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Abstract. Type 2 diabetes mellitus (T2DM) is associated with 
an increased risk of the development of colorectal cancer (CRC). 
A previous study revealed that the levels of arginine-specific 
mono-ADP-ribosyltransferase 1 (ART1) in CRC tissues 
from patients with T2DM were higher than in non-diabetic 
patients. Hyperglycemia, which is a risk factor of cancer, is a 
common feature of T2DM; however, the effects of ART1 on 
glycolysis and energy metabolism in CRC cells under high-
glucose conditions remains to be elucidated. β-caryophyllene 
(BCP) has been reported to exert anticancer and hypoglycemic 
effects. In the present study, CT26 cells were cultured under 
a high-glucose conditions and the expression levels of relevant 
factors were detected by western blotting. Cell Counting Kit-8 
assay, flow cytometry, Hoechst 33258 staining, ATP assay 
and lactic acid assay were used to detect the proliferation, 
apoptosis and energy metabolism of CT26 cells. To observe 
the effects of ART1 and BCP on tumor growth in vivo, CT26 

cell tumors were successfully transplanted into BALB/c mice 
with T2DM. The results demonstrated that overexpression 
of ART1 may increase glycolysis and energy metabolism in 
CT26 CRC cells under high glucose conditions by regulating 
the protein kinase B/mammalian target of rapamycin/c-Myc 
signaling pathway and the expression of glycolytic enzymes. 
BCP inhibited the effects induced by ART1, which may be due 
to a BCP-induced reduction in the expression levels of ART1 
via nuclear factor-κB. Therefore, ART1 may be considered a 
therapeutic target for the treatment of diabetic patients with 
CRC.

Introduction

Type 2 diabetes mellitus (T2DM) has been reported to increase 
the risk of various types of cancer, including colorectal cancer 
(CRC) (1-3). A low survival rate is evident in diabetic patients 
with CRC, even in patients that have undergone complete cura-
tive surgical treatment for CRC (4). Hyperglycemia is one of 
the most direct internal environmental alterations in patients 
with T2DM (5,6). It has previously been demonstrated that 
hyperglycemia is a key factor in the mechanisms underlying 
diabetes-associated increased cancer risk (7). Furthermore, 
hyperglycemia activates numerous pathways to promote the 
progression of cancer; for example, it increases the levels 
of insulin-like growth factor 1 (IGF1), upregulates protein 
kinase B (AKT)/mammalian target of rapamycin (mTOR) 
signaling and enhances WNT/β-catenin signaling (8). 
Therefore, identifying the factor that affects the glycolytic 
pathway in CRC may help to increase the survival rate of 
diabetic patients with CRC.

Our previous studies demonstrated that arginine-specific 
mono-ADP-ribosyltransferase 1 (ART1) promotes prolifera-
tion, invasion and metastasis of CRC in vitro and in vivo (9,10). 
Upregulation of the expression of ART1 activates the Ras 
homologue gene family mer A/ROCK1 pathway, which 
affects the expression of phosphorylated-AKT (p-AKT), 
c-Fos and c-Myc, and promotes the proliferation and invasion 
of CRC cells (9). Furthermore, ART1 upregulates hypoxia-
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inducible factor 1α (HIF-1α) via the phosphoinositide 3-kinase 
(PI3K)/AKT signaling pathway, in order to promote the 
expression of angiogenic factors, such as vascular endothe-
lial growth factor and basic fibroblast growth factor, and to 
enhance angiogenesis in cancer tissue (11). It has also been 
revealed that the expression levels of ART1 are higher in 
CRC tissues from patients with T2DM compared with in non-
diabetic CRC tissues. Furthermore, overexpression of ART1 
can increase the growth of transplanted CT26 tumors in 
streptozocin (STZ)-induced diabetic Balb/c mice (Chen et al, 
unpublished data). These findings indicated that ART1 may be 
associated with glycolysis in CRC; however, the mechanism 
remains unclear. It is well known that tumor cells rely on 
increasing aerobic glycolysis to obtain energy, in which glyco-
lytic enzymes serve a significant role; these enzymes include 
pyruvate dehydrogenase kinase 1 (PDK1) and lactate dehydro-
genase A (LDHA) (12-14). In addition, c-Myc may regulate 
aerobic glycolysis through acting on metabolic enzymes, 
including hexokinase 2, LDHA and PDK1 (15). However, to 
the best of our knowledge, the effects of ART1 on the expres-
sion of glycolytic enzymes have yet to be determined. In the 
present study, the expression levels of AKT/mTOR, c-Myc and 
the downstream glycolytic enzymes PDK1 and LDHA were 
detected, and the generation of adenosine triphosphate (ATP) 
and lactic acid were measured, in order to investigate whether 
ART1 could regulate glycolytic enzymes via the AKT/mTOR/
c-Myc pathway and thus modulate the generation of ATP and 
lactic acid.

