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Abstract. α‑Phellandrene (α‑PA), a natural constituent of herbs, 
inhibits cancer cell viability and proliferation. 5‑Fluorouracil 
(5‑FU) is a frequently utilized chemotherapeutic medicine 
for the treatment of colon cancer, which works by triggering 
cancer cell apoptosis. The present study examined how the 
combination of α‑PA and 5‑FU affects the suppression of 
human colon cancer cells by promoting apoptosis. The impact 
of this treatment on cell viability, apoptosis, and the expression 
levels of Bcl‑2 family members, caspase family members and 
mitochondria‑related molecules in HT‑29 cells was assessed by 
the MTT assay, immunocytochemistry, western blotting and 
quantitative PCR. The combination of 5‑FU and α‑PA had a 
synergistic inhibitory effect on cell viability, as determined by 
assessing the combination index value. Bax protein expression 
levels were higher in the 50, 100 or 250 µM α‑PA combined 
with 5‑FU groups compared with those in the 5‑FU alone 
group (P<0.05). By contrast, Bcl‑2 protein expression levels 
and mitochondrial membrane potential (MMP, ΔΨm) were 
lower in the 100 or 250 µM α‑PA combined with 5‑FU groups 
than those in the 5‑FU alone group (P<0.05). In addition, 
hexokinase‑2 (HK‑2) protein expression levels were lower in 
the 50, 100 or 250 µM α‑PA combined with 5‑FU groups than 
those in the 5‑FU alone group (P<0.05). Compared with 5‑FU 
alone, after HT‑29 cells were treated with 50, 100 or 250 µM 
α‑PA combined with 5‑FU, the mRNA expression levels of 
extrinsic‑induced apoptotic molecules, including caspase‑8 
and Bid, were higher (P<0.05). Treatment with 50, 100 or 
250 µM α‑PA combined with 5‑FU also increased the mRNA 
expression levels of cytochrome c, caspase‑9 and caspase‑3, 
regulating intrinsic apoptosis (P<0.05). These results showed 

that α‑PA and 5‑FU had a synergistic effect on reducing the 
viability of human colon cancer HT‑29 cells by inducing 
extrinsic and intrinsic apoptosis pathways. The mechanism by 
which apoptosis is induced may involve the intrinsic apoptosis 
pathway that activates the mitochondria‑dependent pathway, 
including regulating the expression levels of Bcl‑2 family 
members, including Bax, Bcl‑2 and Bid, regulating MMP 
and HK‑2 expression levels, and increasing the expression of 
caspase cascade molecules, including caspase‑9 and caspase‑3. 
In addition, it may involve the extrinsic apoptosis pathway that 
activates caspase‑8 and caspase‑3 leading to apoptosis.

Introduction

α‑Phellandrene (α‑PA) is a monoterpene compound, which 
is found in essential oils or extracts from natural plants, 
particularly in spices and herbs such as pine (1), ginger (2), 
dill (3) and peppermint (4). Previous studies have shown that 
α‑PA has antidepressant (5), anti‑inflammatory (6), immu‑
noregulatory (7) and anticancer (8) effects. Our previous 
research demonstrated that α‑PA can induce cell death by 
decreasing ATP levels (9) and trigger autophagy by affecting 
AKT/LC3II/mTOR signaling in human liver cancer cells (8). 
In addition, α‑PA induces apoptosis in leukemia cells by regu‑
lating p53 signaling activation and the mitochondria‑dependent 
pathway (10,11). Therefore, α‑PA may enhance the efficacy of 
anticancer medicine via the induction of apoptotic pathways.

In 2020, colorectal cancer (CRC) was reported to have a 
global incidence rate of 10% among cancers of the gastro‑
intestinal tract and 9.4% of cancer deaths (12). A number of 
therapies, such as surgery, radiation, immunotherapy, targeted 
therapy and chemotherapy, have been used to treat patients 
with CRC (13). 5‑Fluorouracil (5‑FU) is one of the most widely 
used chemotherapeutic medicines for treating CRC (14); it is 
a derivative of uracil, where a fluorine atom is substituted for 
a hydrogen atom at the C‑5 position. The major mechanism 
of 5‑FU in chemotherapy is interference with DNA and RNA 
synthesis in cancer cells through thymidylate synthase (TS), 
which is needed to replicate and repair DNA (14). 5‑FU 
irreversibly inhibits TS, leading to a deoxyribonucleoside 
triphosphate imbalance, resulting in DNA damage and cell 
death (14). The aforementioned nuclear stress is the underlying 
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mechanism by which 5‑FU causes p53 activation and triggers 
mitochondria‑dependent apoptosis (15). The two main apop‑
totic pathways are extrinsic and intrinsic pathways (16). The 
extrinsic apoptosis pathway begins outside of the cell, with 
some ligands, such as TNF‑α, binding death receptor (DRs) 
on cell membranes, such as Fas and DR2, which triggers 
FADD binding to caspase‑8 to induce apoptosis. The intrinsic 
apoptotic pathway, which begins when some injury, such as 
stress or extra calcium ions, occurs within the cell, resulting 
in the activation of the Bcl‑2 family, leaking mitochondrial 
membrane and a lower mitochondrial membrane potential, 
and activation of caspase family expression, thus leading 
to the induction of apoptosis (16). Notably, the Bcl‑2 family 
members, such as Bcl‑2, Bax and Bid (17), and mitochondria 
membrane molecules, such as voltage‑dependent anion channel 
(VDAC)/hexokinase‑2 (HK‑2) modulators (18), are activated 
by intrinsic stress and then trigger the mitochondria‑dependent 
intrinsic apoptosis pathway. Moreover, caspase‑8 can be acti‑
vated by TLR4 on the cell membrane, and can directly activate 
caspase‑3 and trigger the extrinsic apoptotic pathway. Both 
extrinsic and intrinsic apoptotic pathways can initiate different 
stages of the caspase family cascade (19), such as caspse‑8 
via the extrinsic apoptotic pathway, and caspase‑9 and ‑3 via 
the intrinsic apoptotic pathway, which serve critical roles in 
activating apoptosis.

