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Abstract. Betulin is a common triterpene that can be readily 
obtained from various plants, particularly birch trees, in their 
natural environment. Specific tumor cells are sensitive to 
betulin, whereas healthy cells are not. Betulin was observed to 
stimulate programmed cell death of various cancer cell lines; 
however, the precise molecular mechanism of action of betulin 
remains unknown. The present study used colon cancer cells, 
in which mass apoptosis triggered by betulin was identified, 
and the apoptotic process was demonstrated to occur via the 
activation of caspase-3 and -9 pathways. In addition, release 
of cytochrome c was detected. Furthermore, the pro-apoptotic 
member of the Bcl-2 protein family, NOXA, was induced 
following treatment with betulin, and the downregulation of 
NOXA markedly suppressed the release of cytochrome c and 
apoptosis in colon cancer cells. Conversely, the overexpression 
of NOXA further enhanced betulin-induced apoptosis. The 
present study therefore offers novel insights into the mecha-
nism of action of the natural compound betulin against tumors.

Introduction

Betulin is a frequently occurring natural compound, abundant 
in trees and grasses, making up ~33%, in mass, of the extracts 
obtained from the bark of birch trees (1). It is a versatile compound 
that may be used in conjunction with others to form a variety of 
chemicals for a number of pharmacological usages, including in 
poison oak, as a skin irritant (1). Betulinic acid, which is derived 
from betulin, has been used as a cytotoxic drug to treat tumors 

due to its antitumorigenic abilities (2-4). The cytotoxicity of 
betulin has been the focus of previous studies; however, the exact 
mechanism of action has yet to be elucidated (5,6).

The inhibition of cellular apoptosis is a key indicator that 
marks the initiation and progression of cancer (7). Therefore, 
current cancer treatments, including chemotherapy and immu-
notherapy, function primarily through promoting the apoptosis 
of tumor cells (8,9). Programmed cell death may be induced 
via either a receptor or mitochondrial-signaling pathway. 
Receptor-induced apoptosis functions through intracellular 
signaling transmissions via death receptors, whereas the latter 
occurs through the destruction of mitochondria (10).

The primary regulators of mitochondrion-dependent 
apoptosis are B-cell lymphoma 2 (Bcl-2) proteins (11). These 
signaling molecules belong to the Bcl-2 homology 3 (BH3) 
family, a subset of the Bcl-2 family that contain a single 
BH3 domain, with >10 members, including NOXA and 
Bcl-2-interacting mediator of cell death (Bim), which respond 
well to single and mixed pro-apoptotic signals (12,13). They 
are able to trigger apoptosis by inducing the apoptosis regu-
lator Bcl-2-associted X protein (Bax), while counteracting the 
effect of the anti-apoptotic gene Bcl-2, in addition to stimu-
lating caspases resulting in mitochondrial dysfunction (14,15).

The aim of the present study was to investigate the 
antitumor properties of betulin against human colon cancer 
cells and elucidate its underlying mechanisms of action at a 
molecular level.

Materials and methods

Cell culture. The colon cancer cell lines HCT116 and HT29, 
and the normal human colon epithelial cell line CCD 841 CoN 
were purchased from the American Type Culture Collection 
(Manassas, VA, USA), and cultured in Dulbecco's modi-
fied Eagle's medium containing 100 U/ml penicillin, 10% 
bovine serum and 100 µg/ml streptomycin in a humidified 
incubator with 5% CO2 at 37˚C. Betulin was obtained from 
Sigma-Aldrich; Merck KGaA (Darmstadt, Germany).

Analysis of cell viability and colony formation. An MTT assay 
was used to determine cell viability. Briefly, 1,000 cells were 
seeded into each well of 96-well plate and the formazan grains 
formed by viable cells were solubilized with 200 ml dimethyl 
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sulfoxide. The color intensity was measured at 550 nm via a 
96‑well plate reader (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). In the crystal violet staining assay, a total of 5,000 
cells were placed in in 12‑well plates for 14 days at 37˚C and 
then stained with 1% crystal violet for 30 sec at room tempera-
ture (Sigma-Aldrich; Merck KGaA).

