 

was vividly observed in U251 cells after combined treatment 

with NB and TMZ (Figure 4B). ROS generation caused DNA 

damage, which is effective to combat human cancers. Hence, 

combined treatment-induced DNA damage was investigated. 

As shown in Figure 4C, no significant DNA damage was 

observed after treatment with NB or TMZ alone. As expected, 

combined treatment of NB and TMZ significantly caused 

DNA damage, as demonstrated by the enhanced phosphoryla-

tion level of histone (Ser139), p53 (Ser15), ATR (Ser428) and 

ATM (Ser1981), all of which were DNA damage markers.17 

ROS inhibition by glutathione (GSH) effectively inhibited 

combined treatment-induced cell death (Figure S5), which 

further confirmed the significant role of ROS in combined 

treatment-induced cell growth inhibition against human 

glioma cells. Taken together, these results suggested that 

NB had the potential to enhance TMZ-induced DNA damage 

through ROS overproduction.

nB enhances TMZ-induced anticancer 
efficiency in vivo
To explore the combined treatment-induced anticancer effect 

in vivo, the immunodeficient nude mice were employed. 

The results showed that treatment with NB or TMZ alone 

only slightly inhibited the glioma growth, as indicated by the 

decreased tumor volume and tumor weight. However, combined 

treatment of NB and TMZ significantly inhibited tumor volume 

and tumor weight compared to that in treatment with NB or 

TMZ alone (Figure 5A and B). Additionally, combined treat-

ment-induced anticancer mechanism was similar to that of the in 

vitro mechanism. As shown in Figure 5C, after combined treat-

ment of NB and TMZ, enhanced cell apoptosis and DNA dam-

age were significantly observed, as indicated by the increased 

expression of active caspase-3 and the phosphorylation level 

β

Figure 3 nB enhances TMZ-induced mitochondria dysfunction by regulating Bcl-2 family.
Notes: nB enhances TMZ-induced depletion of ∆ψm (A) and mitochondrial fragmentation (B). scale bar in (A) is 20 µm. scale bar in (B) is 10 µm. cells after treatment 
were stained by Jc-1 and Mito-Tracker probes, respectively. (C) Bcl-2 family expression. all images were obtained from three independent trials.
Abbreviations: nB, natural borneol; TMZ, temozolomide.
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β

Figure 4 nB enhances TMZ-induced Dna damage through rOs accumulation.
Notes: nB enhances TMZ-induced rOs (A) and superoxide anion (B) generation. The intracellular superoxide anion and rOs were measured by MitosOX and DcFh-Da 
probes, respectively. The experiments were conducted according to the “Materials and methods” section. (C) Detection of Dna damage. Total protein was prepared, and 
the protein expression was examined by the Western blotting method. scale bar=20 µm. all data and images were obtained from three independent experiments.
Abbreviations: nB, natural borneol; rOs, reactive oxide species; TMZ, temozolomide.

β

Figure 5 NB enhances TMZ-induced anticancer efficiency in vivo.
Notes: nB enhances TMZ-induced inhibition against tumor volume (A) and tumor weight (B). (C) nB enhances TMZ-induced apoptosis and Dna damage. The protein expression 
was examined by Western blotting methods. (D) nB enhances TMZ-induced anti-proliferation and anti-angiogenesis. The protein expression was examined by ihc methods. 
scale bar=50 µm. Bars with different characters indicate the statistical difference at the P,0.05 level. all data and images were obtained from three independent experiments.
Abbreviations: ihc, immunohistochemical; nB, natural borneol; TMZ, temozolomide.
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of histone (Ser139) and p53 (Ser15) (Figure 5C). The staining 

of Ki-67 and active caspase-3 in tumor tissue further confirmed 

combined treatment-induced anti-proliferation and apoptosis, 

respectively (Figure 5D). Moreover, combined treatment also 

abolished the tumor angiogenesis. As shown in Figure 5D, 

HE staining revealed that combined treatment significantly 

decreased the number of erythrocyte-containing blood ves-

sels. The staining of CD-31, a marker of vascular endothelial 

cells, further confirmed the combined treatment-induced anti-

angiogenesis. Taken together, these results suggested that NB 

had the potential to enhance TMZ-induced anticancer efficiency 

against human glioma in vivo.

Discussion
Single agent-based chemotherapy was not appropriate for the 

treatment of human glioma. Recently, combined treatment 

of chemosensitizer and chemotherapeutic drugs has been 

applied in clinic to improve the anti-tumor effect. Novel 

chemosensitizers can improve the efficiency of existing anti-

cancer drugs and overcome their resistance and side effects, 

and hence has been accepted as a new strategy in the field of 

chemistry and pharmacology.18 Induction of tumor cell apop-

tosis and/or cell cycle arrest all contributed to the cytotoxic 

mechanisms for anti-cancer effect of medicines to kill cancer 

cells.19 Apoptosis plays an important role in the develop-

ment, homeostasis and prevention of cancer. Mitochondria-

mediated (intrinsic) pathway and death receptor-mediated 

(extrinsic) pathway can be activated in response to apoptotic 

stimuli by induction of a series of caspase cascades.20,21 

In this study, combined treatment of NB and TMZ sig-

nificantly induced U251 cell apoptosis accompanied by 

caspase activation, indicating that NB had the potential 

to enhance TMZ-induced apoptosis against human glioma.