Notably, 5‑FU may cause drug resistance and numerous side 
effects (20). DNA damage by 5‑FU can also occur in normal 
cells, leading to cytotoxicity and apoptosis (21). There are 
three significant side effects of 5‑FU: Cytotoxicity, especially 
neurotoxicity and cardiotoxicity (22); oral mucositis (23); and 
bone marrow disorder (24). In the clinic, oncologists have used 
nonsteroidal anti‑inflammatory drugs (NSAIDs) to relieve 
side effects, such as pain, inflammation and fever, and as anti‑
cancer drugs (25). However, the prolonged use of NSAIDs can 
also cause side effects due to their chemical composition (26). 
Using active compounds from food or phytochemicals to 
enhance anticancer medicine efficacy is a promising approach 
to reducing the side effects of 5‑FU.

The present study aimed to examine how the combination 
of α‑PA and 5‑FU affects the induction of apoptosis in colon 
cancer. In addition, whether α‑PA can enhance 5‑FU‑induced 
apoptosis by regulating the mitochondria‑dependent pathway 
remains to be elucidated.

Materials and methods

Chemicals and reagents. α‑PA and dimethyl sulfoxide 
(DMSO) were purchased from MilliporeSigma. 5‑FU was 
obtained from Enzo Life Sciences, Inc. RPMI 1640 medium 
and fetal bovine serum were purchased from Gibco (Thermo 
Fisher Scientific, Inc.). Penicillin (10,000 U/ml) and strepto‑
mycin (10 mg/ml) were obtained from Cytiva.

Cell line and treatments. HT‑29 cells are a human colon adeno‑
carcinoma cell line sensitive to 5‑FU, which have an epithelial 
morphology (27). In the present study, HT‑29 cells were obtained 
from the Bioresource Collection and Research Center. To authen‑
ticate the cell line to ensure that it matches the original HT‑29 
cell line, multiplex PCR was performed using AmpFLSTR 
Identifiler PLUS PCR Amplification Kit (Applied Biosystems; 

Thermo Fisher Scientific, Inc.) containing 16 STR loci. The PCR 
products labeled with different fluorescence were analyzed with 
GeneMapper ID v3.1 on the capillary Genetic DNA analyzer 
3730 (Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
genotyping results of the sample were searched in human STR 
profile databases (https://www.dsmz.de/services/services‑human‑
and‑animal‑cell‑lines/online‑str‑analysis.html; https://web.expasy.
org/cellosaurus‑str‑search/; https://www.culturecollections.org.
uk/services/authenticell/search‑by‑profile/#). Searching the sample 
genotypes in the ATCC/DSMZ/JCRB/RIKEN/ECACC/ExPASy 
STR database, the test sample result matched the HT‑29 cell line. 
The cells were cultured in RPMI 1640 medium supplemented with 
5% fetal bovine serum and 1% antibiotic solution (10,000 U/ml 
penicillin and 10 mg/ml streptomycin) at 37˚C in an humidified 
incubator (Thermo Fisher Scientific, Inc.) containing 5% CO2.

HT‑29 cells were seeded at 1.0x105 cells/30 mm plate and 
were incubated for 24 h. The cells were then treated with 50, 
100 or 250 µM α‑PA combined with 5 µM 5‑FU, followed 
by incubation for a further 72 h. These treatment conditions 
were identified through a series of pre‑tests of cell viability, 
in which HT‑29 cells were treated with 5, 10, 50, 100, 250 or 
500 µM α‑PA combined with 5 µM 5‑FU for 24, 48 or 72 h. 
Finally, the model of 50, 100 or 250 µM α‑PA combined with 
5‑FU for 72 h was considered the optimum study condition. In 
response to this study condition, the cell viability was not too 
low to detect normal physiological molecule levels, but also 
the cells did not trend towards excessive cell death. α‑PA was 
dissolved in DMSO; therefore, DMSO was used to treat the 
control group. As additional control groups, HT‑29 cells were 
subjected to a 72‑h treatment with 5 µM 5‑FU and 250 µM 
α‑PA alone.

Cell viability assay. The MTT assay (28) and morphological 
examinations were used to evaluate cell viability. HT‑29 cells 
were treated with different doses of α‑PA combined with 5‑FU 
for 72 h. After removing the culture medium, the cells were 
washed with sterilized cold PBS (3.2 mM sodium phosphate 
dibasic heptahydrate, 0.5 mM potassium dihydrogen phos‑
phate, 1.3 mM potassium chloride, 135 mM sodium chloride, 
pH 7.4) and were then incubated with 5 mg/ml MTT reagent 
for 3 h at 37˚C, and isopropanol was used to dissolve purple 
formazan. The resulting isopropanol fraction was analyzed 
at 570 nm using a Microplate Biokinetics Reader (BioTek 
Instruments, Inc.). Cell morphology was assessed using a 
phase‑contrast inverted fluorescence microscope (Olympus IX 
51; Olympus Corporation).

Evaluation of the combined effects. Chou and Talalay's 
method was used to quantitatively analyze dose‑effect 
relationships (29). The combination index (CI), in which 
CI=(D1/DX1) + (D2/DX2), was calculated and assessed to 
analyze the interaction between 5‑FU and α‑PA. In the equa‑
tion, D1 and D2 are the respective combination doses of 5‑FU 
and α‑PA that yield an effect of 50% growth inhibition, with 
DX1 and DX2 being the corresponding single doses of 5‑FU 
and α‑PA that result in the same effect. CI<1, CI=1 and CI>1 
indicate synergistic, additive and antagonistic effects.