Nuclear staining using Hoechst 33258. Colon cancer cells 
were fixed using 4% paraformaldehyde following betulin treat-
ment (10 mg/mL). Hoechst 33342 (10 µg/ml; Sigma-Aldrich; 
Merck KGaA) was used to stain cells for 10 min at 37˚C. 
Following this, cells were washed with PBS 2 times and a 
fluorescent microscope at x200 magnification (DM1000 LED; 
Leica Microsystems, Ltd., Milton Keynes, UK) was used to 
observe the apoptotic cells. Cells which exhibited nuclear 
fragmentation and chromatin condensation were considered to 
be apoptotic cells, and cells that exhibited round and regular 
nuclei were considered to be normal cells. Twenty fields were 
randomly selected in each slide to count apoptotic cells.

Flow cytometric analysis. Flow cytometric analysis was 
performed as previously outlined by He et al (16). Briefly, 
cells were re-suspended in cold binding buffer from the Alexa 
Flouor® 488 Annexvin V Cell Apoptosis kit (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) (200 µl), 
followed by the addition of propidium iodide (5 µl) and 
Annexin V-fluorescein isothiocyanate (10 µl) (Invitrogen; 
Thermo Fisher Scientific, Inc.). Cells were incubated at room 
temperature for 15 min in darkness, and 300 µl binding buffer 
from the Alexa Flouor® 488 Annexvin V Cell Apoptosis kit 
was added to block the reaction. A flow cytometer was used 
(BD Biosciences, San Jose, CA, USA). Cells which were 
positive for Annexin-V were considered to be apoptotic cells. 
Data was analyzed using BD AccuriTM C6 Software (version 
1.0.264.21; BD Biosciences).

Reverse‑transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from betulin-treated 
cells using a Mini RNA Isolation II kit (Zymo Research Corp., 
Irvine, CA, USA), according to the manufacturer's protocol. 
Superscript II reverse transcriptase was used to create cDNA 
from the total RNA. Real-time PCR with SYBR Green 
(Invitrogen; Thermo Fisher Scientific, Inc.) was conducted 
as previously described (17). The thermocycling conditions 
were as follows; 94˚C 5 min, 94˚C 30 second, 58˚C 1 min, 
72˚C 2 min, 72˚C 10 min. The following primers were used: 
p53-upregulated modulator of apoptosis (PUMA), 5'-CGA 
CCT CAA CGC ACA GTA CGA-3' (forward) and 5'-AGG CAC 
CTA ATT GGG CTC CAT-3' (reverse); Bim, 5'-GGA GAC GAG 
TTT AAC GCT TAC-3' (forward) and 5'-CAA GCA AAA TGT 
CTG CAT GG-3' (reverse); NOXA, 5'-GCT GGA AGT CGA 
GTG TGC TA-3' (forward) and 5'-CCT GAG CAG AAG AGT 
TTG GA-3' (reverse); Bcl-2-associated death promoter (BAD), 
5'-CGG AGG ATG AGT GAC GAG TT-3' (forward) and 5'-GAT 
GTG GAG CGA AGG TCA CT-3' (reverse); β-actin, 5'-GAC 
CTC ACA GAC TAC CTC AT-3' (forward) and 5'-AGA CAG 
CAC TGT GTT GGC TA-3' (reverse). The mRNA levels were 
quantified using the 2-ΔΔCq method (17). β-actin was used as the 
internal control. Experiments for each gene were conducted in 
triplicate.

Small‑interfering RNA (siRNA) and plasmid transfection. 
NOXA siRNA duplexes 200 pmol (5'-GUA AUU AUU GAC 
ACA UUU CUU-3') and control scrambled siRNA 200 pmol 
(Guangzhou RiboBio Co., Ltd., Guangzhou, China) or pCDNA 
and pcDNA-NOXA plasmid (Guangzhou RiboBio Co., Ltd.) 
were introduced into HCT116 cells with Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 1 day and were 
treated with 10 µg/ml betulin for 24 h following transfection.

Caspase evaluation. Cells were treated with betulin 
(10 mg/ml) for 0, 4 8, 12 and 24 h. Cell lysates (50 µg) were 
incubated with 200 nM fluorigenic substrates for caspase‑3, 
-8 and -9 (N-acet yl-Asp-Glu-Val-Asp-7-amido-4-triflu-
oromethylcoumarin, N-acetyl-Ile-Glu-Thr-Asp-7-amido- 
4-trif l uoromethylcoumarin and N-acetyl-Leu-Glu-His- 
Asp-7-amido-4-trif luoromethylcoumarin, respectively) 
(Sigma-Aldrich; Merck KGaA) in a buffer solution comprising 
20 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic 
acid (pH 7.4), 100 mM NaCl, 0.1% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate, dithiothreitol (10 mM) 
and 10% sucrose at 37˚C for 1 h. Following incubation, fluo-
rescence was determined using a Biotek microplate reader 
(BioTek Instruments, Inc., Winooski, VT, USA) at emission 
and excitation at 535 nm and 405 nm, respectively.