β-caryophyllene (BCP), which is a natural sesquiterpene 
obtained from spices, is present in numerous plants world-
wide, including Syzygium aromaticum and Cinnamomum 
cassia. It has been reported that BCP possesses significant 
anticancer activities by affecting the growth and prolifera-
tion of numerous types of cancer cell (16). In addition, BCP 
may inhibit the proliferation of HCT-116 and HT-29 CRC 
cells. BCP can bind to cannabinoid receptor 2 (CB2), thus 
stimulating mitogen-activated protein kinase (MAPK) and 
inactivating the PI3K/AKT/mTOR pathway, in order to 
suppress tumor growth and promote tumor apoptosis (17). 
Furthermore, BCP has a beneficial effect on glucose homeo-
stasis by increasing the secretion of insulin and restoring 
glucose homeostasis in diabetic rats (18); therefore, BCP 
exerts both hypoglycemic and antitumor effects. The present 
study hypothesized that, if ART1 could regulate the glycolytic 
process via the AKT/mTOR/c-Myc pathway, BCP may inhibit 
ART1-regulated glycolysis through interfering with this 
pathway. Therefore, the present study assessed the effects of 
BCP on glycolysis and its underlying mechanism in CRC in 
response to ART1 overexpression.

Materials and methods

Cells and reagents. The CT26 cell line was provided by 
Professor Y.Q. Wei (Sichuan University, Chengdu, China). 
ART1-cDNA, untransfected, lentivirus (LV)-control and 
ART1-short hairpin (sh)RNA CT26 cell lines were established 
in previous experiments (19,20). The experimental groups were 
as follows: ART1-cDNA group, CT26 cells in which ART1 
was overexpressed; ART1-shRNA group, CT26 cells in which 
ART1 was silenced; untransfected group, untransfected CT26 

cells; LV-control group, CT26 cells which were transfected 
with an empty LV vector. The untransfected and LV-control 
groups were considered the control groups. To detect the 
effects of BCP (Sigma-Aldrich; Merck KGaA, Darmstadt, 
Germany) on ART1-induced glycolysis, ART1-cDNA CT26 
cells were incubated under high-glucose conditions (25 mM) 
at 37˚C for 48 h in the control group. In the experimental 
groups, ART1-cDNA CT26 cells were treated with glucose 
(25 mM) and 50 µM BCP [dissolved in 0.1% dimethyl sulf-
oxide (DMSO) (D-5879, Sigma-Aldrich, Merck KGaA)] at 
37˚C for 48 h. glucose (25 mM) and 0.1% DMSO at 37˚C for 
48 h, or glucose (25 mM) and 10 µM pyrrolidinedithiocar-
bamic acid (PDTC) at 37˚C for 48 h. Each group of CT26 
cells was cultured in RPMI-1640 medium (HyClone; GE 
Healthcare Life Sciences, Logan, UT, USA) supplemented 
with 10% fetal bovine serum (Pan-Biotech GmbH, Aidenbach, 
Germany), 100 µg/ml streptomycin and 100 U/ml penicillin 
(Beyotime Institute of Biotechnology, Shanghai, China) at 
37˚C in an incubator containing 5% CO2. Cells were cultured 
in the presence of glucose (25 mM) (21) in complete culture 
medium for 48 h. The bicinchoninic acid (BCA) protein 
assay kit, Hoechst staining kit, adenosine triphosphate (ATP) 
assay kit and PDTC were purchased from Beyotime Institute 
of Biotechnology. The lactic acid assay kit was purchased 
from Nanjing Jiancheng Bioengineering Institute (Nanjing, 
China). STZ and nicotinamide (NA) were purchased from 
Sigma-Aldrich; Merck KGaA.

Western blot analysis. Cells from each group were collected 
following exposure to high-glucose conditions. Total protein 
was extracted using whole-cell lysis buffer (Beyotime Institute 
of Biotechnology). In addition, the subcutaneous tumors were 
cut into small pieces, weighed, homogenized and then lysed 
with radioimmunoprecipitation assay lysis buffer (Beyotime 
Institute of Biotechnology; 100 µl/10 mg) for 30 min on ice. 
The lysate was transferred into a 1.5 ml centrifuge tube and 
centrifuged at 16,099 x g for 5 min at 4˚C. Protein concentra-
tions were evaluated using the BCA protein assay kit (Beyotime 
Institute of Biotechnology). Proteins (20 µg total protein/well) 
were separated by 8-10% SDS-PAGE and were then transferred 
onto polyvinylidene fluoride membranes (EMD Millipore, 
Billerica, MA, USA). The membranes were then incubated at 
room temperature for 2 h in a blocking solution; 5% bovine 
serum albumin (0332; Amresco LLC, Solon, OH, USA) in 
Tris-buffered saline containing 0.1% Tween-20 (TBST) was 
used when phosphorylated proteins were to be detected, 
whereas 5% non-fat milk in TBST was used when unphos-
phorylated proteins were to be detected. Once the membranes 
had been washed in TBST, they were incubated with primary 
antibodies overnight at 4˚C. The following primary antibodies 
(dilutions, 1:1,000) were used: AKT (#4691T), phosphory-
lated (p)-AKT (ser473) (#4060T), mTOR (#2983P), p-mTOR 
(ser2448) (#5536T), PDK1 (#3062T), c-Myc (#5605T), 
LDHA (#3558S), B-cell lymphoma 2-associated X protein 
(Bax) (#14796S) and cleaved caspase-3 (#9664T) (all from 
Cell Signaling Technology, Inc., Danvers, MA, USA), ART1 
(A10103; ABclonal, Inc., Woburn, MA, USA) and β-actin 
(bsm-33036M; BIOSS, Beijing, China). The membranes were 
washed three times with TBST, and were then incubated with 
secondary antibodies [peroxidase-conjugated goat anti-rabbit 
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immunoglobulin (Ig)G (1:2,000, AS014; ABclonal, Inc.) or 
peroxidase-conjugated goat anti-mouse IgG (1:2,000, AS003, 
ABclonal, Inc.) for 2 h at room temperature. Subsequently, the 
membranes were washed with TBST three times. Blots were 
visualized and images were captured using a ChemiDoc XRS 
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and 
chemiluminescence (BeyoECL Plus; Beyotime Institute of 
Biotechnology). All experiments were repeated in triplicate.