Analysis of apoptosis. The culture medium was removed after 
exposing HT‑29 cells to different doses of α‑PA combined 



ONCOLOGY REPORTS  51:  61,  2024 3

with 5‑FU for 72 h. The cells were rinsed twice with sterilized 
cold PBS. For immunocytochemical staining, cells were fixed 
with 5% paraformaldehyde at 4˚C for 20 min. Subsequently, 
the cells were exposed to 0.5% Triton X‑100 in PBS for 15 min 
and to 1% bovine serum albumin (BSA; Gibco; Thermo Fisher 
Scientific, Inc.) for 30 min at room temperature. Subsequently, 
to assess apoptosis, the cells were stained using an Annexin V 
Apoptosis Detection Kit I (cat. no. E‑CK‑A211; Elabscience 
Biotechnology, Inc.) according to the manufacturer's instruc‑
tions. HT‑29 cells were stained with Annexin V‑FITC (2.5 µl/1 
ml 1X binding buffer) and PI (2.5 µl/1 ml 1X binding buffer) 
for 15 min in the dark at room temperature. Automated image 
capture was performed using a Cytation™ 1 Cell Imaging 
Multi‑Mode Reader (BioTek Instruments, Inc.) and Gen5 
software (BioTek Instruments, Inc.). Annexin V was employed 
to detect early apoptotic cells, whereas PI was used to detect 
late apoptotic cells (30). Quantitative values for fluorescence 
intensity were obtained using the Cytation 1 Cell Imaging 
Multi‑Mode Reader and were normalized to cell count. The 
percentage for the 5‑FU group was set at 100%, and levels rela‑
tive to the 5‑FU group were calculated for the other groups.

Analysis of intracellular p53, Bax and Bcl‑2 protein 
expression levels. The culture medium was removed after 
exposing HT‑29 cells to different doses of α‑PA combined with 
5‑FU for 72 h. The cells were then rinsed twice with sterilized 
cold PBS and 200 µl lysis buffer (10 mM Tris‑HCl, 5 mM 
EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 20 µg/ml apro‑
tinin; pH 7.4) was used for protein extraction. The total protein 
concentration was determined using the method outlined by 
Lowry et al (31). Subsequently, ~20 µg cellular protein was 
separated by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis using 10% gels (32) and proteins were then 
transferred to polyvinylidene difluoride membranes (33). 
For blocking, 5% (w/v) non‑fat dry milk suspended in PBS 
was used for 2 h at room temperature. Then, the membranes 
were exposed to the following primary antibodies diluted 
in PBS: Anti‑p53 (cat. no. sc‑126; 1:1,000), anti‑Bax (cat. 
no. sc‑7480; 1:1,000), anti‑Bcl‑2 (cat. no. sc‑7382; 1:1,000), 
GADPH (cat. no. sc‑32233; 1:1,000) and β‑tubulin (cat. 
no. sc‑166729; 1:1,000) (all from Santa Cruz Biotechnology, 
Inc.) for 12 h at 4˚C. After three washes with PBS/0.1% (v/v) 
Tween‑20 (5 min/wash), the membranes were incubated with 
a goat‑anti mouse HRP‑conjugated IgG secondary antibody 
(cat. no. E‑AB‑1001; 1:5,000 diluted in PBS; Elabscience 
Biotechnology, Inc.) for 2 h at room temperature. After three 
washes with PBS/0.1% (v/v) Tween‑20 (5 min/wash), an 
enhanced chemiluminescence detection kit (cat. no. RPN3243; 
Amersham; Cytiva) was used to observe the bands and they 
were visualized and band densities were semi‑quantified using 
a ChemiDoc XRSþ System and ImageLab 5.2.1 software (both 
from Bio‑Rad Laboratories, Inc.).

MMP (ΔΨm) analysis. The culture medium was removed after 
exposing HT‑29 cells to different doses of α‑PA combined 
with 5‑FU for 72 h. The cells were rinsed twice with steril‑
ized cold PBS. Subsequently, the samples were incubated 
in medium containing 1 µM DiOC6 (Sigma‑Aldrich; Merck 
KGaA) (34) and 1 µl/ml Hoechst 33342 (MilliporeSigma) for 
20 min at room temperature in the dark, followed by three 

washes with PBS. The Cytation 1 Cell Imaging Multi‑Mode 
Reader and Gen5 software were used for automated image 
capture. The fluorescence intensity of DiOC6 was determined 
by dividing its fluorescence intensity by that of Hoechst 33342. 
This method facilitated the standardization of the fluorescence 
intensity of the target molecule by considering the relative cell 
counts in each group.

Intracellular VDAC‑1 and HK‑2 protein distribution and 
quantification. The culture medium was removed after 
exposing HT‑29 cells to different doses of α‑PA combined with 
5‑FU for 72 h. The cells were rinsed twice with sterilized cold 
PBS. For staining, cells were fixed with 5% paraformaldehyde 
at 4˚C for 20 min. Subsequently, the cells were treated with 
0.5% Triton X‑100 in PBS for 15 min and 1% BSA for 30 min at 
room temperature. To conduct immunostaining, the cells were 
exposed to the following primary antibodies diluted in PBS: 
Anti‑VDAC‑1 (cat. no. AF5478; 1:1,000) and anti‑HK‑2 (cat. 
no. BF0283; 1:1,000) (Affinity Biosciences, Ltd.) overnight at 
4˚C. The cells were rinsed with PBS and were subsequently 
exposed to an Alexa Fluor® 488 conjugated goat anti‑rabbit 
IgG (H+L) highly cross‑adsorbed secondary antibody (green; 
1:1,000; cat. no. A‑11034; Thermo Fisher Scientific, Inc.) or 
Alexa Fluor® 488 conjugated goat anti‑mouse IgG (H+L) 
highly cross‑adsorbed secondary antibody (green; 1:1,000; 
cat. no. A‑32723; Thermo Fisher Scientific, Inc.) for 2 h at 
room temperature in the dark. Subsequently, the cells were 
stained with 1 µg/ml Hoechst 33342 (blue) at room tempera‑
ture and were then washed three times with PBS to remove 
excess Hoechst. The Cytation 1 Cell Imaging Multi‑Mode 
Reader and Gen5 software were used for automated image 
capture. The fluorescence intensity of a particular target 
molecule (VDAC‑1 and HK‑2) was determined by dividing its 
fluorescence intensity by that of Hoechst 33342. This method 
facilitated the standardization of the fluorescence intensity of 
the target molecule by considering the relative cell counts in 
each group.

