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Abstract: Severe side effects are major problems with chemotherapy of gastric cancer (GC). 

These side effects can be reduced by using sensitizing agents in combination with therapeutic 

drugs. In this study, the low/nontoxic dosage of glaucocalyxin B (GLB) was used with other 

DNA linker agents mitomycin C (MMC), cisplatin (DDP), or cyclophosphamide (CTX) to treat 

GC cells. Combined effectiveness of GLB with drugs was determined by proliferation assay. 

The molecular mechanisms associated with cell proliferation, migration, invasion, cell cycle, 

DNA repair/replication, apoptosis, and autophagy were investigated by immunoblotting for key 

proteins involved. Cell cycle and apoptosis analysis were performed by flow cytometry. Reactive 

oxygen species level was also examined for identification of its role in apoptosis. Proliferation 

assay revealed that the addition of 5 µM GLB significantly sensitizes gastric cancer SGC-7901 

cells to MMC, DDP, and CTX by decreasing half-maximal inhibitory concentration (IC
50

) by 

up to 75.40%±5%, 45.10%±5%, and 52.10%±5%, respectively. GLB + drugs decreased the 

expression level of proteins involved in proliferation and migration, suggesting the anticancer 

potential of GLB + drugs. GLB + MMC, GLB + CTX, and GLB + DDP arrest the cells in 

G
0
/G

1
 and G

1
/S phase, respectively, which may be the consequence of significant decrease in 

the level of enzymes responsible for DNA replication and telomerase shortening. Combined 

use of GLB with these drugs also induces DNA damage and apoptosis by activating caspase/

PARP pathways and increased production of reactive oxygen species and increased autophagy 

in GC cells. GLB dosage sensitizes GC cells to the alkylating agents via arresting the cell cycle 

and enhancing cell death. This is of significant therapeutic importance in the reduction of side 

effects associated with these drugs.

Keywords: glaucocalyxin B, mitomycin C, cisplatin, cyclophosphamide, DNA linkers, side 

effects, gastric cancer

Plain language summary
Gastric cancer (GC) is one of the common malignancies worldwide. Although chemotherapy 

is often used in the treatment of the patients, it is also accompanied by severe side effects. The 

severity of these side effects can be reduced by using sensitizing agents that have the effect of 

decreasing the overall dose of the drugs to reduce side effects while maintaining their therapeutic 

effects. Our preliminary study showed that glaucocalyxin B (GLB) may have the potential to 

be a sensitizing agent for GC cells to cisplatin treatment. In the current work, we extensively 

investigated the effect and mechanisms for GLB as a sensitizing agent. We report that GLB 

can markedly sensitize GC cells to the alkylating drugs. The inclusion of low/nontoxic dosage 

of GLB in the treatment leads to cell cycle arrest and enhanced apoptosis/apoptosis. The novel 

findings of our work are of significant importance in the reduction of side effects associated 

with these drugs.
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Introduction
Gastric cancer (GC) is one of the common malignancies 

worldwide, with almost 70% of all the newly diagnosed GC 

cases from developing countries.1 Chemotherapy is one of 

the major modalities in the treatment of GC.

Alkylating agents are the oldest class of anticancer drugs 

used to play an imperative role in the treatment of various 

types of cancers. Mitomycin C (MMC), an alkylating agent 

used as a chemotherapeutic drug, can effectively inhibit 

tumor growth by damaging DNA.2 However, adverse renal 

cytotoxicity upon the clinical dosage of MMC has con-

strained its use in some patients.3

Currently, cisplatin (DDP) remains one of the most 

common, widely used, and effective anticancer alkylating 

agents,4 but the nonselective dissemination of DDP among 

normal and cancer tissues increases the prospect of dose-

limiting side effects including neurotoxicity, myelosuppres-

sion, and acute nephrotoxicity.5

Cyclophosphamide (CTX) is another alkylating agent 

frequently used as an anticancer drug, either alone or in 

combination with other medicines to treat several cancers.6 

Like MMC and DDP, CTX also has a limitation due to the 

side effects. Sensitization of cancer cells to these alkylating 

drugs by decreasing the effective dosage when combined 

with certain agents may help to increase the tumori-

cidal activity and lessen the side effects associated with 

these drugs.