Cell survival assay. ART1-cDNA CT26 cells were seeded in 
96-well plates at a density of 1x104 cells/well. After 24 h, the 
cells were exposed to increasing concentrations of BCP (0, 5, 
10, 20 and 50 µM) and a high concentration of glucose (25 mM) 
for 24, 48 and 72 h. Cell Counting Kit-8 (CCK-8) (7sea Biotech, 
Shanghai, China) reagent (10 µl) was added to each plate and 
the cells were incubated for 1 h at 37˚C. The absorbance was 
recorded using a microplate reader (BioTek Instruments, Inc., 
Winooski, VT, USA) at an optical density (OD) of 450 nm. The 
percentage of inhibition was calculated using the following 
formula: [1 - (mean OD of experimental group - mean OD 
of blank control group) / (mean OD of control group - mean 
OD of blank control group)] x 100%. The percentage of 
proliferation was calculated using the formula: [(mean OD of 
experimental group - mean OD of control group) / mean OD 
of control group] x 100%.

ATP content assay. To measure glycolysis-mediated production 
of ATP, cells were cultured in a 6-well plate and treated with 
a high concentration of glucose (25 mM) and BCP (50 µM) 
for 48 h. Cellular ATP levels were measured using a firefly 
luciferase-based ATP assay kit (cat. no. S0026; Beyotime 
Institute of Biotechnology). Briefly, protein was suspended 
in standard reaction buffer containing luciferin and lucif-
erase, and was then assessed according to the manufacturer's 
protocol. Luminescence was measured using a Glomax® Multi 
Detection system (Promega Corporation, Madison, WI, USA).

Lactic acid measurement. ART1-cDNA CT26 cells in a 6-well 
plate were incubated with or without BCP (50 µM) under 
high-glucose (25 mM) conditions at 37˚C and 5% CO2 for 
48 h. The supernatant was then collected into Eppendorf tubes 
and centrifuged at 111.8 x g for 5 min. The amount of lactic 
acid in the supernatant was determined using a lactic acid 
test kit (A019-2; Nanjing Jiancheng Bioengineering Institute), 
according to the manufacturer's protocol.

Staining with Hoechst 33258. ART1-cDNA CT26 cells were 
cultured in 6-well plates (1x105 cells/well) under high-glucose 
conditions (25 mM) in the presence or absence of BCP 
(50 µM) at 37˚C and 5% CO2 for 48 h. After removal of the 
culture medium, the cells were fixed 4% paraformaldehyde 
(0.5 ml) for 10 min and washed twice with PBS. After treat-
ment with Hoechst 33258 (0.5 ml) for 5 min in the dark, 
stained nuclei were observed under a fluorescence microscope 
(ZOE™ Fluorescent Cell Imager; Bio-Rad Laboratories, Inc.). 
The apoptotic ratio (AR) was calculated using the following 
formula: AR = [apoptotic cells / total cell count] x l00%.

Flow cytometry. ART1-cDNA CT26 cells were seeded 
in 6-well plates (1x105 cells/well) and were cultured with 

a high concentration of glucose (25 mM) in the presence 
of absence of BCP (50 µM) at 37˚C. After being cultured 
for 48 h, suspended and adherent cells were collected by 
centrifugation (111.8 x g for 5 min), washed twice with 
PBS and resuspended in binding buffer (70% ethanol) prior 
to centrifugation at 111.8 x g for 5 min. Subsequently, the 
collected cells were treated with RNase A (10 g/ml; cat. 
no. 2158; Takara Biotechnology Co., Ltd., Dalian, China) for 
1 h at 37˚C and were then treated with 50 mg/ml propidium 
iodide (PI; cat.no. P1304MP; Thermo Fisher Scientific, Inc.) 
overnight at 4˚C before flow cytometry (FACSVantage SE; 
BD Biosciences, Franklin Lakes, NJ, USA). The proliferation 
index (PI) was measured according to the following formula: 
PI = (G2 + S) / (G1 + S + G2). Apoptosis was evaluated using 
the Annexin V-fluorescein isothiocyanate Apoptosis Detection 
kit (C1062; Beyotime Institute of Biotechnology), according to 
the manufacturer’s protocol for flow cytometry (FACSVantage 
SE; BD Biosciences). The apoptotic percentage was deter-
mined as follows: Apoptotic rate (%) = [apoptotic cells (A)/
total cell count (T)] x 100.

