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Abstract. Caffeine is one of the most widely consumed 
substances found in beverages, and has demonstrated anti-
cancer effects in several types of cancer. The present study 
aimed to examine the anticancer effects of caffeine on gastric 
cancer (GC) cells (MGC‑803 and SGC‑7901) in vitro, and to 
determine whether the apoptosis‑related caspase‑9/-3 pathway 
is associated with these effects. The sustained antiproliferative 
effects of caffeine on gastric cancer were also investigated. 
GC cell viability and proliferation were evaluated using cell 
counting and colony forming assays, following treatment 
with various concentrations of caffeine. Flow cytometry 
was performed to assess cell cycle dynamics and apoptosis. 
Western blot analysis was conducted to detect the activity of 
the caspase‑9/-3 pathway. The results indicated that caffeine 
treatment significantly suppressed GC cell growth and viability 
and induced apoptosis by activating the caspase‑9/-3 pathway. 
Furthermore, the anticancer effects of caffeine appeared to 
be sustained, as the caspase‑9/-3 pathway remained active 
following caffeine withdrawal. In conclusion, caffeine may 
function as a sustained anticancer agent by activating the 
caspase‑9/-3 pathway, which indicates that it may be useful as 
a therapeutic candidate in gastric cancer.

Introduction

Gastric cancer (GC) is a highly lethal malignancy that 
ranks amongst the top ten most frequent cancers, and is a 
leading cause of cancer‑related mortality. In Asian countries, 
including China, Japan and Korea, gastric cancer accounts for 
approximately 60% of new cancer cases (1). GC is a complex 
and molecularly heterogeneous disease, which is associated 

with lifestyle, age‑related, environmental and genetic factors. 
Smoking, alcohol use and improper food intake are leading 
risk factors for GC morbidity and mortality worldwide (2). 
Obesity and being overweight and are also important causes 
of GC, especially in high‑income countries (3) Furthermore, 
H. pylori infection is an established environmental risk factor 
for GC (4). Several canonical oncogenic signalling pathways, 
including the tumor protein p53, wnt/β‑catenin, nuclear factor 
(NF)‑κB and phosphatidylinositol‑3‑kinase (PI3K)/Akt path-
ways, are associated with gastric carcinogenesis (5). Caspases 
are cysteine‑dependent, aspartate‑specific proteases associ-
ated with apoptosis, a process that is regulated by several 
oncogenic pathways. Caspase‑9 is a key effector caspase in the 
intrinsic apoptosis pathway. Release of cytochrome c (Cyt‑c), a 
protein found in the mitochondrial inner membrane, activates 
procaspase‑9 to caspase‑9, which in turn converts procaspase‑3 
to cleaved caspase‑3. These closely linked events lead to cell 
apoptosis; thus, caspase‑9 is considered a therapeutic target in 
cancer treatment (6).

Caffeine is a methylxanthine derivative found in coffee, 
cacao and tea, and is the most widely consumed psychoactive 
substance in the world. Caffeine intake induces several normal 
physiologic effects, including nervous and musculoskeletal 
system stimulation, bronchial and vascular smooth muscle 
relaxation, diuresis and intestinal motility stimulation (7‑12). 
Caffeine also exerts various pharmacological effects. Several 
epidemiological and experimental studies have reported that 
caffeine may have potential as an anticancer agent due to its 
ability to suppress cell proliferation and induce apoptosis in 
multiple organs, including the oesophagus, breast, liver and 
brain, via several oncogenic pathways, including phosphatase 
and tensin homolog (PTEN), PI3K/Akt, p53 and mammalian 
target of rapamycin (mTOR) pathways (13‑21). However, the 
caspases have received limited attention. A few studies have 
demonstrated that caspase‑9 and ‑3 may serve important roles 
in caffeine‑induced cancer cell apoptosis (22,23); however, the 
molecular signalling pathways associated with these processes 
remain to be elucidated. Furthermore, previous research has 
indicated that caffeine may have sustained effects following 
withdrawal (20), the underlying mechanism of which remains 
unknown.

In the present study, two gastric cell lines were selected 
for examining the anticancer effect of caffeine on gastric 
cancer; MGC‑803 is classified as a poorly differentiated 
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gastric cancer cell line and SGC‑7901 is classified as a well 
differentiated gastric cancer cell line. Poorer cellular differ-
entiation is associated with a higher degree of malignancy, 
therefore the present study aimed to investigate the anticancer 
effects of caffeine on two types of malignant cancer cells. 
Furthermore, the effects of treatment with graded concentra-
tions of caffeine were investigated on cell growth, apoptosis 
and the apoptosis‑related proteins B cell lymphoma 2 (Bcl‑2), 
Cyt‑c, caspase‑9 and caspase‑3. Finally, the post‑withdrawal 
sustained effects of caffeine on cell viability, apoptosis and 
caspase‑9/-3 signalling pathway activation were examined.