Rabdosia japonica (R. japonica) is a perennial herb 

widely grown in East Asia. The aerial parts of R. japonica 

are being used as an antibacterial, anti-inflammatory, and 

anticancer agent in traditional medicine.7 Glaucocalyxin A 

and glaucocalyxin B (GLB) are major ent-kauranoid di-

terpenoids extracted from R. japonica shown to possess 

cytotoxicity in various cancer cells.8 In our preliminary study, 

we found that GLB at nontoxic concentration could sensi-

tize GC cells to DDP. In this paper, the sensitizing effects 

and possible mechanisms of GLB with alkylating agents in 

inhibiting GC cells are reported.

Materials and methods
Reagents and cell culture
Roswell Park Memorial Institute-1640 (RPMI-1640; Booster 

Biological Technology Co, Ltd, Wuhan, People’s Republic 

of China), fetal bovine serum (Biological Industries, Beit 

Haemek, Israel), trypsin & 0.02% EDTA (Gino Biophar-

maceutical Technology, Hangzhou, People’s Republic of 

China), MMC (TCI [Shanghai] Development Co., Ltd., 

Shanghai, People’s Republic of China), CTX (Abcam, 

Cambridge, UK), DDP (HaoSen, Jiangsu, People’s Republic 

of China), and Cell Counting Kit 8 (CCK-8; Dojindo 

Laboratories, Kumamoto, Japan), bovine serum albumin 

(Amresco, Solon, OH, USA) were bought and utilized. 

HER-2, c-Met, p53, p27, p21, TERT, Pol α, Pol ε, Bcl xl, 

Bax, β-Actin, GAPDH (Santa Cruz Biotechnology, Dallas, 

TX, USA), c-Kit, NF-κB-p65, Akt, p44/42 MAPK, PCNA, 

PARP, caspase 9, pro-caspase 3, cleaved caspase 3 (Cell 

Signaling Technology, Danvers, MA, USA), and Bcl 2 

(Abcam) were used. Secondary antibodies used were anti-

goat, anti-rabbit, and anti-mouse (Beijing Zhongshan Golden 

Bridge Biotechnology Co. Ltd, Beijing, People’s Republic 

of China). HRP substrate (Millipore Corporation, Billerica, 

MA, USA), skim-milk (BD-Difco, Sparks, MD, USA), 

MitoTracker® Red CMXRos (Invitrogen Life Technolo-

gies Corporation, Carlsbad, CA, USA), PI/RNase Staining 

Buffer (BD Biosciences, San Diego, CA, USA), and PE-

Annexin-V apoptosis detection kit (BD Biosciences) were 

also purchased and used.

Cell line and cell culture
Human gastric cancer cell line SGC-7901 (purchased from 

ATCC, Manassas, VA, USA) was cultured in RPMI-1640 

medium containing 10% heat-inactivated fetal bovine 

serum under adherent conditions in an atmosphere of 5% 

CO
2
 at 37°C.

Cell growth inhibition test
The inhibition of cell growth by MMC, DDP, CTX, and GLB 

independently or in combinations with GLB were determined 

by CCK-8 assay. Various concentrations of MMC, DDP, and 

CTX with or without 5 µM GLB concentrations were added 

to SGC-7901 cells for 60 h, followed by the addition of 10 µL 

of CCK-8 in each well; this was followed by incubation for 

another 1 h. Absorbance was measured at 450 nm with a 

Bio-Rad iMark™ (Bio-Rad Laboratories, Inc., Hercules, 

CA, USA) Microplate Reader. The percentage of dose inhi-

bition response was calculated using Graphpad Prism v6 

(GraphPad Software, Inc., San Diego, CA, USA).

Sub-G1 analysis
SGC-7901 cells were incubated with controls and drugs for 

16 h. Collected cells were washed twice with ice-cold PBS 

and were fixed overnight at 4°C with 75% ethanol. PI/RNase 

staining buffer at a final concentration of 0.05 mg/mL was 

used to stain the cells for 15 min at room temperature. Cell 

cycle analyses were performed with BD FACSCanto™ II 

(BD Biosciences).
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Western blot analysis
SGC-7901 cells were treated for 16–48 h with the respec-

tive drugs concentrations and were subjected to phosphatase 

inhibitor and radioimmunoprecipitation assay lysis buffer. 