Cytochrome c, caspase‑9, ‑3, ‑8 and Bid mRNA expression 
analysis. The culture medium was removed after exposing 
HT‑29 cells to different doses of α‑PA combined with 5‑FU 
for 72 h. The cells were rinsed twice with sterilized cold PBS. 
The total RNA was extracted using a modified version of the 
method outlined by Chomczynski and Sacchi (35). Briefly, 
1 ml TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) was added to the cells and mixed. Subsequently, 200 µl 
chloroform was added and mixed. The mixture was cooled 
on ice for 5 min and was then centrifuged at 16,200 x g for 
15 min at 4˚C. The aqueous phase (500 µl) was transferred to 
a fresh tube and mixed with 500 µl isopropanol, which was 
cooled on ice for 5 min. The solution was then centrifuged 
at 16,200 x g for 15 min at 4˚C. The RNA pellet was washed 
with 75% (v/v) ethanol and the supernatant was removed. 
The pellet was air‑dried at room temperature, resuspended 
in 30‑50 µl DEPC‑treated water and stored at ‑80˚C until 
use. Total RNA (5 µg) was used for reverse transcription to 
synthesize cDNA, which was performed using Superscript III 
reverse transcriptase (Thermo Fisher Scientific, Inc.) and oligo 
d(T)21 as a primer; the reaction conditions were performed 
as recommended by the manufacturer. The expression levels 
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of cytochrome c, caspase‑9, ‑3, ‑8, Bid and GAPDH were 
measured using 2X Rotor‑Gene SYBR Green PCR Master 
Mix (cat. no. 204076; Qiagen GmbH). The primer sequences 
are listed in Table I. A 10‑µl reaction mixture was prepared 
by combining cDNA aliquots, 3 µl each forward and reverse 
primers, and 5 µl 2X Rotor‑Gene SYBR Green PCR Master 
Mix. The thermocycling conditions for quantitative PCR 
(qPCR) were as follows: 95˚C for 2 min and 95˚C for 10 min, 
followed by 40 cycles at 95˚C for 15 sec and 60˚C for 1 min, 
according to the manufacturer's protocol. Gene expression is 
presented as the fold change relative to the expression levels 
of GAPDH, and was calculated as 2‑ΔΔCq. The results were 
obtained from three independent experiments (n=3). qPCR 
was performed using an Applied Biosystems 7300 Real‑Time 
PCR System (Applied Biosystems; Thermo Fisher Scientific, 
Inc.).

The qPCR data were used to determine the expression 
levels of the caspase‑3, ‑8, ‑9, cytochrome c and Bid genes 
using the 2‑ΔΔCq method (36). The ΔCq value was determined 
by subtracting the Cq value obtained using the primers for a 
specific gene from the Cq value obtained using the primers 
for GAPDH. The ΔΔCq value was then calculated as the 
difference between the ΔCq value of each treatment and the 
ΔCq value of the control group. The 2‑ΔΔCq method was used 
to calculate fold changes between the treated groups and the 
control group.

Statistical analysis. The statistical analysis was performed 
using SPSS software for Windows, version 13.0 (SPSS Inc.). 
Data are presented as the mean ± SD (n=3‑5). A one‑way 
analysis of variance and a Tukey's multiple‑range test were 
used to evaluate the significance of differences between two 
mean values. P<0.05 was considered to indicate a statistically 
significant difference.

Results

A combination of α‑PA and 5‑FU decreases cell viability 
and triggers apoptosis in HT‑29 cells. As shown in Fig. 1A, 
compared with that in the control group, cell viability was 
significantly decreased by ~41% in the 5‑FU group and by 
54‑62% in the 5‑FU combined with α‑PA groups (P<0.05). In 
addition, cell viability was significantly lower in the 50, 100 
and 250 µM α‑PA combined with 5‑FU groups (46.0±4.0, 
43.7±1.3 and 38.4±4.4%, respectively) than in the 5‑FU alone 
group (58.9±4.6%) (P<0.05). The morphological examination 

showed that, after treatment with 5‑FU in combination with 
α‑PA or alone, there were fewer HT‑29 cells and morpho‑
logical changes, such as shrinkage or contraction, were 
observed (Fig. 1B). As shown in Fig. 1A and B, the viability 
and morphology of cells in the 250 µM α‑PA alone group were 
similar to those in the control group.

In the quantitative analysis of dose‑effect relationships, 
the CI value was 0.869 for the interaction between 5‑FU and 
α‑PA. This means that the treatment combination of 5‑FU and 
α‑PA synergistically antitumor effects.

In the present study, early‑stage (Annexin V, green staining) 
and late‑stage (PI, red staining) apoptotic cells were analyzed by 
immunocytochemical staining. As shown in Fig. 1C, Annexin 
V and PI fluorescence were more intense in the 5‑FU alone 
group and the groups treated with 50, 100 or 250 µM α‑PA 
for 72 h than in the control and α‑PA alone groups. The data 
showed that compared with in the control group, in the 5‑FU 
alone group, both early‑stage and late‑stage apoptosis were 
significantly increased by 43 and 58%, respectively (P<0.05; 
Fig. 1D and E). As shown in Fig. 1D, early‑stage apoptosis was 
significantly higher following treatment with 100 and 250 µM 
α‑PA combined with 5‑FU for 72 h (119±6.8 and 217±14.8%, 
respectively) than after treatment with 5‑FU alone (100%) and 
the effect was dose‑dependent (P<0.05). Late‑stage apoptosis 
was also significantly higher after treatment with 50, 100 and 
250 µM α‑PA combined with 5‑FU (162±3.1, 168±3.5 and 
253±14.7%, respectively) than after treatment with 5‑FU alone 
(100%), and the effect was dose‑dependent (Fig. 1E).

These results indicated that 50‑250 µM α‑PA combined 
with 5‑FU reduced cell viability more effectively than 5‑FU 
alone. The reduction in HT‑29 cell viability following treat‑
ment with α‑PA combined with 5‑FU may be caused by 
apoptosis.

α‑PA combined with 5‑FU regulates mitochondrial integrity 
in HT‑29 cells. p53 protein expression levels were signifi‑
cantly higher in HT‑29 cells after treatment with 5‑FU alone 
(100±0%), or with 50, 100 or 250 µM α‑PA combined with 
5‑FU for 72 h (104±4.7, 103±2.7 and 103±10.2%, respectively) 
compared with those in the control group (84.9±2.5%) or after 
treatment with 250 µM α‑PA alone (80.3±4.5%) (P<0.05; 
Fig. 2A). There are two bands present in the western blotting 
results of Bax; therefore, the present study identified and 
semi‑quantified both bands as whole Bax protein expression. 
The protein expression levels of Bax were significantly higher 
in HT‑29 cells after treatment with 5‑FU alone, or with 50, 

Table I. Sequences of primers used for reverse transcription‑quantitative polymerase chain reaction.