Materials and methods

Cell culture. The human gastric cancer cell lines MGC‑803 
(poorly differentiated gastric cancer cell line), SGC‑7901 
(well‑differentiated gastric cancer cell line) and GES‑1 
(human gastric mucosa epithelial cells) were obtained from the 
Cell Resource Center of Shanghai Institute of Biochemistry 
and Cell Biology, Chinese Academy of Sciences (Shanghai, 
China). Cells were cultured in RPMI‑1640 supplemented with 
10% fetal bovine serum (both from Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). MGC‑803 and SGC‑7901 
cells seeded at a density of 1x105 cells in a 100‑mm plate were 
used in the cell viability and colony formation assays, and for 
RNA and protein extraction. MGC‑803 and SGC‑7901 cells 
at a density of 3x104 cells/well in a 6‑well plate were used for 
flow cytometry. MGC‑803 and SGC‑7901 cells at a density 
of 5x103 cells/well in a 96‑well plate were used in the Cell 
Counting Kit‑8 (CCK‑8) assay. GES‑1 cells were seeded at a 
density of 2x105 cells/well in a 100‑mm plate and were used as 
untreated normal control cells. All cells were cultured at 37˚C 
in a 5% CO2 atmosphere.

Chemicals and experimental set‑up. Caffeine (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) was dissolved in 
RPMI‑1640 and then added to the culture medium. The cell 
growth inhibitor 5‑fluorouracil (5‑FU; Sigma‑Aldrich; Merck 
KGaA), which was used to evaluate the inhibitory effects of 
caffeine on cell proliferation, was dissolved in the culture 
medium. Cells treated with caffeine were considered the exper-
imental group, cells treated with 5‑FU were considered the 
control evaluation group and cells treated with equal amounts 
of RPMI‑1640 plus 5% fetal bovine serum were considered 
the normal control group. Two inhibitors, Z‑LEHD‑FMK 
(a specific inhibitor of caspase‑9) and Z‑DEVD‑FMK (a 
specific inhibitor of caspase‑3), were obtained from BioVision, 
Inc. (Milpitas, CA, USA).

Cell viability and colony‑forming unit assays. Cell viability 
was analysed with CCK‑8 reagent (CCK‑8; Dojindo Molecular 
Technologies, Inc., Kumamoto, Japan). MGC‑803 and 
SGC‑7901 cells were cultured at a density of 3x104 cells/well 
in 96‑well plates, and incubated at 37˚C overnight. GC cells 
were subsequently treated with 4 different caffeine concentra-
tions (0, 0.5, 1 or 2 mM) or 0.5 mg/ml 5‑FU for 24 h. CCK‑8 
reagent (10 µl) was added to each well, and the plates were 
incubated at 37˚C for a further 3 h. In the caffeine‑withdrawal 
groups, GC cells were washed twice in PBS and cultured in 
caffeine‑free serum for 24 h following caffeine treatment, and 

cell viability was evaluated via CCK‑8 assay. The absorbance 
of the coloured formazan product, produced by mitochondrial 
dehydrogenases in metabolically active cells, was measured 
at 450 nm and the optical density of each well was recorded. 
A colony‑forming unit assay was conducted to analyse cell 
clusters. Cells were cultured at a density of 100 cells/plate 
with caffeine (1 and 2 mM) for 2 weeks, and cells incubated 
in caffeine‑free medium were established as the control group. 
Viable cells were subsequently stained with crystal violet 
and the results were photographed. Each experiment was 
performed ≥3 times.

Flow cytometry analysis. MGC‑803 and SGC‑7901 cells 
were harvested following caffeine treatment. Double staining 
with fluorescein isothiocyanate (FITC)‑Annexin V and prop-
idium iodide (PI) was performed using an FITC‑Annexin V 
Apoptosis Detection kit (BD Biosciences, Franklin Lakes, 
NJ, USA), according to the manufacturer's protocol. GC cells 
were analysed using a FACScan flow cytometer equipped 
with CellQuest Pro software version 5.1 (both from BD 
Biosciences). The cells were assessed as viable, dead, early 
apoptotic and late apoptotic, and the relative amounts of 
early apoptotic cells were compared with those of the control 
groups. Cells used for cell cycle analysis were stained with 
PI using a Cycletest® Plus DNA reagent kit (BD Biosciences), 
according to the manufacturer's protocol, and analysed using 
a FACScan flow cytometer. The percentages of cells in G0‑G1, 
S and G2‑M phase were counted and compared with those of 
the control groups.