About 30 µg of lysates were loaded to sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis followed by blot-

ting onto polyvinyl difluoride membrane. The membrane was 

blocked with 10% TBST-skim milk or 5% BSA-TBST (for 

phosphoproteins) for 1 h. For the detection of protein expres-

sions, the membrane was incubated at 4°C overnight with 

primary antibodies (1:100–1:1,000) and HRP-conjugated 

secondary antibodies (1:2,000). ECL chemiluminescent HRP 

substrate was used to visualize immunoreactive bands. Images 

were developed using Bio-Rad ChemiDoc™ MP Imaging 

system, and protein quantification was performed using 

Image Lab Software v5.2.1 (Bio-Rad Laboratories, Inc.).

Annexin-V flow cytometry analysis
SGC-7901 cells were incubated with subsequent control and 

drugs at aforementioned concentrations for 24 h. Cells were 

collected and washed twice with ice-cold PBS. Cells were 

then stained with PE-Annexin-V apoptosis detection kit and 

were analyzed using flow cytometry BD FACSCanto™ II 

(BD Biosciences).

Determination of cellular reactive 
oxygen species
SGC-7901 cells treated with control and GLB + drug 

combinations for 24 h were incubated with a 100 nM final 

concentration of MitoTracker® Red CMXRos in RPMI-1640 

for 30 min at growth condition appropriate for the cell growth. 

Cells were visualized under fluorescent microscope Lecia 

DM 4000 and relative fluorescence was measured with ImageJ 

v1.50i (National Institutes of Health, Bethseda, MD, USA).

Statistical analysis
All data in the figures are expressed as means ± SDs and were 

analyzed with GraphPad by one-way analysis of variance 

with Tukey’s t-tests. P0.05 was considered statistically 

significant.

Results
GLB significantly induces the tumoricidal 
effects of alkylating agents
Our preliminary studies showed that GLB at a nontoxic 

concentration of 5 µM sensitizes GC cells to various alkylat-

ing agents. To test the underlying mechanism of how 5 µM 

GLB concentrations with insignificant inhibition on GC cells 

has sensitizing effects on the growth inhibition activity of 

MMC, DDP, and CTX, we first determined cytotoxic effects 

of MMC, DDP, and CTX with or without 5 µM GLB on 

SGC-7901 cells. Half-maximal inhibitory concentrations 

(IC
50s

) of MMC, DDP, and CTX were 4.14 µM, 6.01 µM, and 

2.002 mM to SGC-7901 cells, respectively (Figure 1A). When 

5 µM of GLB was used with drugs, IC
50

 of MMC, DDP, CTX 

was reduced to 1.02 µM, 3.3 µM, 0.96 mM (Figure 1B). IC
50

 

for GLB alone was 13.40 µM (Figure 1A). Growth inhibition 

assay revealed that GLB sensitizes the tumoricidal effects 

Figure 1 GLB significantly induces the tumoricidal effects of alkylating agents.
Notes: Effect of GLB + drugs on the proliferation of human gastric cancer cell SGC-7901. Cells were incubated with GLB, MMC, DDP, and CTX (A), and GLB + MMC, 
GLB + DDP, and GLB + CTX (B) for 60 h. Cell proliferation was assayed with CCK-8 and IC50 was calculated. Data presented are the means ± SD of results from three 
independent experiments.
Abbreviations: CCK-8, cell counting kit-8; CTX, cyclophosphamide; DDP, cisplatin; GLB, glaucocalyxin B; IC50, half-maximal inhibitory concentration; MMC, mitomycin C.
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of MMC, DDP, and CTX up to 75.40%±5%, 45.10%±5%, 

and 52.10%±5%, respectively. These results suggest the 

significant sensitization induced by GLB on the tumoricidal 

activities of these alkylating agents.