    GenBank
Gene Forward sequence, 5'‑3' Reverse sequence, 3'‑5' Size, bp accession no.

Caspase‑3 TGGATTATCCTGAGATGGGTTTATG GCTGCATCGACATCTGTACCA 100 NM_004346.3
Caspase‑8 TCCAAATGCAAACTGGATGATG TTTTCAGGATGTCCAACTTTCCTT 100 NM_001080124.1
Caspase‑9 AGCTGGACGCCATATCTAGTTTG AACGTACCAGGAGCCACTCTTG 100 NM_001229.4
Bid CTGCAGCTCAGGAACACCAG ATGGTCTTCTCCTTCTCCATGTCT 113 NM_001196.4
Cytochrome c GCCAATAAGAACAAAGGCATCATC CTTCCTTCTTCTTAATGCCGACAA 118 NM_018947.6
GADPH CTCCTCCACCTTTGACGCTG CTCCTTGGAGGCCATGTGG 133 NM_001256799.3
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100 or 250 µM α‑PA combined with 5‑FU treatment compared 
with those the control group or after treatment with 250 µM 
α‑PA alone (P<0.05; Fig. 2B). Bax protein expression levels 

were also significantly higher in HT‑29 cells following treat‑
ment with 50, 100 or 250 µM α‑PA combined with 5‑FU 
(109±4.9, 110±4.4 and 110±5.5%, respectively) compared with 

Figure 1. Effect of α‑PA combined with 5‑FU treatment on HT‑29 cell viability and apoptosis. HT‑29 cells (1.0x105 cells/30‑mm plate) were treated with 50, 
100 or 250 µg/mM α‑PA combined with 5‑FU for 72 h. (A) Viability of HT‑29 cells. (B) Morphological examination of HT‑29 cells (x400 magnification). 
(C) Immunocytochemical staining with Annexin V (green) and PI (red) (x400 magnification). Quantitative analysis of the relative intensities of (D) Annexin 
V and (E) PI staining after treatment. Untreated cells and cells treated with 5 µM 5‑FU or 250 mM α‑PA for 72 h served as control groups. Data are presented 
as the mean ± SD (n=3‑5). *P<0.05 vs. Control; #P<0.05 vs. 5‑FU. 5‑FU, 5‑fluorouracil; α‑PA, α‑phellandrene.
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Figure 2. Effect of α‑PA combined with 5‑FU treatment on p53, Bax and Bcl‑2 protein expression, and MMP levels in HT‑29 cells. HT‑29 cells 
(1.0x105 cells/30‑mm plate) were treated with 50, 100 or 250 µg/mM α‑PA combined with 5‑FU for 72 h. Western blotting was performed to determine 
the expression levels of (A) p53, (B) Bax and (C) Bcl‑2 in HT‑29 cells after treatment. (D) Quantitative analysis of (E) immunocytochemical staining with 
DiOC6 (green) and Hoechst 33342 (blue) to analyze the relative MMP levels (x400 magnification). Data are presented as the mean ± SD (n=3‑5). *P<0.05 
vs. Control; #P<0.05 vs. 5‑FU. 5‑FU, 5‑fluorouracil; α‑PA, α‑phellandrene. 5‑FU, 5‑fluorouracil; α‑PA, α‑phellandrene; MMP, mitochondrial membrane 
potential.
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after treatment with 5‑FU alone (100%) (P<0.05; Fig. 2B). As 
shown in Fig. 2C, Bcl‑2 protein expression levels were signifi‑
cantly lower after treatment with 5‑FU alone, or with 50, 100 
or 250 µM α‑PA combined with 5‑FU compared with those in 
the control group (P<0.05). Compared with 5‑FU alone, treat‑
ment with 50‑250 µM α‑PA combined with 5‑FU significantly 
decreased Bcl‑2 protein expression levels by 20‑21% (P<0.05; 
Fig. 2C).

The fluorescence intensity of DiOC6 in HT‑29 cells was 
lower following treatment with 5‑FU alone or with 50‑250 µM 
α‑PA combined with 5‑FU compared with that in the control 
group or following treatment with 250 µM α‑PA alone 
(Fig. 2D and E). The quantitative results demonstrated that the 
MMP levels were significantly lower in the 5‑FU alone group 
(100%) and in the 100 and 250 µM α‑PA combined with 5‑FU 
groups (85.0±3.2 and 76.8±5.8%) than those in the control 
group (113±2.9%) and 250 µM α‑PA alone group (108±4.4%) 
(P<0.05; Fig. 2D).

The fluorescence intensity of HK‑2 (green staining) in 
HT‑29 cells was lower after treatment with 5‑FU alone or with 
α‑PA combined with 5‑FU than that in the control group or 
following treatment with 250 µM α‑PA alone (Fig. 3A and B). 
However, the fluorescence intensity of VDAC‑1 (red staining) 
did not seem to change in any treatment group (Fig. 3A). The 
quantitative results revealed that compared with 5‑FU alone, 
5‑FU combined with 50, 100 or 250 µM α‑PA significantly 
decreased the protein expression levels of HK‑2 by 12‑17% 
(P<0.05; Fig. 3B). The quantitative results of VDAC‑1 staining 
showed that the protein expression levels of VDAC‑1 were 
unaffected by treatment with the control, 5‑FU alone, α‑PA 
combined with 5‑FU or α‑PA alone.

These results indicated that 100 or 250 µM α‑PA combined 
with 5‑FU lowered the MMP levels more effectively than 
5‑FU alone. The reduction in MMP in HT‑29 cells may be 
caused by a decrease in HK‑2 levels, leading to a less stable 
VDAC‑HK‑2 complex.