Western blot analysis. Following treatment with various 
concentrations of caffeine, GC cells were lysed using radioim-
munoprecipitation assay lysis buffer (Beyotime Institute of 
Biotechnology, Haimen, China) on ice for 40 min to extract 
the proteins. The protein concentration of the supernatants 
was determined via Bradford assay. Lysates (20 µg/lane) were 
separated via 10% SDS‑PAGE, transferred to 0.22 µm polyvi-
nylidene fluoride membranes (Sigma‑Aldrich; Merck KGaA), 
and incubated at 4˚C overnight with the following primary 
antibodies at a working dilution of 1:1,000, all purchased 
from Cell Signaling Technology, Inc. (Danvers, MA, USA): 
Anti‑tubulin (cat no.  2148), anti‑cyclin D1 (cat no.  2978), 
anti‑cyclin dependent kinase (CDK)4 (cat no. 12790), anti‑p21 
(cat no. 2947), anti‑Bcl‑2 (cat no. 4223), anti‑Bcl‑2‑associated 
death promoter (Bad; cat no.  9239), anti‑Bcl‑2‑associated 
X protein (Bax; cat no.  5023), anti‑Cyt‑c (cat no.  11940), 
anti‑caspase‑9 (cat no.  9502), anti‑cleaved caspase‑9 (cat 
no. 20750), anti‑caspase‑3 (cat no. 9665), and anti‑cleaved 
caspase‑3 (cat no. 9664). Membranes were then incubated 
with mouse anti‑rabbit secondary antibody (cat no.  3678; 
1:1,000; Cell Signaling Technology, Inc.) at 4˚C for 2.5 h. 
Autoradiograms were semi‑quantified via densitometry using 
ImageJ software version 1.46r (National Institutes of Health, 
Bethesda, MD, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from the GC cell lines 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol. cDNA was 
synthesized with a PrimeScript™ RT reagent kit, and qPCR 
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was performed with a SYBR® Premix Ex Taq™ kit (both from 
Takara Biotechnology Co., Ltd., Dalian, China) on a 7500 
Real‑Time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). Thermocycling conditions were as follows: 
Initial 1 step at 95˚C for 10 min, followed by 40 cycles at 
95˚C for 15 sec and at 60˚C for 1 min. PCR primers (Sangon 
Biotech, Shanghai, China) for β‑catenin, PTEN, AKT, mTOR, 
P53 and vascular endothelial growth factor A (VEGF‑A) are 
listed in Table I. GAPDH served as an internal control, and 
fold changes were calculated using the 2‑ΔΔCq method (24).

Statistical analysis. Data are expressed as the mean ± standard 
error of the mean. The statistical significance of the differ-
ences between groups was assessed using one‑way analysis of 
variance followed by a post hoc Student‑Newman‑Keuls test 
for multiple comparisons. Statistical analysis was performed 
using SPSS software version 16.0 (SPSS, Inc., Chicago, 
IL, USA). P<0.05 was considered to indicate a statistically 
significant difference. GraphPad Prism software version 6 
(GraphPad Software, Inc., La Jolla, CA, USA) was used to 
calculate sensitivity and specificity.

Results

Caffeine inhibits GC cell growth and reduces viability in a 
concentration‑dependent manner. MGC‑803 and SGC‑7901 
cells were treated with caffeine at concentrations of 0.5, 1, 2, 
4 and 8 mM. Untreated GC cells served as controls, and the 
5‑FU‑treated group was used to evaluate the effects of caffeine. 
Cell viability was measured by CCK‑8 assay. Cell viability 
was reduced by caffeine in both MGC‑803 and SGC‑7901 
cells (Fig. 1A). The survival ratio significantly decreased to 
<50% following 24 h caffeine treatment at concentrations of 
4 and 8  mM. Caffeine treatment at high concentrations 
(>2 mM) resulted in marked toxicity in normal gastric mucosa 
cells (data not shown), therefore, a concentration range of 
0‑2 mM was selected for subsequent experiments. To inves-
tigate the effects of caffeine on cell viability, GC cells were 
treated with 2 mM caffeine and harvested at 12, 24, 36, 48, 60 
and 72 h, and cell viability was assessed via CCK‑8 assay. The 
results indicated that the numbers of viable cells decreased 
as the concentration of caffeine increased (Fig. 1B and C). 
Furthermore, colony‑forming unit assay indicated that colony 

forming efficiency was lower following caffeine treatment at 
concentrations of 1 and 2 mM (Fig. 1D). These results indicate 
that caffeine treatment significantly inhibits MGC‑803 and 
SGC‑7901 cell viability and growth. Furthermore, this inhibi-
tory effect may be concentration‑dependent.