GLB/alkylating agents combination 
inhibits proliferation of GC
The tumoricidal effects of GLB + drugs combinations were 

found to be significantly evident and important. To unearth 

the underlying mechanism of how GLB sensitizes the 

effectiveness of these drugs in GC cells, we examined the 

expression of most important proteins established to have a 

link in GC (Figure 2). EGFR, HER-2/Neu, c-Met, and c-Kit 

are being used as potential targets for the treatment of GC. 

Decreased expression of these important target proteins upon 

GLB + drugs treatments suggest decreased proliferation, 

differentiation and lesser progression of GC as their over 

expression is associated with the development, progression 

and poor prognosis of GC. Decreased c-Kit expression sug-

gests a decrease in the number of cells entering into a state 

of terminal differentiation and decreased cell survival and 

proliferation as well. The high c-Kit expression in GLB + 
DDP might lead to impaired self-renewal as the overexpres-

sion of c-Kit is associated with impaired hematopoietic 

stem cells. Decreased NF-κB-p65 cells, a subunit of NF-κB 

transcription complex is important in sustaining cell prolif-

eration and cell survival, and defects in NF-κB consequently 

increase susceptibility to cell death. Our results showed 

reduced expression of NF-κB in response to GLB + drugs 

treatments (Figure 2). Similarly, reduced Akt expression 

advocates the decreased proliferation and invasion of GC 

cells. MAPK/ERK is the downstream signaling pathway of 

Akt, and decreased expression of Akt leads to the decreased 

expression of MAPK/ERK pathways.

Expression of PCNA as an important marker for genome 

stability and as a component of replication and repair 

Figure 2 GLB/alkylating agents inhibit proliferation of GC.
Notes: SGC-7901 cells were treated with GLB (5 µM), MMC (1.02 µM), DDP (3.3 µM), CTX (0.96 mM), GLB + MMC (5 µM + 1.02 µM), GLB + DDP (5 µM + 3.3 µM), and 
GLB + CTX (5 µM + 0.96 mM) for 48 h and protein expression level of EGFR, HER-2, c-Met, c-Kit, Akt, NF-κB, MAPK/ERK, PCNA, GAPDH, and β-Actin were analyzed 
with Western blotting analysis. Data presented are the mean ± SD of results from three independent experiments. *P0.05, **P0.01, ***P0.001 and #P0.05.
Abbreviations: CTX, cyclophosphamide; DDP, cisplatin; GLB, glaucocalyxin B; IC50, half-maximal inhibitory concentration; MMC, mitomycin C.
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machinery was analyzed. Upon GLB + drugs treatment, 

decreased expression of PCNA led to the suggestion of prob-

able compromised proliferation and repair mechanism of GC. 

These outcomes suggest that GLB + drugs can significantly 

inhibit the proliferation, differentiation, and genome stability 

by targeting most important signaling pathways in GC. 

MMC, DDP, CTX, or GLB alone had insignificant effects 

at those concentrations used.

GLB induces cell cycle arrest
GC cells were treated with drugs alone or with GLB + 

drugs and this was followed by cell cycle analysis with flow 

cytometry. The results showed (Figure 3) that GLB + MMC 

group arrested nearly 50%±5% of cells in G
1
-phase as com-

pared with the group treated with MMC alone. GLB + DDP 

arrested almost 60%±5% cells in G
2
/M phase as compared 

with control and decreased S phase from almost 50%±5% 

to less than 10%±5%, while GLB + CTX arrested 10%±5% 

more cells at the G
0
/G

1
 phase as compared with their corre-

sponding control group and also caused significant G
2
/M or 

G
0
/G

1
 arrest. Cells treated with GLB alone showed a modest 

increase in S phase cells. The Western blot analysis revealed 

that treatment with GLB and GLB + drugs also supported 

the cell cycle analysis results as increased expression of 

CDK inhibitors p21 and p27, and decrease expression level 

of p53 and CD1 were observed. These results are consistent 

with the results that GLB + drugs inhibit cell proliferation 

and cell division.