Establishment of the animal model. The present study was 
approved by the ethics committee of Chongqing Medical 
University (Chongqing, China). Adult male Balb/c mice (n=48; 
weight, 25±2 g; age, 6-8 weeks) were obtained from the 
Experimental Animal Center of Chongqing Medical University. 
They were maintained under optimal conditions (12-h light/
dark cycle; humidity, 60±5%; temperature, 22±3˚C; free access 
to food and water). Mice were injected intraperitoneally (i.p.) 
with STZ (STZ in 0.1 M citric acid buffer, pH 4.5; 100 mg/kg 
on days 1 and 3) after being fasted for 16 h (with free access to 
water). NA in saline (120 mg/kg) was injected i.p. 15 min prior 
to the administration of STZ (22). The weight of each mouse 
and the concentration of glucose in the blood were measured 
to ensure that the diabetic mouse model was properly estab-
lished. Subsequently, CT26 cells were harvested from each of 
the four cell groups; a 200-µl single cell suspension containing 
2x106 cells was injected into the right forelimb of diabetic 
Balb/c mice to establish the CT26 transplanted tumor model for 
14 days in diabetic Balb/c mice. In addition, BCP was dissolved 
in corn oil and administered intragastrically (200 mg/kg body 
weight/day) (18). In the ART1-cDNA + BCP group, diabetic 
Balb/c mice, which had been inoculated with ART1-cDNA 
CT26 cells for 10 days, were treated with BCP. The same dose 
of corn oil was administered intragastrically to diabetic Balb/c 
mice inoculated with ART1-cDNA CT26 cells to generate the 
control group. Tumor volume was computed from diameters 
measured using a digital caliper, using the following formula: 
V = ab2 / 2, where a refers to the maximum diameter and b 
to the minimum diameter. Following sacrifice of the mice, all 
tumors were obtained and used for western blotting.

Statistical analysis. All experiments were conducted at least 
three times. Data were analyzed using SPSS 18.0 software 
(SPSS, Chicago, IL, USA). Data are presented as the means 
± standard deviation. Statistical analysis was performed using 
Student's t-test or one-way analysis of variance followed by the 
least significant difference test, which was used to analyze the 
ranked data and the differences between each group. P<0.05 
was considered to indicate a statistically significant difference.



ZHOU et al:  β-CARYOPHYLLENE INHIBITS ART1-REGULATED GLYCOLYSIS IN COLORECTAL CANCER1616

Results

Effects of ART1 on the generation of ATP and lactic acid in 
CT26 cells. Lactic acid and ATP concentrations were detected 
in the four cell groups under high-glucose conditions, in order 
to investigate whether ART1 regulates aerobic glycolysis 
through the generation of ATP and lactic acid. Compared 
with in the untransfected and LV-control groups, lactic acid 

and ATP concentrations were significantly increased in the 
ART1-cDNA group, whereas those in the ART1-shRNA group 
were decreased (Fig. 1A and B).

Effects of ART1 on the expression of AKT, p‑AKT, mTOR, 
p‑mTOR, c‑Myc, PDK1 and LDHA in vitro and in vivo. Each 
group was treated with high glucose for 48 h, after which 
the expression levels of AKT, p-AKT, mTOR and p-mTOR 

Figure 1. ART1 regulates the expression levels of glycolytic enzymes via AKT/mTOR. (A and B) Effects of ART1 on ATP and lactic acid concentrations were 
detected. (C and D) Effects of ART1 on the expression levels of AKT, p-AKT, mTOR, p-mTOR, c-Myc, LDHA and PDK1 in the ART1-cDNA, ART1-shRNA, 
LV-control and untransfected CT26 cells treated with high glucose (25 mM) for 48 h. (E and F) Effects of ART1 on the expression levels of mTOR, p-mTOR, 
LDHA and PDK1 in ART1-cDNA, ART1-shRNA, LV-control and untransfected CT26 cell tumors from diabetic Balb/c mice. *P<0.05, **P<0.01, ***P<0.001. 
AKT, protein kinase B; ART1, arginine-specific mono-ADP-ribosyltransferase 1; ATP, adenosine triphosphate; LDHA, lactate dehydrogenase; LV, lentivirus; 
mTOR, mammalian target of rapamycin; p-, phosphorylated; PDK1, pyruvate dehydrogenase kinase 1; shRNA, short hairpin RNA.
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were measured by western blotting. Compared with in the 
untransfected and LV-control groups, the expression levels 
of p-AKT/AKT and p-mTOR/mTOR were increased in the 
ART1-cDNA group; however, they were decreased in the 
ART1-shRNA group (P<0.01; Fig. 1C and D). The expression 
levels of c-Myc, PDK1 and LDHA were also significantly 
increased in the ART1-cDNA group and decreased in the 
ART1-shRNA group (P<0.05), indicating that ART1 may 
induce activation of c-Myc signaling cascades, thus affecting 
PDK1 and LDHA expression (Fig. 1C and D).