Caffeine inhibits cell cycle progression and promotes GC 
cell apoptosis. To investigate whether caffeine is able to 
inhibit cell cycle progression and promote GC cell apoptosis, 
flow cytometry analysis was conducted. Caffeine treat-
ment significantly inhibited cell cycle progression beyond 
the G0/G1 phase, furthermore, the % of cells in the S phase 
was lower compared with the control group (Fig. 2A and B). 
There were no differences in the % of cells in each cell cycle 
phase amongst the caffeine‑treated groups (Fig. 2A and B). 
Cell cycle‑related protein expression was determined by 
western blot analysis. The results indicated that p21 levels 
were upregulated in MGC‑803 cells and cyclin D1 levels 
were downregulated in both GC cell lines, following 2 mM 
caffeine treatment  (Fig.  2C). However, no differences in 
CDK4 protein expression were noted (Fig. 2C). Furthermore, 
apoptosis was promoted by caffeine treatment for 24 h, which 
was particularly marked in SGC‑7901 cells. Early apoptosis 
demonstrated the greatest increase, and this increase appeared 
to be concentration‑dependent (Fig. 2D and E). 5‑FU served 
as a positive control; flow cytometry indicated that the results 
for the 5‑FU groups were similar to the results for the 2 mM 
caffeine group. These results indicated that caffeine treat-
ment results in cell cycle arrest and promotes MGC‑803 and 
SGC‑7901 cell apoptosis, providing supporting evidence for 
the potential cytotoxic effects of caffeine.

Caffeine induces GC cell apoptosis via the caspase‑9/-3 
pathway. The mechanism underlying the ability of caffeine 
to inhibit GC cell growth and induce apoptosis was investi-
gated. It was hypothesised that apoptosis was driven by the 
caspase pathway in vitro. MGC‑803 and SGC‑7901 cells were 
treated with graded concentrations of caffeine for 24 h in the 
presence of serum. The expression of key apoptosis‑related 
proteins (Bcl‑2, Bad, Bax, Cyt‑c, caspase‑9 and caspase‑3) 
was assessed by western blot analysis. Caffeine treatment 
increased the activation of caspase‑9 and ‑3 (cleaved caspase‑9 
and ‑ 3), and increased the expression levels of Cyt‑c in 

Table I. Primers used for quantitative polymerase chain reaction.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

β‑catenin	 ATTGAAGCTGAGGGAGCCAC	 TCCTGGCCATATCC ACCAGA
PTEN	 ATGACAGCCATCATCAAAGAG	 GACTTTTGTAATTTGTGTATGCTGA
AKT	 GTATGCTGGCAGAGTAGGAGAAC	 CAGGTAACATCAGAGACAGACACA
mTOR	 AGGCCGCATTGTCTCTATCAA	 GCAGTAAATGCAGGTAGTCATCCA
P53	 ACGACGGTGACACGCTTCCCTG	 CGCTAGGATCTGACTGCGGCTC
VEGF‑A	 CCCACTGAGGAGTCCAACAT	 GATGATTCTGCCCTCCTCCTT
GAPDH	 ATCATCCCTGCCTCTACTGG	 GTCAGGTCCACCACTGACAC

PTEN, phosphatase and tensin homolog; mTOR, mammalian target of rapamycin; VEGF‑A, vascular endothelial growth factor A; AKT, 
protein kinase B.
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MGC‑803 and SGC‑7901 cells, compared with the control 
group (Fig. 3A and B). Furthermore, Bcl‑2 expression was 
reduced and Bax expression was increased with the indicated 
concentrations of caffeine, however, there were no significant 
differences in Bad expression (Fig. 3A and B). GC cells treated 
with caffeine at a concentration of 2 mM exhibited the greatest 
differences in the expression of these proteins, compared with 
control cells and lower caffeine concentrations (Fig. 3A and B). 
These results indicate that caffeine treatment markedly influ-
enced the expression of key proteins associated with apoptosis. 
Specific inhibitors of caspase‑9 (5 µM Z‑LEHD‑FMK) and 
caspase‑3 (5 µM Z‑DEVD‑FMK) were used to investigate the 
association between the caspase‑9/-3 pathway activation and 
the caffeine effect. The pro‑apoptotic effects of caffeine were 
reversed by caspase‑9 and ‑3 inhibition (Fig. 3C). These data 
indicate that caffeine induces cell apoptosis via activation of 
the caspase‑9/-3 pathway.