Cytochrome c analysis. A 10 µg/ml concentration of betulin 
was administered to HCT116 cells for 24 h. The isolated cyto-
plasm components and mitochondrial particles were analyzed 
using the Mitochondrial Fractionation kit (Active Motif, Inc., 
Carlsbad, CA, USA), according to the manufacturer's protocol. 
The total protein concentrations was calculated using a BCA 
assay (Thermo Fisher Scientific, Inc.). Western blotting was 
performed to evaluate cytochrome c expression in the cyto-
plasm and mitochondria. Briefly, protein was extracted using 
radioimmunoprecipitation assay buffer (Abcam, Cambridge, 
UK). In total, 50 µg protein was loaded into each well (12.5% 
Bis-Tris gel). Proteins were then transferred to a polyvinyli-
dene difluoride membrane. The enhanced chemiluminescence 
western blotting detection system (Tanon 4200; Tanon Science 
and Technology Co., Ltd., Shanghai, China) and each band was 
analyzed following western blotting, using Quantity One soft-
ware (version 1.03; Tanon Science and Technology Co., Ltd.). 
Following treatment with betulin, cells were fixed with 4% 
paraformaldehyde solution for 10-20 min at room temperature 
and incubated in PBS containing 0.1% Tween-20 and 5% normal 
goat serum for 30 min at room temperature, followed by anti-
body incubation in a diluted solution in the ratio of cytochrome c 
(dilution 1:200) at room temperature for 3 h. Primary antibodies 
included cleaved caspase-9 (catalog no. 20750, dilution 1:1,000; 
Cell Signaling Technology, Inc., Danvers, MA, USA), cleaved 
caspase-3 (catalog no. 9661, dilution 1:1,000; Cell Signaling 
Technology, Inc.), cleaved caspase-8 (catalog no. 9496, dilution 
1:1,000; Cell Signaling, Danvers, MA, USA), cytochrome c 
(catalog no. ab13575, dilution 1:1,000; Abcam, Shanghai, 
China), and NOXA (catalog no. ab23563, dilution 1:1,000; 
Abcam, Shanghai, China). Horseradish peroxidase-conjugated 
secondary antibodies included goat anti-rabbit IgG (catalog 
no. ab6702, dilution 1:5,000; Abcam, Shanghai, China) and goat 
anti-mouse IgG (catalog no. ab6708, dilution 1:5,000; Abcam, 
Shanghai, China) were incubated for 1 h at room temperature.
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Immunofluorescence staining was performed using 
anti-mouse antibodies (cat. no. F0111; dilution 1:500; Dako; 
Agilent Technologies, Inc., Santa Clara, CA, USA) conjugated 
with fluorescein isothiocyanate. Subsequently, cells were 
washed with PBS (containing 0.1% Tween) and nuclei were 
treated with DAPI staining (dilution 1:5,000) for 10 min. 
Immunofluorescence staining was visualized using an 
Olympus microscope (magnification, x40). All experiments 
were performed in triplicate.

Statistical analysis. Data are presented as the mean ± stan-
dard deviation and analyzed with Student's t-test or one-way 
analysis of variance (ANOVA), Tukey's multiple comparison 
was applied as a post hoc test following ANOVA. Statistical 

differences were determined with SPSS 22.0 (IBM Corp., 
Armonk, NY, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Cytotoxicity of betulin in colon cancer cells. In order to deter-
mine the antitumor capabilities of betulin against colon cancer 
cell lines, an MTT assay was conducted to examine the cyto-
toxic effects of betulin in HCT116 and HT29 cells. As Fig. 1A 
demonstrates, treatment with betulin significantly decreased the 
viability of HCT116 cells at concentrations >5 µg/ml, reaching 
>90% at 100 µg/ml following 72 h of incubation. Betulin treat-
ment of the other cell line examined, HT29, also exhibited a 