To confirm whether alterations in ART1 may affect the 
expression levels of mTOR, p-mTOR, PDK1 and LDHA, the 
expression levels of these proteins were detected in CT26 cell 
allograft transplanted tumors in diabetic Balb/c mice. The results 
demonstrated that the expression levels of p-mTOR, PDK1 
and LDHA in the ART1-cDNA CT26 group were increased, 
whereas the expression levels of p-mTOR, PDK1 and LDHA 
were decreased in the ART1-shRNA group, as compared with 
in the untransfected and LV-control groups (P<0.05; Fig. 1E 
and F). The expression levels of mTOR exhibited no significant 
difference in the four groups (P>0.05; Fig. 1E and F). These 
findings suggested that ART1 may impact glycolysis though 
regulating the AKT/mTOR molecular signal.

Effects of ART1 on the growth of CT26 cell allograft trans‑
planted tumors in diabetic Balb/c mice. A total of 14 days 

after the CT26 cells were inoculated into diabetic Balb/c 
mice, tumor weight and volume were measured in each group. 
Compared with in the untransfected and LV-control groups, 
tumor weight and volume were significantly increased in the 
ART1-cDNA group and decreased in the ART1-shRNA group 
(P<0.01; Fig. 2A and B). Furthermore, the expression levels of 
Bax and cleaved caspase-3, which are indicators of apoptosis, 
were decreased in the tumor tissues from the ART1-cDNA 
group and increased in the ART1-shRNA group, as compared 
with in the LV-control and untransfected groups (P<0.001 
Fig. 2C and D). These findings suggested that overexpression 
of ART1 may upregulate the growth and diminish cellular 
apoptosis of CT26 cell tumors in diabetic mice.

Effects of BCP on the proliferation and apoptosis of ART1‑
cDNA CT26 cells. In order to investigate the effects of BCP 
(Fig. 3A) on the proliferation of ART1-cDNA CT26 cells, 
a CCK-8 assay was used to measure cellular viability. The 
results demonstrated that the inhibitory rate of ART1-cDNA 
CT26 cell proliferation was increased when cells were 
cultured with BCP (50 µM) for 24 h (P<0.001; Fig. 3B). To 
further analyze this effect, ART1-cDNA CT26 cells cultured 
in high-glucose (25 mM) were treated with BCP (50 µM) for 
48 h, in order to detect the effects of BCP on cell proliferation, 
cell cycle progression and apoptosis. The proliferative capacity 
of ART1-cDNA CT26 cells cultured with BCP was decreased 

Figure 2. Effects of ART1 on CT26 tumor growth and cell apoptosis in diabetic Balb/c mice. (A) ART1-cDNA, untransfected, LV-control and ART1-shRNA 
CT26 cells were transplanted into diabetic Balb/c mice for 14 days. (B) Effects of ART1 on tumor weight and volume. (C and D) Effect of ART1 on the expres-
sion levels of Bax and cleaved caspase-3 in each transplanted tumor. **P<0.01, ***P<0.001. ART1, arginine-specific mono-ADP-ribosyltransferase 1; Bax, B-cell 
lymphoma 2-associated X protein; LV, lentivirus; shRNA, short hairpin RNA.
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Figure 3. Effects of BCP on the proliferation, cell cycle progression and apoptosis of cells overexpressing ART1 in vitro. (A) Structure of BCP. (B and C) Cell 
Counting kit-8 was used to detect the anti-proliferative effects of BCP on ART1-cDNA cells; ART1-cDNA CT26 cells were treated with BCP (50 µM) for 48 h. 
(D-F) Effects of BCP on the cell cycle and proliferation index of ART1-cDNA CT26 cells, as detected by flow cytometric analysis. (G and H) Hoechst 333258 
staining was used to detect the number of apoptotic cells in the ART1-cDNA CT26 group in the presence or absence of BCP. The white arrows indicate 
apoptotic cells. (I and J) Flow cytometric analysis was used to determine the effects of BCP on the apoptosis of ART1-cDNA CT26 cells. *P<0.05, **P<0.01, 
***P<0.001 vs. ART1-cDNA. ART1, arginine-specific mono-ADP-ribosyltransferase 1; BCP, β-caryophyllene; DMSO, dimethyl sulfoxide.
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compared with the ART1-cDNA CT26 cells cultured without 
BCP (P<0.05 Fig. 3C). Flow cytometry indicated that the 
proportion of ART1-cDNA CT26 cells treated with BCP in 
G1 phase was increased and the PI was decreased compared 
with the ART1-cDNA CT26 cells cultured without BCP 
(P<0.05; Fig. 3D-F). Staining with Hoechst 33342 demon-
strated that the number of apoptotic bodies was increased in 
ART1-cDNA CT26 cells treated with BCP compared with 
in the absence of BCP (P<0.001; Fig. 3G and H). The rate of 
apoptosis was further analyzed by flow cytometric analysis; 
the apoptotic rate in ART1-cDNA CT26 cells treated with 
BCP (12.88±2.53%) was higher than in ART1-cDNA CT26 
cells not treated with BCP (6.7±0.845%) (P<0.05; Fig. 3I and J).