Caffeine exerts sustained effects on cell apoptosis after with‑
drawal. The effects of caffeine withdrawal were investigated 
to determine if the antiproliferative effects were sustained 
following drug withdrawal. GC‑803 and SGC‑7901 cells were 
incubated in caffeine‑free medium for 24 h following caffeine 
treatment, and the post‑withdrawal effects of caffeine on 
apoptosis‑related pathways were investigated. GC cells were 
harvested at 0, 8, 16 and 24 h following caffeine withdrawal, 
and their viability was assessed by CCK‑8 assay. The numbers 
of viable cells increased over time in all groups, however this 

was overall lower in the caffeine‑treated groups compared 
with the 5‑FU treated group (Fig. 4A). Notably, the number 
of viable cells was markedly reduced in the 2 mM groups 
compared with the other groups (Fig. 4A). Based on these 
results, MGC‑803 and SGC‑7901 cells were harvested from 
the 2 mM groups at 0, 8, 16 and 24 h following caffeine with-
drawal, and the levels of caspase‑9 and ‑3 were determined 
by western blot analysis. There were no significant differences 
in the levels of cleaved caspase‑9 and ‑3 in MGC‑803 cells 
amongst these four time points, with the exception of the 
level of cleaved caspase‑3 at 24 h (Fig. 4B and C). Similarly, 
there were no significant differences in the levels of cleaved 
caspase‑9 in SGC‑7901 cells between the four time points, 
with the exception of the levels of cleaved caspase‑9 at 24 h. 
The levels of cleaved caspase‑3 were decreased following 
caffeine withdrawal, with the greatest decrease in protein 
expression occurring at 24 h (Fig. 4B and D). These results 
suggest that the effects of caffeine on apoptosis and the 
corresponding increases in caspase‑9/-3 levels are sustained 
following caffeine withdrawal.

The mRNA expression levels of several genes upstream of 
the caspases were measured via RT‑qPCR, including β‑catenin, 
PTEN, AKT, mTOR, p53 and VEGF‑A. The results indicated 
that the relative mRNA expression levels of these genes were 
influenced by caffeine treatment. In MGC‑803 and SGC‑7901 
cells, PTEN and p53 expression was upregulated and VEGF‑A 
expression was downregulated following caffeine treatment 
for 24  h, compared with control  (Fig.  5A). Furthermore, 

Figure 1. Caffeine inhibits GC cell growth in a concentration‑dependent manner. GC cells were treated with the indicated caffeine concentrations and 
harvested at the indicated times. In addition, GC cells were treated with 5 mg/ml 5‑FU in the evaluation groups. Total cell survival was estimated by cell 
counts. (A) Relative cell viability was compared with that of the untreated control group. (B) MGC and (C) SGC cells were incubated with caffeine in 96‑well 
plates and harvested at 12, 24, 36, 48, 60 and 72 h. Cell Counting Kit‑8 reagent was added to each well at a dilution of 10 µl/100 µl, and the optical density at 
450 nm was detected and recorded. (D) Cells were cultured with caffeine at a density of 100 cells/plate and were stained with crystal violet. Data are expressed 
as the mean ± standard error of the mean of at least three independent experiments. *P<0.01 vs. control. GC, gastric cancer; SGC, SGC‑7901 cells; MGC, 
MGC‑803 cells; OD, optical density; 5‑FU, 5‑fluorouracil.
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mTOR expression was downregulated in SGC‑7901 
cells (Fig. 5A). Relative mRNA expression quantification was 

also conducted in the caffeine‑withdrawal groups. The relative 
expression levels of β‑catenin, PTEN, AKT, mTOR, p53 and 