GLB induces damage to DNA replication 
machinery
Diterpenes treatment in cancer cells may lead to telomerase 

shortening, which can lead to apoptosis. So, we examined 

the level of TERT in control and GLB + drugs-treated 

cells. Results showed (Figure 4) that GLB itself facilitates 

the expression of TERT, but when used in combination 

with other drugs it led to decreased TERT expression. We 

assumed that GLB + drugs could damage the DNA and DNA 

repair machinery. To test this hypothesis, we observed the 

expression of two vital enzymes, DNA polymerase alpha 

(pol α) involved in the initiation of DNA replication and 

DNA polymerase epsilon (Pol ε) in the replication of leading 

strand. Our results exhibited that GLB + drugs considerably 

constrained the expression of these two important enzymes 

necessary for DNA replication. This decrease may lead to 

decreased proliferation or can induce apoptosis.

Figure 3 (Continued)
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Figure 3 GLB induces cell cycle arrest.
Notes: (A) SGC-7901 cells were treated with GLB (5 µM), MMC (1.02 µM), DDP (3.3 µM), CTX (0.96 mM), GLB + MMC (5 µM + 1.02 µM), GLB + DDP (5 µM + 3.3 µM), 
and GLB + CTX (5 µM + 0.96 mM) for 16 h and protein expression levels of p53, p27, p21, CD1 were analyzed. (B) Representative histograms from flow cytometry of cell 
cycle analysis in SGC-7901 human GC cells treated with GLB + drugs. Data presented are the mean ± SD of results from three independent experiments. ***P0.001 and 
#P0.05.
Abbreviations: CTX, cyclophosphamide; DDP, cisplatin; GLB, glaucocalyxin B; IC50, half-maximal inhibitory concentration; MMC, mitomycin C.

GLB sensitize GC cells to apoptosis
Diminished NF-κΒ expression, telomerase activity, Pol α, 

and Pol ε led to the assumption that GLB + drugs could 

induce apoptosis in GC. We tested the expression analysis of 

most important markers for apoptosis, (Figure 5A). Activated 

PARP/caspase 9/caspase 3 pathway and increased expres-

sion of cleaved caspase 3 demonstrated that GLB + drugs 

activated caspase/PARP pathway. We further determined 

the level of Bcl 2, Bax, and Bcl xl in SGC-7901 cells upon 

GLB + drugs treatments. The ratio of Bax to Bcl 2 increased 

significantly in cells treated with GLB + drugs, compared 

with the controls. These results recommend that GLB + drugs 

treatment not only induces apoptosis by triggering caspase 

but also by regulating the expression of apoptosis-associated 

proteins Bcl 2, Bax, and Bcl xl (Figure 5A).

The apoptotic effects of GLB + drugs on SGC-7901 cells 

by flow cytometry are shown in Figure 5B. The number of 

cells in late apoptosis stage were 53.5%±5%, 48.9%±5%, 

and 20%±5% for GLB/MMC, GLB/DDP and GLB/CTX, 

while for their matching controls, GLB, MMC, DDP, and 

CTX, it was with 10.8%±5%, 7.2%±5%, 9.4%±5%, and 

7.1%±5%, respectively, suggesting the significant apoptosis 

potential of GLB + drugs on GC cells. We further exam-

ined if the increased production of reactive oxygen species 
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Figure 4 GLB induces damage to DNA replication machinery.
Notes: SGC-7901 cells were treated with GLB (5 µM), MMC (1.02 µM), DDP (3.3 µM), CTX (0.96 mM), GLB + MMC (5 µM + 1.02 µM), GLB + DDP (5 µM + 3.3 µM), and 
GLB + CTX (5 µM + 0.96 mM) for 24 h and protein expression levels of TERT, Pol α, and Pol ε and GAPDH as a control were measured. Data presented are the mean ± SD 
of results from three independent experiments. ***P0.001 and #P0.05.
Abbreviations: CTX, cyclophosphamide; DDP, cisplatin; GLB, glaucocalyxin B; IC50, half-maximal inhibitory concentration; MMC, mitomycin C.

εα

α

ε

(ROS) had some effect on apoptosis. The results showed a 

60%±5%, 30%±5%, and 150%±5% increase in the level of 

ROS in response to GLB + MMC, GLB + DDP, and GLB 

+ CTX treatments as compared with corresponding MMC, 

DDP, and control groups, respectively (Figure 5C). These 

results suggest that GLB/drugs can induce apoptosis in GC 

cells by activating ROS.