Mitochondria as the center for apoptotic cascades con-

verges apoptosis signals from extrinsic and intrinsic apoptotic 

pathways, which play key role in regulating mitochondria-

mediated apoptosis.20 Depletion of mitochondrial membrane 

potential will result in the opening of the mitochondrial 

permeability transition pore (MPTP), and the release of 

cytochrome c, apoptosis-inducing factors (AIFs), SMAC/

Diablo and endonuclease G, which eventually leads to the 

caspase activation and apoptotic cascades.22 In this study, 

combined treatment of NB and TMZ significantly caused 

the mitochondrial dysfunction, as convinced by the loss of 

mitochondrial membrane potential and mitochondrial frag-

mentation, indicating that NB had the potential to enhance 

TMZ-induced mitochondrial dysfunction. Bcl-2 family 

protein, including pro-apoptotic members (such as Bax, 

Bid, Bad and Bim) and anti-apoptotic members (such as 

Bcl-2, Bcl-XL, Mcl-1 and Bcl-w), plays an important role in 

triggering mitochondrial apoptosis.23 Bcl-2 and Bcl-XL can 

bind the outer membrane of mitochondria and block efflux 

of cytochrome c.24 Overexpression of Bcl-2 and Bcl-XL in 

many cancer cells is one of the main causes of the resistance 

toward chemotherapeutic agents and radiotherapy.25 Hence, 

the balance of pro-apoptotic and anti-apoptotic members 

decides the stability and the integrity of the mitochondrial 

membrane.26 In this study, combined treatment of NB and 

TMZ significantly caused the imbalance of Bcl-2 family 

expression, which eventually resulted in mitochondria-

mediated apoptosis in human glioma cells.

ROS, such as superoxide anion, hydrogen peroxide and 

hydroxyl radical, have been determined as potential regula-

tors of apoptosis by modulating the extrinsic and intrinsic 

pathways of apoptosis.27 ROS may assault cell membrane 

lipids, proteins and DNA, cause oxidative damage and lead to 

cell apoptosis. Oxidative stress can irritate metabolic activity 

and cause mitochondrial dysfunction. Excessive production 

of ROS will lead to the accumulation of oxidized products 

of DNA, such as DNA strand breaks (DSB).28 p53 as a tumor 

suppressor can be activated in response to DNA damage 

and plays a key role in regulating cell cycle arrest and/or 

apoptosis.29 Activation of p53 can regulate the p21 expression 

that inhibits cyclin-dependent kinase activity.30 In this study, 

combined treatment of NB and TMZ significantly caused 

ROS accumulation, which eventually leads to the DNA 

damage, as convinced by the activation of DNA damage 

makers, such as ATM, ATR, p53 and histone. These results 

come to a conclusion that NB has the potential to enhance 

TMZ-induced DNA damage through ROS overproduction.

Conclusion
Our findings demonstrated that NB has the potential to 

enhance TMZ-mediated anticancer efficiency against human 

glioma through triggering mitochondrial dysfunction and 

ROS-induced DNA damage, which validated that the strategy 

of using NB and TMZ could be an effective way for therapy 

of human glioma.
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Figure S1 combined treatment-induced cytotoxicity in (A) U87 and (B) BV-2 cells.
Notes: U87 or BV-2 cells were treated with 80 µg/ml nB and/or 40 µM TMZ for 48 hours. cell viability was detected by the MTT assay. all data were obtained from three 
independent trials. Bars with different letters indicate statistical difference at the P,0.05 level.
Abbreviations: nB, natural borneol; TMZ, temozolomide.

Figure S2 statistic analysis of early apoptosis.
Notes: U251 cells after treatment with NB and/or TMZ were stained by Annexin V–PI, and the early apoptotic cells (green fluorescence) were quantified by statistical 
analysis. all data were expressed as mean±sD. Bars with different letters indicate statistical difference at the P,0.05 level.
Abbreviations: nB, natural borneol; Pi, propidium iodide; TMZ, temozolomide.

Figure S3 Mitochondrial membrane potential (∆ψm).
Notes: U251 cells after treatment with nB and/or TMZ were stained by Jc-1 probe, and the ∆ψm was quantified by indicating the red fluorescence. All data were expressed 
as mean±sD. Bars with different letters indicate statistical difference at the P,0.05 level.
Abbreviations: nB, natural borneol; TMZ, temozolomide.
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Figure S4 statistic analysis of rOs generation.
Notes: U251 cells after treatment with NB and/or TMZ were stained by DCFH-DA probe, and the ROS generation was quantified by indicating the green fluorescence. 
all data were expressed as mean±sD. Bars with different letters indicate statistical difference at the P,0.05 level.
Abbreviations: nB, natural borneol; TMZ, temozolomide.

Figure S5 effect of rOs inhibition on combined treatment-induced cell death in U251 cells.
Notes: U251 cells were pre-treated with 5 mM gsh for 2 hours before combined treatment. cell viability was detected by the MTT assay. all data were obtained from 
three independent trials. Bars with different letters indicate statistical difference at the P,0.05 level.
Abbreviations: gsh, glutathione; nB, natural borneol; TMZ, temozolomide.
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