Figure 2. Caffeine induces cell cycle arrest and promotes GC cell apoptosis. Cells were obtained via enzymatic digestion following caffeine treatment for 24 h 
and then analysed via flow cytometry. (A and B) Representative plots and quantification of the cell cycle analysis performed by PI staining. (C) Protein levels of 
Cyclin D1, CDK4 and p21 were detected by western blot analysis. (D and E) Apoptosis was assessed via dual staining with PI and FITC‑conjugated Annexin V. 
5‑FU treatment served as a positive control. Data are expressed as the mean ± standard error of the mean of at least three independent experiments. *P<0.05 
and **P<0.01 vs. control. GC, gastric cancer; PI, propidium iodide; FITC, fluorescein isothiocyanate; CDK4, cyclin dependent kinase 4; 5‑FU, 5‑fluorouracil; 
PE, phycoerythrin channel.
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VEGF‑A varied (against value ‘1’ represening the endogenous 
control‑normalized expression) over time. The results were 
compared across the treatment conditions; expression levels 
were observed to change with time following caffeine with-
drawal. Only a few groups demonstrated stable expression 
levels (against value ‘1’) with time. PTEN and p53 (in both 
cell lines) remained above value ‘1’ prior to 16 h, and mTOR 
(in SGC‑7901) remained below value ‘1’ prior to 8 h (Fig. 5B). 
These results suggest that caffeine treatment may influence 
the mRNA expression levels of several signalling molecules, 
which are vital components of cancer signalling pathways.

Discussion

The worldwide popularity of caffeine is attributable to its stim-
ulatory effects on the nervous system, as it causes enhanced 
alertness, mental hyperactivity, arousal, wakefulness, enhanced 
cognitive abilities, enhanced pain tolerance and improve-
ments in workplace efficiency. As the structure of caffeine is 
similar to that of adenosine, competitive binding of caffeine 
to adenosine receptors impacts upon the nervous system, 
which facilitates the release of various neurotransmitters at 
the synaptic cleft, including acetylcholine, norepinephrine, 
dopamine and others (25‑28). In addition to these transient 
effects, several reports have emphasized that caffeine exerts 
many long‑term beneficial effects, as it may protect against 
the development of age‑related dementia and cognitive 
decline (29,30), as well as development of Alzheimer's disease 
and Parkinson's disease (31‑34), suggesting that caffeine has 
neuro‑protective effects. In addition, caffeine increases cAMP 
levels by inhibiting phosphodiesterase activity (35). Higher 
amounts of caffeine than are ordinarily possible are required 
by athletes to improve their physical performance and induce 
weight loss (36). Notably, an inverse association between coffee 
consumption and type 2 diabetes (T2DM) risk among Dutch 
individuals was first reported in 2002 (37). To date, numerous 
meta‑analyses and prospective studies have demonstrated that 
regular coffee intake may reduce the risk of T2DM (38‑42). 
These results demonstrate that coffee intake reduces T2DM 
risk via regulation of plasma glucose levels, insulin‑glucose 
homeostasis, islet cell inflammation and pro‑inflammatory 
mediators (43). It has also been reported that caffeine exerts 
anticancer effects resulting in suppression of carcinogenesis, 
proliferation, invasion and metastasis  (44). Furthermore, 
several retrospective and prospective studies indicate that 
long‑term caffeinated coffee intake reduces the morbidity and 
mortality associated with cancer (45,46).

The present study demonstrated that caffeine treatment 
reduced cell growth and induced GC cell apoptosis (MGC‑803 
and SGC‑7901) in vitro. MGC‑803 cells are poorly differenti-
ated GC cells, whereas SGC‑7901 cells are well‑differentiated 
GC cells. These cell lines were used to assess the putative 
anticancer effects of caffeine in cancer cells of various differ-
entiation stages. The present findings indicated that caffeine 
effectively inhibited the proliferation and induced apoptosis 
in both cell lines. Caffeine has previously demonstrated 
antiproliferative effects in a concentration‑dependent (particu-
larly at high concentrations ≥1  mM) and time‑dependent 
manner  (47‑50). In the present study, cell cycle arrest was 
induced by caffeine in a concentration‑ and time‑independent 