α‑PA combined with 5‑FU enhances apoptosis‑inducing 
molecule expression in HT‑29 cells. As shown in Fig. 4A, 
compared with those in the control group, after treatment 
with 5‑FU alone, the mRNA expression levels of caspase‑8 
were significantly increased by ~81% (P<0.05). In addition, 
compared with those in the 5‑FU alone group (100±0%), the 
caspase‑8 mRNA expression levels were significantly higher 
in cells treated with 5‑FU combined with 50, 100 or 250 µM 
α‑PA (110±3.3, 125±5.0 and 131±3.7%, respectively) (P<0.05). 
In the Bid mRNA expression analysis, compared with those in 
the 5‑FU alone group, 5‑FU combined with 50, 100 or 250 µM 
α‑PA significantly increased the mRNA expression levels of 
Bid by 14‑21% (P<0.05; Fig. 4B). Furthermore, compared with 
those in the control group, 5‑FU alone significantly increased 
the mRNA expression levels of cytochrome c, caspase‑9 and 
caspase‑3 in HT‑29 cells by ~58, 54 and 44%, respectively 
(P<0.05; Fig. 4C‑E). Moreover, compared with in cells treated 
with 5‑FU alone (100%), 50, 100 or 250 µM α‑PA combined 
with 5‑FU significantly increased the mRNA expression levels 
of cytochrome c (122±4.1, 119±4.1 and 129±7.2%, respectively), 
caspase‑9 (121±1.7, 133±4.7 and 125±4.1%, respectively), and 
caspase‑3 (129±5.3, 114±6.1 and 124±3.5%, respectively) in 
HT‑29 cells (P<0.05).

These results suggested that 50‑250 µM α‑PA combined 
with 5‑FU increased apoptosis‑inducing molecule expression 
in HT‑29 cells.

Discussion

The findings of the present study indicated that the combi‑
nation of α‑PA and 5‑FU may exhibit a synergistic effect 
in promoting apoptosis, thereby decreasing the viability of 
human colon cancer HT‑29 cells. The underlying mechanism 
may involve triggering the mitochondria‑dependent apoptotic 
pathway by regulating the expression of Bcl‑2 family members, 
including Bid, Bax, Bcl‑2 and Bid; reducing the levels of 
mitochondrial membrane regulatory factors, including HK‑2 
protein expression and MMP; and increasing the expression of 
caspase family members, including caspase‑8, ‑9, and ‑3. These 
results showed that combining α‑PA and 5‑FU may reduce the 
required dosage of 5‑FU for patients treated via chemotherapy 
by reducing cancer cell viability. This may reduce the toxicity 
and side effects of 5‑FU in normal cells. The present findings 
are promising for patients undergoing cancer therapy, as it may 
minimize toxicity from 5‑FU. However, further studies are 
needed to determine the optimum lower dosage of 5‑FU under 
cotreatment with α‑PA and its mechanism.

The present study investigated the potential of α‑PA to 
reduce the toxicity and side effects of 5‑FU treatment. The 
IC50 values for 5‑FU alone and 5‑FU combined with α‑PA 
were 16.67 and 133 µM, respectively, after treating HT‑29 
cells for 72 h (data not shown). The lower IC50 value of 5‑FU 
indicates that it has higher toxicity against HT‑29 cells. On 
the other hand, the IC50 value of 5‑FU combined with α‑PA 
is higher, indicating that using a high dosage of α‑PA along 
with a lower dosage of 5‑FU may help reduce the toxicity 
of 5‑FU and inhibit the proliferation of human HT‑29 colon 
cancer cells. T‑Johari et al (37) determined the degree of 
toxicity of 5‑FU after 72 h treatment according to the respec‑
tive concentration that reduced cell populations to 50% (CD50). 
5‑FU reduced the number of viable HT‑29 cells at a CD50 of 
15.5 µg/ml (118.5 µM), whereas the CD50 of 5‑FU in normal 
colon CCD‑18Co cells was 203.1 µg/ml (1.55 mM) (37). 
Yusefi et al (38) also demonstrated that, after 72 h treatment, 
the IC50 of 5‑FU in the human colorectal cancer HCT116 cells is 
0.87 µg/ml (6.74 µM), and in the normal human colon CCD112 
cells it is 3.83 µg/ml (20.9 µM). These studies and the present 
results demonstrated that 5‑FU has a higher toxicity in cancer 
cells than in normal colon cells. In addition, 5‑FU combined 
with α‑PA treatment can reduce the dosage of 5‑FU treatment. 
However, to the best of our knowledge, there have been no 
human studies assessing α‑PA plasma levels. In the future, the 
toxicity of 5‑FU in different types of normal and cancerous 
colon cells needs to be investigated, and how the percentage 
of 5‑FU dosage can be reduced when 5‑FU is combined with 
α‑PA treatment should be assessed. Furthermore, the pharma‑
cokinetics of α‑PA in humans requires further study.

In addition to NSAIDs, using dietary materials to reduce 
the side effects of chemotherapeutic medicines is essential for 
improving patient prognosis. Some phytochemicals from plants, 
such as curcumin (39), apple oligogalactan (40), rutin (41), 
gypenosides (42) and allicin (43), can enhance the anticancer 
effects of 5‑FU by regulating the NF‑κB signaling pathway, 
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inducing anti‑inflammatory effects and antioxidative stress, 
affecting the cell cycle and inducing caspase family activation. 
Among natural phytochemicals, α‑PA is a monoterpenoid 
compound from fruits, vegetables and medicinal plants (3,44). 
Previous studies have shown that some terpenoids inhibit cell 
proliferation and tumor growth in various types of human cancer. 
Yang and Dou (45) and Pratheeshkumar and Kuttan (46) showed 
that terpenoids can trigger p53‑induced, caspase‑3‑mediated 
proapoptotic signaling, and suppress Bcl‑2‑mediated apop‑
tosis. Our previous study revealed that α‑PA can increase 
phosphorylated (p)‑p53, p‑H2A.X, 14‑3‑3‑σ and MDC1 protein 
expression, but can inhibit p53, MGMT, DNA‑PK and BRCA‑1 
protein expression in human leukemia WEHI‑3 cells (10). 
α‑PA also induces apoptosis by increasing the intracellular 
p53, reactive oxygen species and Ca2+ levels, decreasing MMP 
(ΔΨm) levels, and promoting the release of cytochrome c, 

apoptosis‑inducing factor (AIF) and Endo G from the mito‑
chondria in WEHI‑3 cells (11). In addition, our previous studies 
reported that in human liver cancer J5 cells, α‑PA can induce 
necrosis and autophagy by reducing ATP production (9) and 
inducing the AKT/mTOR/LC3 pathway (8), respectively. In 
the present study, 250 µM α‑PA induced early‑stage apoptosis 
(stained with Annexin V) and late‑stage apoptosis (stained 
with PI). Moreover, α‑PA combined with 5‑FU caused early‑ 
and late‑stage apoptosis more effectively by regulating Bcl‑2, 
caspase‑family gene expression and mitochondria‑related 
molecules.