Effects of BCP on the growth of ART1‑cDNA CT26 cell 
allograft transplanted tumors in diabetic Balb/c mice. BCP 
was dissolved in corn oil and administered intragastrically 
(200 mg/kg b.w.). In the ART1-cDNA + BCP group, diabetic 
Balb/c mice, which were inoculated with ART1-cDNA CT26 
cells for 10 days, were treated with BCP (200 mg/kg b.w.). In 
the control group, the same dose of corn oil was administered 
intragastrically to diabetic Balb/c mice, which were inoculated 
with ART1-cDNA CT26 cells. Tumor weight and volume 
were significantly decreased in the ART1-cDNA + BCP group 
compared with in the control group (P<0.05; Fig. 4A and B). 
Furthermore, the expression levels of apoptosis-associated 
proteins (Bax and cleaved caspase-3) were increased in the 
ART1-cDNA + BCP group compared with in the control 

group (Fig. 4C and D). These findings indicated that BCP may 
inhibit the growth and enhance the apoptotic effects of ART1 
overexpression on transplanted tumors in diabetic mice.

Effects of BCP on the generation of ATP and lactic acid in 
ART1‑cDNA CT26 cells. The intracellular ATP content and 
lactic acid content in the supernatant of ART1-cDNA CT26 
cells treated with high glucose and BCP were assessed, in 
order to investigate the effects of BCP on aerobic glycolysis. 
Compared with in the untreated ART1-cDNA CT26 cells, the 
concentrations of ATP and lactic acid were decreased in the 
ART1-cDNA + BCP group (Fig. 5A and B).

Effects of BCP on the expression levels of AKT/mTOR, 
c‑Myc, PDK1 and LDHA in vivo and in vitro. The expression 
levels of p-AKT, p-mTOR, c-Myc, PDK1 and LDHA were 
all decreased in ART1-cDNA CT26 cells treated with BCP 
under high-glucose conditions compared with in ART1-cDNA 
CT26 cells cultured without BCP (P<0.05; Fig. 5C and D). 
Conversely, the expression levels of AKT and mTOR exhibited 
no significant difference between the groups (P>0.05; Fig. 5C 
and D). Furthermore, the expression levels of p-mTOR, PDK1 
and LDHA were decreased in ART1-cDNA CT26 cell tumors 
obtained from mice treated with BCP compared with in 
ART1-cDNA CT26 cell tumors obtained from untreated mice 
(P<0.01; Fig. 5E and F). These findings indicated that BCP may 
inhibit the AKT/mTOR pathway to downregulate the levels of 
PDK1 and LDHA in CT26 CRC cells overexpressing ART1.

Figure 4. Effects of BCP on CT26 tumor growth and cell apoptosis in the ART1-overexpression group in vivo. (A and B) Effects of BCP on ART1-cDNA 
CT26 cell tumor weight and volume in diabetic Balb/c mice. (C and D) BCP upregulated the expression levels of Bax and cleaved caspase-3 in ART1-cDNA 
CT26 cell tumors. *P<0.05, **P<0.01, ***P<0.001 vs. ART1-cDNA group. ART1, arginine-specific mono-ADP-ribosyltransferase 1; Bax, B-cell lymphoma 
2-associated X protein; BCP, β-caryophyllene.
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BCP and PDTC inhibit the expression of ART1 in CT26 cells. 
The present study demonstrated that the expression levels of 
ART1 were inhibited when ART1-cDNA CT26 cells were 
treated with BCP in vitro and in vivo (P<0.01; Fig.6A-D); 
however, the underlying mechanism was unclear. It was 
therefore hypothesized that BCP may inhibit the expression 

of ART1 through regulating NF-κB; however, to the best of 
our knowledge, there are no indications as to whether NF-κB 
can control the expression of ART1. To elucidate whether the 
NF-κB pathways were involved in regulating the expression of 
ART1, ART1-cDNA CT26 cells were treated with the NF-κB 
inhibitor, PDTC. The results demonstrated that PDTC and 

Figure 5. BCP regulates glycolysis through inhibiting the AKT/mTOR pathway. (A and B) BCP reduced the concentrations of ATP and lactic acid in 
ART1-cDNA CT26 cells. (C and D) Western blot analysis detected the protein expression levels of p-AKT, p-mTOR, c-Myc, PDK1 and LDHA, which were 
downregulated in ART1-cDNA CT26 cells treated with BCP. The protein expression levels of AKT and mTOR were not significantly different between the 
two groups. (E and F) Protein expression levels of p-mTOR, PDK1 and LDHA were also reduced in ART1-cDNA CT26 cell tumors from diabetic Balb/c mice 
treated with BCP. The protein expression level of mTOR exhibited no significant difference between the two groups. *P<0.05, **P<0.01, ***P<0.001, vs. ART1-
cDNA group. AKT, protein kinase B; ART1, arginine-specific mono-ADP-ribosyltransferase 1; ATP, adenosine triphosphate; BCP, β-caryophyllene; LDHA, 
lactate dehydrogenase; mTOR, mammalian target of rapamycin; p-, phosphorylated; PDK1, pyruvate dehydrogenase kinase 1.
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BCP could downregulate the expression of ART1 (P<0.01; 
Fig. 6E and F).