LC3A/B-II expression analysis showed a significant 

increase in the expression of this autophagy marker. 100%±5% 

and 400%±5% increase in LC3A/B-II expression level upon 

GLB + MMC and GLB + DDP treatments were observed, while 

the changes were insignificant upon GLB + CTX treatment.

Discussion
GLB is a highly liposoluble compound, which enables its 

easier infiltration into the cells.9 GLB belongs to the class 

diterpenes and can function either by inhibiting NF-κΒ 

transcriptional activity or by inhibiting telomerase activity, 

leading to growth arrest and apoptosis.10,11

MMC, DDP, and CTX are most extensively used chemo-

therapeutic agents and can inhibit the tumor growth effectively, 

yet they have certain life-threatening side effects. They 

belong to the drug class of interstrand cross-links (ICLs) 

that prevent transcription and replication by inhibiting DNA 

strand separation. These agents cross-link DNA with proteins 

or, alternatively, cross-link two DNA bases within the same 

DNA strand (intra-strand cross-links) or on opposite DNA 

strand (ICLs).12 The ICL agents were one of the earliest, and 

are still the most widely used, chemotherapeutic drugs. The 

main setbacks in cancer treatment are either the intrinsic or 

the acquired resistance developed by tumors against the drugs 

or the limitations of anticancer compounds owing to their 

life-threatening adverse and nontargeted toxicities. While 

the underlying mechanisms of these side effects remain 

incompletely known, the severity of these side effects can be 

reduced by using combination therapies that have the effect 

of lessening the overall dose of each single agent. In addition, 

sensitizing combinations with nonoverlapping toxicities can 

reduce side effects.

It was found that GLB alone inhibits the growth of 

SGC-7901 with an IC
50

 13.40 µg/mL. Results further indi-

cate that inclusion of 5 µM GLB in MMC, DDP, and CTX 
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significantly reduced the effective dose essential to produce 

that effect. These results signify that GLB can sensitize the 

tumoricidal ability of these DNA binding agents. The results 

obtained suggest that GLB inclusion might lead to reduced 

side effects due to the reduced effective dosage of those drugs 

required in treatment.

We observed that the combination of GLB with these 

drugs resulted in the decreased expression of key proteins 

involved in GC cell proliferation, survival, migration, and 

GC progression. EGFR overexpression is associated with 

poor prognosis, thus providing a potential therapeutic target 

for GC.13 Similarly, HER-2 signal transduction inhibition 

suppresses cell growth in GC.14 C-Met promotes GC cell pro-

liferation, migration, and survival,15 whereas c-Kit maintains 

cell proliferation and differentiation and NF-κΒ is involved 

in the development, maintenance, and progression of cell 

adhesion, differentiation, and apoptosis.16,17 MAPK pathway 

plays a crucial role in cell proliferation control. Sustained 

activation of ERK1/ERK2 in normal cells is necessary for G
1
 

to S-phase progression, and thus has a positive association 

as a cell cycle regulator.18 Akt regulates cell proliferation, 

survival, invasion, angiogenesis, and cell size.19 PCNA for 

genome stability and as a component of replication and 

repair machinery has earned a reputation as the “ringmaster” 

or “maestro” of the genome.20 PCNA also regulates entry 

into S-phase via interactions with the cell cycle regulator 

p21.21 These results showed that GLB + drugs combination 

can decrease the expression of all these key regulators of 

proliferation, invasion, migration, and progression, and thus 

inhibit the growth of GC cells in vitro.

We further analyzed the effects of GLB combined with 

drugs on cell cycle. The results showed (Figure 3) that GLB + 

MMC arrested cells in G
1
-phase, GLB + DDP arrested cells 

in G
2
/M while GLB + CTX arrested cells in G

0
/G

1
 phase as 

compared with their corresponding GLB, MMC, DDP and 

CTX control groups. p53 regulates the progression of cell 

cycle negatively in response to cellular stress or DNA dam-

age. Transcription of p53 is activated during cells’ progression 

from G
0
/G

1
 into S-phase.22 Decreased expression of p53 leads 

to decreased number of cells in S-phase, which is consistent 

with the cell cycle analysis findings. Moller proposed that 

p27 showed negative regulation of CD1, which is consistent 

with the result of this study.23 Following DNA damage, CDK 

inhibitor p21 is activated and induces cell cycle arrest by 

inhibiting DNA replication and apoptosis.24 The data pre-

sented in Figure 3 show that increased expression of p21 in 

GLB + drug-treated groups is responsible for cell cycle arrest 

and other DNA damages. CD1 overexpression is linked to 

the progression and development of cancer.25 In this study, 

decreased CD1 expression suggests that GLB + drugs can 

halt progression and development of cancer.