The majority of mitochondria‑dependent apoptotic path‑
ways usually include one or more of the following pathways: 
Bcl‑2 family regulation by p53 after DNA damage (47,48), 
mitochondrial membrane dysfunction (49), and mitochon‑
dria‑mediated caspase family activation (50).

Figure 3. Effect of α‑PA combined with 5‑FU treatment on VDAC‑1 and HK‑2 protein expression in HT‑29 cells. HT‑29 cells (1.0x105 cells/30‑mm plate) 
were treated with 50, 100 or 250 µg/mM α‑PA combined with 5‑FU for 72 h. (A) Immunocytochemical staining was performed to determine the expression 
levels of HK‑2 (green) and VDAC‑1 (red) (Hoechst 33342 (blue) (x400 magnification). Quantitative analysis of the relative expression levels of (B) HK‑2 and 
(C) VDAC‑1 after treatment. Data are presented as the mean ± SD (n=3‑5). *P<0.05 vs. Control; #P<0.05 vs. 5‑FU. 5‑FU, 5‑fluorouracil; α‑PA, α‑phellandrene. 
5‑FU, 5‑fluorouracil; α‑PA, α‑phellandrene; HK‑2, hexokinase‑2; VDAC, voltage‑dependent anion channel.
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The p53 gene is a tumor suppressor gene, and its activity 
stops the formation of tumors. When DNA synthesis is 
disrupted or damaged by multiple stimuli, such as oxidative 
stress, radiation and metabolic disorders, p53 is essential in 

regulating Bcl‑2, Bax and caspase 8 for cell cycle arrest for 
DNA repair or in inducing apoptosis and autophagy, leading 
to cell death (47,48). In cancer treatment, administering 
5‑FU can cause DNA synthesis disorders and damage, which 

Figure 4. Effect of α‑PA combined with 5‑FU treatment on cytochrome c and caspase mRNA expression in HT‑29 cells. HT‑29 cells (1.0x105 cells/30‑mm 
plate) were treated with 50, 100 or 250 µg/mM α‑PA combined with 5‑FU for 72 h. Reverse transcription‑quantitative polymerase chain reaction analysis of 
the mRNA expression levels of (A) caspase‑8, (B) Bid, (C) cytochrome c, (D) caspase‑9 and (E) caspase‑3. T. Data are presented as the mean ± SD (n=3‑5). 
*P<0.05 vs. Control; #P<0.05 vs. 5‑FU. 5‑FU, 5‑fluorouracil; α‑PA, α‑phellandrene. 5‑FU, 5‑fluorouracil; α‑PA, α‑phellandrene.
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activates the expression of p53 and p21 genes for DNA repair 
or apoptosis induction. It is one of the ways in which 5‑FU 
is effective in cancer therapy (51). In addition, our previous 
studies have shown that α‑PA can regulate p53 expression in 
various experimental models. It can inhibit p53 protein levels, 
but increase p‑IκB protein levels, thus enhancing Bax levels 
and apoptosis in human leukemia WEHI3 cells (10). However, 
in human liver J5 cells, α‑PA can increase nuclear p53 protein 
levels and decrease cytoplasmic p53 expression to induce 
autophagy (8). In the present study, α‑PA alone did not affect 
p53 levels. However, α‑PA combined with 5‑FU could increase 
p53 and Bax expression levels, enhancing apoptosis in HT‑29 
cells. Furthermore, orientin, a water‑soluble glycosyl flavo‑
noid, has been shown to activate p53 and induce Bax protein 
expression, reducing Bcl‑2 protein expression and inducing 
apoptosis in HT‑29 cells (52). Sionov and Haupt (53) reported 
on various factors that trigger the cellular response to regulated 
p53. These include the cell type, the extracellular stimuli, the 
intensity of the stress signals, the post‑transcription/translation 
modification of p53 and the interaction of p53 with specific 
proteins (53). In the present study, the α‑PA alone group at 
250 µM did not exhibit an increase in p53 levels, and when 
α‑PA and 5‑FU were combined, the expression levels of p53 
were not significantly higher than in the cells treated with 
5‑FU alone. Therefore, the increased levels of Bax, decreased 
levels of Bcl‑2 and reduced mitochondrial function, does not 
seem to be due to p53 activation but may result from other 
factors, such as cell type, extracellular stimuli or the intensity 
of stress signals.

When focusing on apoptosis induced by mitochondrial 
membrane dysfunction, caspase‑8‑regulated Bid and Bcl‑2 
are key pathways. The extrinsic apoptotic pathway is activated 
by p53 or activated by death receptors to regulate apoptotic 
proteins, such as caspase‑8, which then stimulate apoptosis by 
directly cleaving and activating caspase‑3 or cleaving Bid, a 
proapoptotic Bcl‑2 family protein (47,48). Among these target 
genes, the Bcl‑2 family serves an important role in inducing 
apoptosis by regulating mitochondrial function. Specifically, 
Bax and Bak undergo oligomerization at the mitochondrial 
outer membrane of the mitochondria, forming pores that cause 
mitochondrial outer membrane permeabilization (MOMP) 
and the subsequent release of cytochrome c. These events 
trigger the caspase family activation, ultimately leading 
to apoptosis (54). Paeoniflorin‑6'‑O‑benzene sulfonate, a 
potential therapeutic medicine for hepatocellular carcinoma, 
combined with 5‑FU can activate the intrinsic mitochondrial 
apoptotic pathway induced by p53, inhibit anti‑apoptotic Bcl‑2 
expression, and induce proapoptotic Bax, cytochrome c and 
caspase family expression (55).