Figure 1. Effect of betulin on the viability of colon cancer cells. (A) HCT116, (B) HT29 and (C) CCD 841 CoN cells were incubated with betulin (range, 
0-100 µg/ml) for 72 h. Subsequently, an MTT assay was performed to determine cell viability. (D) A cell colony formation assay was performed by plating 
betulin‑treated (10 µg/ml, 48 h) 5000 HCT116 and HT29 cells onto 12‑well plates. Cells were stained with crystal violet for 14 days. Quantification of colony 
numbers in (E) HCT116 and (F) HT29 cells. Data are presented as the mean ± standard deviation from three independent experimental repeats. *P<0.01, 
**P<0.001 vs. untreated cells.
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similar dose-dependent effect (Fig. 1B). The median lethal 
dose value of betulin (~10 µg/ml) was similar for HCT116 and 
HT29 cells. Consequently, the standard concentration of betulin 
for subsequent experiments was set at 10 µg/ml. However, this 
dosage had limited effect on the normal human colon epithe-
lial cells CCD 841 CoN (Fig. 1C). Additionally, the long-term 
colony-formation capacities of the two colon cancer cell lines 
following betulin treatment were determined using crystal violet 

staining. Compared with the untreated group, betulin-treated 
cells produced >60±5.3% fewer colonies in HCT116 and HT29 
cells (Fig. 1D). However, HT29 cells were more sensitive to the 
effects of betulin (Fig. 1E-F). These results demonstrated that 
betulin is cytotoxic towards colon cancer cells.

Betulin induces apoptosis in colon cancer cells. In order to 
examine the association between decreasing cell viability 

Figure 2. Betulin induces apoptosis in human colon cancer cells. (A) HCT116 cells, (B) HT29 cells and (C) CCD 841 CoN cells were treated with betulin 
(10 µg/ml) for 48 h. The condensed and fragmented nuclei in the apoptotic process were counted for further analysis. (D) The Annexin V/propidium iodide 
staining was applied in attached cells, followed by flow cytometric analysis. The Annexin V+ cell ratio (indicated in the two right quadrants) in (E) HCT116 
and (F) HT29 cells was plotted. **P<0.001 vs. untreated cells.
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and programmed cell death, the preset study examined and 
compared the apoptotic attributes of HCT116 and HT29 cells 
following betulin treatment. First, the results of the present 
study identified an increase in the number of floating cells 
following betulin treatment compared with the untreated 
groups, which was suggestive of apoptosis due to HCT116 
cells being adherent. This was also accompanied by several 
other typical characteristics of apoptotic cell death, including 
the rounding of cells and the emergence of irregular bulges 
in cell membranes (data not shown). Secondly, HCT116 and 
HT29 cells with condensed chromatin and micronucleation 
following nuclear staining with Hoechst 33258 were counted 

with and without treatment with 10 µg/ml betulin. Betulin 
treatment induced between 30±3.4% and 40±4% fragmented 
nuclei (+) cells after 48 h in HCT116 and HT29 cells, respec-
tively (Fig. 2A and B). However, this dosage had limited 
effect on the normal human colon epithelial cells CCD 841 
CoN (Fig. 2C). Furthermore, apoptosis was assessed using 
Annexin V analysis; the results demonstrated that >30% 
of HCT116 and HT29 cells were Annexin V (+) 48 h after 
being treated with betulin compared with their respective 
control groups (Fig. 2D‑F). These findings indicated that 
programmed cell death may be induced by betulin in human 
colon cancer cells.