Figure 3. Caffeine induces GC cell apoptosis through the caspase‑9/-3 
pathway. GC cells were treated with the indicated caffeine concentrations 
and harvested at 24 h. (A) Whole‑cell lysates were assessed by immunob-
lotting analysis using antibodies against the indicated proteins. (B) Relative 
expression levels of the indicated proteins in GC cells are presented in 
histograms. Protein expression was semi‑quantified by densitometry and 
normalized against β‑tubulin. (C) Cells were incubated with caffeine and 
two caspase‑specific inhibitors (Z‑LEHD‑FMK and Z‑DEVD‑FMK). The 
optical density at 450 nm was recorded and is shown in a histogram. Data 
are expressed as the mean ± standard error of the mean of at least three inde-
pendent experiments. *P<0.01 and **P<0.01 vs. control. GC, gastric cancer; 
Cyt‑c, cytochrome c; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated 
X protein; Bad, Bcl‑2‑associated death promoter; OD, optical density; 
Z‑LEHD‑FMK, caspase‑9 inhibitor; Z‑DEVD‑FMK, caspase‑3 inhibitor.
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manner, demonstrating that the effects of caffeine on MGC‑803 
and SGC‑7901 cells are consistent with previous studies. The 
protein expression levels of cell cycle‑associated proteins were 
detected. The present results revealed that p21 levels were 
upregulated in MGC‑803 cells, whereas cyclin D1 levels were 
downregulated in both GC cell lines, thus supporting the cell 
cycle‑arresting effects of caffeine. The effects of caffeine on 
caspase‑9 and ‑3 were investigated, as these are key apop-
tosis‑related factors in cancer cells. The results indicated that 
caffeine induces apoptosis via activation of the caspase‑9/-3 
pathway.

Notably, the effects of caffeine on cell growth inhibition 
and apoptosis in MGC‑803 and SGC‑7901 cells appeared to 
be sustained following caffeine withdrawal for a short period 
of time (0‑16 h). A previous study indicated that caffeine 
mediates sustained growth inhibition of breast cancer‑related 
myofibroblasts (20), and the present study provides additional 
evidence of the sustained effects of caffeine in cancer cells. 
Cell cycle progression is controlled by cyclin‑CDK complexes, 
which include p21 CDK‑interacting protein, kinase inhibitory 
proteins (KIP: p27KIP1 and p57KIP2), and CDK4 inhibitors 
(INK4: p16INK4a, p15INK4b, p18INK4c, p19INK4d). The G1 phase 

of the cell cycle is the only period during which cells may 
respond to extracellular cues, and progression depends on the 
balance between proliferative and antiproliferative signals. A 
few studies have demonstrated that caffeine affects cyclin D1 
and INK4 expression and causes cell cycle arrest in cancer 
cells. In the present study, caffeine induced G0/G1 phase 
arrest in MGC‑803 and SGC‑7901 cells, which supported the 
apoptotic effects of this drug. Therefore, it was surmised that 
caffeine may induce sustained cell apoptosis in GC cells by 
mediating cyclin‑CDK complexes. However, the mechanisms 
underlying the sustained effects of caffeine remain unknown. 
Further studies should investigate cell cycle arrest mechanisms 
in the sustained anticancer effects of caffeine and other drugs. 
Furthermore, key genes and pathways must be confirmed, 
and these may serve as novel targets in cancer prevention and 
chemotherapy.

In addition to its effects on the cell cycle, caffeine may 
exert sustained effects on gene and protein expression. 
The present study measured Bcl‑2 and Cyt‑c expression to 
determine the relationship between the caspase‑9/-3 pathway 
and the antiproliferative effects of caffeine. Caspase‑9/-3 
are downstream proteins of numerous molecular pathways. 

Figure 4. Caffeine treatment results in sustained activation of the caspase‑9/-3 pathway and reduced cell viability. GC cells were treated with caffeine for 
24 h and then incubated in caffeine‑free culture media. Cells were harvested at 0, 8, 16 and 24 h. (A) The optical density detected at 450 nm is presented in 
histograms. (B) Whole‑cell lysates were assessed via immunoblotting analysis using antibodies against the indicated proteins. (C and D) Expression levels of 
the indicated proteins in GC cells are presented in histograms. Expression values were measured by densitometry and normalized against β‑tubulin. Data are 
representative of at least three independent experiments. *P<0.01 and **P<0.01 vs. control. GC, gastric cancer; 5‑FU, 5‑fluorouracil.
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It was speculated that caffeine may induce sustained GC 
cell apoptosis via various upstream mediators, the results 
supported this hypothesis; caffeine treatment appeared to 
exert sustained effects on several cancer‑related signalling 
pathways. Furthermore, it was revealed that the mRNA 
expression levels of PTEN and p53 were sensitive to caffeine 
treatment. During the early period (8 h) following caffeine 
withdrawal, the mRNA levels of these proteins remained 
relatively high, compared with those of the internal controls. 
Notably, psychotropic substances, including caffeine, may 
cause withdrawal symptoms, and these are considered a type 
of psychological syndrome (51). Similar effects were noted 
in the present study, which were attributed to changes in 
mRNA expression, as although the mRNA levels of PTEN 
were downregulated following caffeine withdrawal, these 
remained higher than value ‘1’, thus suggesting that mRNA 
expression and translation was sustained (Fig. 5B). However, 

further studies are required to fully elucidate the effects 
of caffeine and explore the molecular mechanisms that are 
involved.