Discussion

Previous studies have demonstrated that T2DM increases the 
risk of CRC (1,23,24). A previous meta-analysis confirmed 
that T2DM has a positive correlation with the risk of CRC (1).  
Hyperglycemia is one of the key mechanisms connecting the 
potential risk of cancer with diabetes (25); hyperglycemia is 
often associated with increases in the risk of several types 
of cancer (26,27). A previous study revealed that only ~27% 
of patients with CRC had normal concentrations of glucose 
in the blood. Furthermore, compared with in patients with 
normal blood glucose levels, patients with high blood glucose 
levels have larger tumor diameters, more poorly differentiated 
and aggressive tumors, and present with advanced Tumor 
Node Metastasis stage tumors (28). However, the mechanism 
underlying how high blood glucose levels contribute to the 
development of CRC is currently unclear. Our previous studies 
demonstrated that ART1 may promote the proliferation, inva-
sion and metastasis of CRC, and inhibit the apoptosis of CRC 
in vitro and in vivo (9,29). In addition, it was observed that the 
expression of ART1 in human CRC tissue from patients with 
T2DM is much higher than that in non-diabetic CRC tissue 
(Chen et al, unpublished data). The present study demonstrated 
that overexpression of ART1 may increase the growth of trans-
planted CT26 tumors in STZ-induced diabetic Balb/c mice. To 
confirm the effects of ART1 on aerobic glycolysis in CRC cells, 
the study demonstrated that ART1 could upregulate lactic acid 
and ATP concentrations in CT26 cells, which were cultured in 
a high-glucose environment. Lactic acid is a specific product 

of glycolysis. In addition, glucose can be oxidized to produce 
ATP under aerobic conditions, whereas, under anoxic condi-
tions, ATP can be generated by glycolysis (14); therefore, both 
lactic acid and ATP may reveal the level of glycolysis (30). The 
present study indicated that ART1 may be considered a regula-
tory factor of glycolysis in CRC.

In our previous study, ART1 was revealed to upregulate 
the expression of p-AKT, c-Myc and c-Fos, in order to 
promote the proliferation and invasive potential of CT26 
cells (9); ART1 also inhibits the apoptosis of CT26 cells via 
the PI3K/AKT pathway (29). A previous study demonstrated 
that the PI3K/AKT pathway serves a critical role in promoting 
aerobic glycolysis (31). AKT has also been reported to protect 
cancer cells from bioenergetic stress by enhancing uptake 
of glucose and storage of glycogen, which has a critical 
role in promoting the generation of ATP (32). The PI3K/
AKT/mTOR pathway is also upregulated in human diabetic 
nephropathy (33). Whether or not ART1 promotes glycolysis 
via the PI3K/AKT/mTOR pathway is currently unclear. The 
present study indicated that the expression levels of p-AKT 
and p-mTOR were increased in the ART1 overexpression 
group, whereas p-AKT and p-mTOR expression levels were 
decreased when ART1 was downregulated. PDK1 is a key 
enzyme that negatively regulates the activity of the pyruvate 
dehydrogenase complex through phosphorylation (34). PDK1 
is directly transactivated by HIF-1α, and HIF-1α is also 
involved in dysregulating c-Myc to promote glycolysis (35). 
HIF-1α, which is a downstream target of mTOR, is a major 
transcription factor that controls cellular adaptation to 
hypoxia and promotes glycolytic metabolism (36). Therefore, 
modulation of mTOR may regulate the expression of PDK1. 
LDHA catalyzes the last step of anaerobic glycolysis, and 

Figure 6. BCP regulates the expression levels of ART1 in CT26 cells. (A-D) ART1 expression was reduced in ART1-cDNA CT26 cells treated with BCP 
in vitro and in vivo. (E and F) ART1 expression was decreased in ART1-cDNA CT26 cells treated with BCP or PDT. **P<0.01, ***P<0.001, vs. ART1-cDNA 
group. ART1, arginine-specific mono-ADP-ribosyltransferase 1; BCP, β-caryophyllene; PDTC, pyrrolidinedithiocarbamic acid.
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is abnormally expressed in numerous types of human 
cancer (37,38). Furthermore, c-Myc activates the expression 
of LDHA and increases production of lactate (12); it also 
increases the uptake of glucose by regulating LDHA and 
glucose transporter 1 expression (15,39). In the present study, 
overexpression of ART1 increased the expression levels of 
c-Myc, PDK1 and LDHA in CT26 cells in vitro and in CT26 
cell tumors in vitro, whereas the opposite effect was detected 
when ART1 expression was silenced. Above all, ART1 may 
regulate glycolysis in CRC through activating the AKT/mTOR 
pathway to upregulate the expression of c-Myc, PDK1 and 
LDHA.