Figure 3. Caspase-9, -3 and -8 activation in the apoptosis of colon cancer cells. Cell lines were treated with betulin (10 µg/ml) for 0, 4, 8, 12 and 24 h. Cell-free 
caspase‑9 activity of (A) HCT116 and (B) HT29 cells was analyzed using N‑acetyl‑Leu‑Glu‑His‑Asp‑7‑amido‑4‑trifluoromethylcoumarin. Caspase‑3 activity 
of (C) HCT116 and (D) HT29 cells was analyzed using N‑acetyl‑Asp‑Glu‑Val‑Asp‑7‑amido‑4‑trifluoromethylcoumarin. Caspase‑8 activity of (E) HCT116 and 
(F) HT29 cells was examined using N‑acetyl‑Ile‑Glu‑Thr‑Asp‑7‑amido‑4‑trifluoromethylcoumarin. Data from the control groups (untreated cells) were not 
shown. Results are presented as the mean ± standard deviation of three experiments. *P<0.01, **P<0.001, treatment in indicated time point vs. 0 h treatment.
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Betulin induces the release of caspase‑3 and ‑9, and 
cytochrome c. The effect of betulin on activating the 
upstream effectors caspase-8 and -9, and the downstream 
effector caspase-3 was investigated in colon cancer cells. 
A significantly increased level of caspase‑9 was observed 
in betulin-treated cells after 4 h in comparison with the 
respective negative control groups; thereafter, the levels of 
capspase‑9 gradually decreased (Fig. 3A and B). A significant 
increase in the activity of caspase-3 was not detected until 
after 8 h of betulin treatment (Fig. 3C and D); however, the 
increase in caspase-3 activity was observed from 4 to 24 h 
of betulin treatment. However, the level of relative caspase-8 
activity did not alter significantly throughout the experiment 
in the cancer cell lines examined (Fig. 3E and F). Western blot 
analysis confirmed the increased level of cleaved caspase‑9, 
-3 and -8 following betulin treatment in HCT116 and HT29 
cells (Fig. 4). As betulin was demonstrated to stimulate 
caspase-9 activation, the present study proceeded to examine 
the releasing level of cytochrome c in HCT116 cells following 
betulin treatment. Using immunoblotting and immuno-
fluorescence techniques, the results of the present study 
demonstrated that cytochrome c was released in the cytosolic 
area of cells following treatment with betulin; furthermore, its 
level decreased in the mitochondrial fraction following 24 h 
treatment with betulin in contrast with that in of the control 
group (Fig. 5A and B). These results indicated that betulin 
was able to activate caspase-9 and -3, in addition to releasing 
cytochrome c in colon cancer cells.

NOXA mediates apoptosis in betulin‑treated colon cancer 
cells. In order to determine the possible effect of the BH3-only 
proteins in betulin-induced apoptosis, the relative mRNA 
levels of its major members in betulin-treated HCT116 

colon cancer cells were determined using RT-qPCR. Results 
demonstrated a markedly increased mRNA level of NOXA 
and Bim, whereas PUMA and BAD remained unchanged 
following betulin treatment (Fig. 6A). Notably, NOXA was 
induced almost 15‑fold at the mRNA level and significantly 
increased at the protein level as demonstrated using western 
blot analysis (Fig. 6B). siRNA against NOXA was employed 
to investigate whether NOXA serves a role in betulin-induced 
apoptosis in colon cancer cells. The fragmented nuclei (+) cell 
percentage and cytochrome c release following betulin treat-
ment was significantly abrogated in the NOXA siRNA group 
compared with the scrambled siRNA group (Fig. 6C and D). 
Furthermore, overexpression of NOXA further enhanced 
the betulin-induced apoptosis (Fig. 6E and F). These results 
suggested that NOXA mediated apoptosis in betulin-treated 
colon cancer cells.

Discussion

Vinca alkaloids and taxanes are two categories of naturally 
occurring compounds that are used as chemotherapeutic 
agents. Vinblastine and vincristine, derived from Catharanthus 
roseus, were the first to be applied in a clinical setting in 1958, 
which were followed by various derivatives including vindesine 
and vinflunine (18). Betulin is in same class as taxanes known 
as isoprenoids (19). Betulin is recognized as a positive agent 
against human immunodeficiency virus due to its ability to 
suppress the replication process in human immunodeficiency 
virus (20). Consequently, an increasing number of studies are 
now focusing on its antitumor potential. In the present study, 
it was demonstrated that the naturally obtainable compound 
betulin was able to activate apoptosis in human colon cancer 

Figure 4. Cleaved caspase-9, -3 and -8 expression in betulin-induced apop-
tosis in human colon cancer cells. HCT116 (upper) and HT29 (lower) cells 
were treated with 10 µg/ml betulin for 0, 4, 8, 12 and 24 h. Cleaved caspase-9, 
-3 and -8 expression in (A) HCT116 and (B) HT29 were examined using 
western blotting.

Figure 5. Release of cytochrome c in apoptosis induced by betulin in 
HCT116 cells. Cells were treated with betulin (10 µg/ml) for 0, 2 and 24 h. 
(A) Cytosolic and mitochondrial fractions isolated from cells. The distri-
bution of cytochrome c was analyzed with western blotting. The control 
groups for fractionation were α-tubulin and cytochrome oxidase subunit IV. 
(B) Immunofluorescent staining of HCT116 cells with cytochrome c (green) 
and DAPI (blue). Cyto C, cytochrome c; COX IV, cytochrome oxidase IV.
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cells via the caspase-3 and -9 activation pathways, additionally 
releasing cytochrome c. Furthermore, NOXA was markedly 
induced in comparison with several BH3 proteins following 
betulin treatment. Furthermore, knockdown of NOXA also 
significantly abrogated the betulin-induced apoptosis in 
colon cancer cells. Therefore, the results of the present study 
contribute to the overall understanding of the mechanism of 
programmed cell death stimulated by betulin in human colon 
cancer cells.