MicroRNAs (miRNAs), which are members of the 
non‑coding RNA family, are widely regarded as key modu-
lators of anticancer processes (52,53). miRNAs also serve 
as downstream transcriptional targets of several genes in 
response to internal or external stimuli. Numerous studies have 
established that chemotherapeutic agents, such as 5‑FU (54) 
and decitabine (55)�����������������������������������������, can profoundly alter miRNA gene expres-
sion patterns. Notably, some non‑chemotherapeutic drugs, 
such as caffeine and non‑steroidal anti‑inflammatory drugs, 
have been reported to alter miRNA gene expression (56,57). 
miRNAs have been associated with sustained effects on 
cancer cells; mutant p53‑273H promotes sustained epidermal 
growth factor (EGF)‑induced extracellular signal‑regulated 
kinase 1/2 activation via the miR‑27a/EGF receptor axis, 

Figure 5. Expression of cancer‑related factors was altered by caffeine treatment. MGC‑803 and SGC‑7901 cells were obtained via enzymatic digestion 
following caffeine treatment for 24 h. Human gastric mucosa epithelial cells (GES‑1) were used as an internal control. Relative mRNA expression levels were 
detected by reverse transcription‑quantitative polymerase chain reaction, and the data were analysed using the 2‑ΔΔCq method. (A) Relative mRNA expression 
levels of β‑catenin, PTEN, AKT, mTOR, p53 and VEGF‑A in MGC‑803 and SGC‑7901 cells were measured after 24 h of caffeine treatment. GES‑1 cells were 
used the untreated normal control. (B) Relative mRNA expression levels of β‑catenin, PTEN, AKT, mTOR, p53 and VEGF‑A in MGC‑803 and SGC‑7901 
cells were measured and recorded at the indicated time points after caffeine withdrawal. Data are representative of at least three independent experiments. 
*P<0.01 and **P<0.01 vs. control. PTEN, phosphatase and tensin homolog; mTOR, mammalian target of rapamycin; VEGF‑A, vascular endothelial growth 
factor‑A; AKT, protein kinase B. 
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thereby facilitating cell proliferation and tumourigenesis (58). 
As caffeine appears to alter miRNA expression, miRNAs 
may serve as effectors of the sustained anticancer effects of 
caffeine. Further research is required on this hypothesis; the 
potential association between caffeine and miRNA expres-
sion may be of therapeutic interest in the clinical management 
of cancer.

The anticancer effects of caffeine have been reported 
in various human cells and tissues, and similar results were 
noted in MGC‑803 and SGC‑7901 GC cells in the present 
study. Furthermore, caffeine was observed to induce GC cell 
apoptosis. The present study provided further experimental 
evidence for the effects of caffeine observed in several 
previous studies, however, the mechanisms underlying the 
sustained effects of caffeine on cancer cells require further 
investigation. Optimization of drug doses is a critical factor 
in balancing drug safety and efficacy. In the present study, 
1‑2  mM caffeine was effective in suppressing caspase‑9 
expression and inducing GC cell apoptosis in vitro. Although 
the efficacy of caffeine increased with increasing concentra-
tions of the drug, doses >2 mM were toxic to normal gastric 
cells (data not shown). Previously, dose‑escalation studies 
have been performed in order to establish potentially suitable 
oral administration doses for caffeine in clinical treatments 
or animal experiments  (59,60). The relationship between 
everyday caffeine intake and the risk of cancer is currently 
undefined (61,62). Notably, there is potential for caffeine to 
be used in the adjuvant setting during chemotherapy applica-
tion (63,64). The differences in efficacy between oral or local 
delivery also need to be investigated. Furthermore, the mild 
analgesic effect of caffeine may be useful for post‑operative 
recovery, however, further investigations into the potential 
clinical benefits of caffeine are required.

In conclusion, the present study investigated the role of 
caffeine in GC in targeting the apoptosis‑related caspase‑9/-3 
pathway. These results may serve as supporting evidence for 
further studies regarding the anticancer effects of caffeine on 
gastrointestinal cancers.
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