The proliferation of MC38 colon cancer cells has been 
reported to be elevated and their apoptosis diminished in a 
T2DM environment (8). Another study observed that local IGF-1 
and IGF-1R mRNA are overexpressed in T2DM patients with 
CRC. IGF-1 activates signaling via the PI3K/AKT/mTOR and 
RAS/RAF/MAPK pathways that enhance the proliferation and 
survival of colorectal cancer cells (40). The metabolic switch 
to aerobic glycolysis in cancer cells involves mTOR-mediated 
expression of glycolytic enzymes through the activation of 
HIF-1α, NF-κB and c-Myc (41,42). The present study revealed 
that ART1 could upregulate glycolysis in CRC through 
activating the AKT/mTOR pathway, thus enhancing the prolif-
erative ability and weakening the apoptosis of CT26 cells. 
Therefore, it is important to identify an effective and accessible 
drug that inhibits the AKT/mTOR pathway mediated by ART1, 
in order to regulate the levels of glycolysis in CRC.

BCP is a natural bicyclic sesquiterpene, which is found 
in large quantities in essential oils from cloves, cinnamon, 
black pepper and cannabis (18,43). A previous report indicated 
that oral administration of BCP for 45 days decreases the 
concentration of glucose in the blood and increases plasma 
insulin; it has been reported to be more effective than gliben-
clamide (18). Therefore, in the present study, BCP was added 
to CT26 cells, which overexpressed ART1 under high glucose 
conditions, and to CT26 cell tumors in diabetic Balb/c mice. 
The results demonstrated that the concentrations of ATP and 
lactic acid were decreased following treatment with BCP. It 
was therefore suggested that BCP may affect glycolysis in 
ART1-overexpressing CT26 cells. Cannabinoid receptors, 
CB1 and CB2, are G-protein-coupled receptors and the main 
components of the endocannabinoid system (44). These recep-
tors have important roles in the maintenance of the balance 
in energy and metabolism. BCP exclusively binds to CB2 and 
stimulates MAPK and PI3K signaling pathways, which in turn 
can activate proapoptotic proteins and inactivate anti-apoptotic 
proteins (17,45). The present study revealed that BCP inhibited 
the expression of p-AKT, p-mTOR, c-Myc, PDK1 and LDHA 
in ART1-overexpressing CT26 cells and tumors. In CRC 
and pancreatic cancer cells, BCP inhibits their growth (16). 
Furthermore, the present study revealed that following treat-
ment of ART1-overexpressing CT26 cells and tumors with 
BCP, proliferation was reduced and apoptosis was enhanced. 
Therefore, it may be considered that BCP exerts a useful action 
on inhibiting ART1-induced glycolysis via the AKT/mTOR 
pathway, which may inhibit the proliferation and enhance the 
apoptosis of CRC cells.

The present study also aimed to determine how BCP 
affects ART1-induced glycolysis via the AKT/mTOR 

pathway. Notably, the expression of ART1 was diminished in 
ART1-overexpressing CT26 cells following treatment with 
BCP. It is well known that AKT regulates NF-κB-dependent 
gene transcription and upregulates the activity of the cAMP 
response element binding protein CR1/2, which is necessary 
for the transcription of anti-apoptotic genes (45). In addition, 
it has been suggested that BCP binds to CB2 to regulate the 
PI3K/AKT/NF-κB pathway (44). In our previous study, it was 
observed that NF-κB is inhibited by poly (ADP-ribose) poly-
merase 1 (PARP1) and NF-κB was revealed to inhibit PARP1 
by negative feedback in LoVo cells (46). It has also been 
observed that ART1 inhibits the expression of PARP1 in CT26 
cells (19). Some researchers consider mono-ADP-ribosylation 
to be the basis of poly-(ADP-ribosy)lation; the addition of 
more than one ADP-ribose units to a mono-ADP-ribosylated 
molecule may result in the initiation of poly-(ADP-ribosy)lated 
modification (47,48). ART1 and PARP1, which are catalyzing 
enzymes of mono-ADP-ribosylation and poly-ADP-ribosyl-
ation respectively, are closely connected in CRC. Therefore, it 
was hypothesized that NF-κB may also regulate the expression 
of ART1; to the best of our knowledge, no previous study has 
reported this. To explore this, PDTC (an inhibitor of NF-κB) 
was added to ART1-overexpressing CT26 cells; the expres-
sion levels of ART1 were decreased following treatment with 
PDTC. Therefore, inhibition of NF-κB may downregulate the 
expression of ART1. These findings suggested that BCP may 
inhibit ART1-induced glycolysis via the AKT/mTOR pathway, 
possibly through the downregulation of NF-κB, which may 
decrease the expression of ART1. However, exactly how 
NF-κB regulates the expression of ART1 requires further 
study.

In conclusion, the present study revealed that, in CRC 
cells, ART1 may increase the generation of ATP and lactic 
acid by upregulating the AKT/mTOR/c-Myc pathway, 
thus increasing the expression of PKD1 and LDHA, and 
affecting the proliferation and apoptosis of CT26 cells under 
high-glucose conditions. Conversely, the plant product BCP 
inhibited ART1-induced glycolysis through the AKT/mTOR 
pathway, which could suppress the proliferation and enhance 
the apoptosis of CRC cells. Therefore, ART1 may have an 
important role in glycolysis in CRC, and is proposed as a 
therapeutic target for the treatment of diabetic patients with 
CRC. Furthermore, BCP may be considered an important 
lead for the identification of novel drugs for the treatment of 
diabetic patients with CRC.
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