Replication of DNA is a precise and dynamic process and 

DNA polymerases, Pol α and Pol ε, function in collaboration 

to facilitate efficient and high-fidelity genome replication. 

Pol α polymerase is essential for chromosomal replica-

tion, and Pol ε is required for chromosomal replication.26 

The decrease in expression of both Pol α and Pol ε upon 

GLB + drugs treatment suggests impaired DNA replication 

and telomerase shortening. Impaired DNA replication and 

telomerase shortening can lead to apoptosis.

Apoptosis is inevitable for the proper homeostatic main-

tenance and survival. Caspase is one of the most important 

signaling cascades associated with apoptosis. Caspases are 

usually present in an inactive zymogen form. Activated cas-

pase cleaves and activates effector caspases, which can then 

drive apoptosis.27 Cleavage of PARP by caspase is considered 

a hallmark of apoptosis.

In this study, GLB + drugs resulted in increased apoptotic 

rate compared with controls (Figure 5A). Activated caspase 9, 

an initiator caspase, cleaved the effector caspase 3, while 

PARP was cleaved into cleaved PARP. These results sup-

port the hypothesis that the sensitizing tumoricidal effects 

of GLB + drugs contribute greatly in inducing apoptosis, 

more so than controls. Moreover, GLB + drugs limited the 

antiapoptotic factor Bcl 2 and stimulated the expression of 

proapoptotic factor Bax (Figure 5A). Results showed that 

ROS generation is also involved in the trigger of apoptosis, 

as proposed by Chen et al,28 who demonstrated that increased 

ROS production could trigger apoptosis. Similarly, the flow 

cytometry analysis also consolidated the apoptotic effects 

associated with GLB + drugs treatment.

LC3s (MAP1-LC3A, B, and C) are structural proteins 

of autophagosomal membranes and are used as autophagy 

markers. The presence of LC3 in autophagosomes and the 

conversion of LC3-I to the lower migrating form LC3-II 

have been used as indicators of autophagy.29 As can be seen 

from Figure 5, increased autophagy in response to GLB + 

MMC and GLB + DDP treatment was observed to 100% and 

400%, respectively, while insignificant autophagy effects 

were found in GLB + CTX group. Increased autophagy can 

also be the reason for increased cell death. Taken together, 

these results suggest that GLB + drugs treatment promotes 

GC cell death by both activating caspase and regulating the 

expression of Bcl 2 family proteins and by autophagy.

Conclusion
In conclusion, this study demonstrates that GLB can improve 

MMC-, DDP-, and CTX-based chemotherapy in GC by 

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy is an international, peer-
reviewed open-access journal that spans the spectrum of drug design 
and development through to clinical applications. Clinical outcomes, 
patient safety, and programs for the development and effective, safe,  
and sustained use of medicines are the features of the journal, which  

has also been accepted for indexing on PubMed Central. The manu-
script management system is completely online and includes a very 
quick and fair peer-review system, which is all easy to use. Visit 
http://www.dovepress.com/testimonials.php to read real quotes from 
published authors.

Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

2441

GLB sensitizes alkylating agents

decreasing the dose required, which in turn can reduce the 

side effects associated with MMC, DDP, and CTX. GLB 

sensitizes GC cells by interfering with proliferation, arresting 

the cell cycle, impairing replication, leading to telomerase 

shortening, and promoting apoptosis. Further in vivo inves-

tigation with tumor xenograft animal models will provide us 

more information on the potential combination therapy of 

GLB with MMC, DDP, or CTX in clinical treatment of GC. 

Moreover, identification of the direct targeting molecules of 

GLB and alkylating agents will provide us a better under-

standing of the sensitization effect.
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