A number of studies have previously demonstrated 
that programmed cell death is a key procedure in the 

mechanism of how chemotherapeutic agents act to destroy 
tumor cells (21). Protein cleavage may be induced via activa-
tion of caspases, which leads to apoptosis. Caspase activation 
occurs one of two ways: i) Through the activation of death 
receptors on the cell surface, which induces the upstream 
caspase-8 and therefore results in the activation of the down-
stream caspase-3 and -7; or ii) through the mitochondria, by 
the release of cytochrome c, which activates the apoptotic 
protease apoptotic protease-activating factor 1 (Apaf-1), 
leading to the activation of caspase-9 (22-24). Through 
examination of the caspase-mediated process, the present 

Figure 6. Induction of NOXA-mediated betulin-induced apoptotic cell death in HCT116 cells. The HCT116 cell line was treated with betulin (10 µg/ml) for 
24 h. (A) The mRNA level of the indicated gene was evaluated using RT-qPCR. *P<0.01 vs. untreated cells. (B) The protein status of NOXA was evaluated 
using western blotting in HCT116 cells following betulin (10 µg/ml) treatment at 0, 2 and 24 h. Transfection of HCT116 cells with NOXA siRNA was 
performed for 24 h prior to betulin treatment (10 µg/ml) for the indicated times. (C) Cytosolic fractions isolated from HCT116 cells. The distribution of 
cytochrome c was analyzed using western blotting. The change in NOXA protein level from whole cell lysate confirmed a successful knockdown. (D) The 
number of condensed and fragmented nuclei was determined to evaluate apoptosis. Transfection of HCT116 cells with pCDNA-NOXA for 24 h was followed 
by betulin (10 µg/ml, 24 h) treatment. (E) The protein expression of NOXA was analyzed using western blotting. (F) The number of condensed and fragmented 
nuclei was determined to evaluate the apoptosis. **P<0.001 vs. untreated cells.
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study demonstrated that the apoptosis induced by betulin in 
human colon cancer cells is not, to the best of our knowledge, 
associated with other external apoptotic pathways, which is 
consistent with the effect of betulin in other types of tumor 
cell (25).

The Bcl-2 family protein controls the permeabiliza-
tion procedures of the outer membrane of mitochondria 
and also regulates the release of cytochrome c. Previous 
studies have identified that that the function of and interac-
tions between different proteins within the Bcl-2 family are 
restricted, which also provides insight into the activation 
of Bax and Bcl-2 homologous antagonist killer (26,27). At 
present, only Bid and Bim have been identified as the BH3 
proteins capable of interacting directly with Bax, whereas 
other family members, including BAD, Puma and NOXA, 
exhibit their functions indirectly, i.e., via ʻsensitizationʼ or 
ʻderepressionʼ and exclusive interactions with protective 
Bcl-2-like members. Consequently, various members of 
the BH3 domain-only group exhibit differences in their 
response to stimuli and in the pathways with which they are 
capable of regulating (28). The results of the present study 
demonstrated that the induction of NOXA is necessary for 
betulin-induced apoptotic cell death and the release of cyto-
chrome c in colon cancer cells. On the basis of the effect 
of NOXA on mediating the permeabilization process of the 
outer mitochondrial membrane (29,30), our hypothesis is that 
the NOXA-dependent action of betulin-induced apoptosis is 
common in colon cancer cells. As there was a small increase 
in cytochrome c in the cytosolic fraction following NOXA 
knockdown, other mechanisms may also be involved. The 
limitation of the present study is the focus on the short-term 
effect of betulin on colon cancer cells; however, the long-term 
effect in vivo and in vitro require further study.

In conclusion, the results of the present study demonstrated 
the antitumor abilities of betulin by triggering apoptosis in 
human colon cancer cells. Cytochrome c was also released and, 
together with the subsequent activation of caspases, apoptosis 
was also induced via the mitochondrial apoptotic pathway. The 
induction of NOXA also served a role in the apoptotic response 
of colon cancer cells following betulin treatment. The results 
of the present study have provided a novel mechanistic insight 
into this type of naturally occurring chemical compound as a 
cancer therapeutic and therefore has the potential to contribute 
to overall understanding and the future development of betulin 
as a novel cancer therapeutic.
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