When 5‑FU is administered, caspase‑8 is activated by p53, 
Bid is activated and MOMP is regulated (56,57). A reduc‑
tion in MOMP is one of the leading causes of cytochrome c 
release from the mitochondria and triggers caspase family 
expression (57). Allavena et al (58) showed that malnutrition 
and limited nutrients cause caspase‑8 activation and reduce 
MOMP levels, leading to apoptosis but not autophagy. After 
caspase‑8 and Bid activation leads to Bax and Bak activation, 
the modification of fatty acids in the mitochondrial membrane 

Figure 5. Possible mechanisms by which α‑phellandrene combined with 5‑FU treatment induces apoptosis in human colon cancer HT‑29 cells by regulating 
the mitochondria‑dependent pathway. 5‑FU, 5‑fluorouracil; HK‑2, hexokinase‑2; MMP, mitochondrial membrane potential; VDAC, voltage‑dependent anion 
channel.
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reduces MOMP; therefore, under limited nutrients or stress, it 
is worth assessing which mechanism regulates cellular apop‑
tosis or autophagy (59). In the present study, α‑PA combined 
with 5‑FU treatment significantly increased caspase‑8 and Bid 
expression, and reduced MMP. A novel finding of the present 
study is that phytochemicals and 5‑FU may regulate caspase‑8 
signaling to induce apoptosis in human colon cancer HT29 
cells.

In the present study, α‑PA combined with 5‑FU treatment 
not only enhanced caspase‑8 to initiate the extrinsic pathway 
of apoptosis, but also regulated VDAC‑HK‑2 complex expres‑
sion on the mitochondria surface to regulate mitochondrial 
function. Positioned at the outer membrane of mitochondria, 
VDAC plays an important role in regulating the perme‑
ability of ATP/ADP, regulation of calcium homeostasis, and 
calcium flux within ER‑mitochondria contact sites. VDAC 
has also been recognized to be involved in the release of the 
Bcl2‑family and HK. VDAC binding cytosolic HK‑2 forms a 
VDAC‑HK complex, which is essential for maintaining mito‑
chondria integrity and normal function (60). Klepinin et al (61) 
also showed that the VDAC binding sites for tubulin and HK 
within the membrane protein super complex modify mito‑
chondrial membrane integrity and increase permeability. On 
the mitochondrial membrane, VDAC‑1‑bound HK facilitates 
and promotes apoptosis capacity. Tewari et al (62) showed that 
silencing VDAC‑1 protects HeLa cells from aspirin‑induced 
cell death; upon aspirin treatment, VDAC‑1 knockdown 
cells exhibited a smaller mitochondrial membrane potential 
change than wild‑type cells. Aspirin has the capability to alter 
VDAC‑1, and the interaction between VDAC and HK may be 
linked to cellular apoptosis and potential anticancer proper‑
ties. Furthermore, VDAC has been suggested to be a target 
for the pro‑ and anti‑apoptotic Bcl‑2 family of proteins, and 
its significance lies in its role in the discharge of apoptotic 
proteins situated in the intermembrane space (60). Regulation 
of the expression and functions of VDAC and HK may be a 
potential target for chemoprevention and for developing cancer 
therapies. In the present study, compared with 5‑FU alone, 
α‑PA combined with 5‑FU significantly increased caspase‑8 
and Bid mRNA expression levels, and significantly decreased 
MMP and HK‑2 expression levels in HT‑29 cells. These results 
indicated that α‑PA combined with 5‑FU may lead to a change 
in the mitochondrial outer membrane permeability and Bcl‑2 
family release.

Mitochondria‑mediated caspase family activation is 
another important component in the mitochondria‑dependent 
apoptotic pathway. Once mitochondrial membrane dysfunc‑
tion occurs, cytochrome c is released from mitochondria, and 
caspase‑9 and caspase‑3 are activated, leading to apoptosis (63). 
A previous study showed that gambogenic acid combined with 
5‑FU can upregulate caspase‑3, caspase‑9, Bax, RIP1, AIF, 
VDAC, cytochrome c and cyclophilin D, and downregulate 
Bcl‑2 (64). Cheng et al (65) also showed that casticin, a natural 
polymethoxyflavone from Vitex rotundifolia, combined with 
5‑FU reduces Bcl‑2, but increases caspase‑8 and caspase‑3 in 
mouse leukemia WEHI‑3 cells. Compared with 5‑FU, α‑PA 
combined with 5‑FU significantly increased cytochrome c, 
caspase‑9 and caspase‑3 expression levels in the present study, 
showing that α‑PA combined with 5‑FU can induce apoptosis 
by mitochondria‑mediated caspase family activation.

The findings of the present study have important implica‑
tions for patients undergoing cancer therapy who are seeking 
to minimize the toxicity of the chemotherapeutic drug 5‑FU. 
5‑FU not only induces apoptosis but also regulates cancer cell 
DNA synthesis (14). In the future, to determine the optimum 
lower dosage of 5‑FU combined with α‑PA, we aim to assess 
cell viability and DNA synthesis efficiency rate in cell models; 
tumor incidence rate and tumor size in animal models; and 
to potentially perform clinical trials to study its mechanism. 
Additionally, we need to assess α‑PA and/or 5‑FU plasma 
levels and pharmacokinetics in animal models or clinical 
trials. As well as the study of the synergistic effect of α‑PA 
combined with 5‑FU treatment on apoptosis, future studies 
may assess whether α‑PA reduces the side effects of 5‑FU, 
such as mucositis.

In conclusion, the findings of the present study indicated 
that the combination of α‑PA and 5‑FU exhibited a synergistic 
impact on reducing the viability of human colon cancer HT‑29 
cells via the induction of apoptosis. As shown in Fig. 5, the 
mechanism involves the mitochondria‑dependent apoptotic 
pathway, including regulating the expression of members of 
the Bcl‑2 family, such as Bax, Bcl‑2 and Bid, regulating MMP 
and HK‑2 expression levels, and increasing the expression 
levels of caspase cascade proteins, including caspase‑9 and 
caspase‑3.
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