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In vivo and in vitro induction of the apoptotic effects
of oxysophoridine on colorectal cancer cells via
the Bcl-2/Bax/caspase-3 signaling pathway
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Abstract. Oxysophoridine (OSR) is a major active alkaloid
extracted from Sophoraalopecuroides L. The aim of the
present study was to investigate the induction of the apoptotic
effects of OSR on colorectal cancer cells in vivo and in vitro.
The results of the MTT and colony formation assays demon-
strated that the proliferation of HCT116 cells was inhibited
by OSR in vitro. The characteristics of cellular apoptosis in
OSR-treated HCT116 cells were analyzed by Hoechst 33258
staining. It was also observed that the expression of caspase-3,
B-cell lymphoma-2 (Bcl-2) associated X protein (Bax) and
cytochrome c increased significantly upon OSR treatment.
However, the expression of Bcl-2 and poly ADP-ribose
polymerase-1 (PARP-1) was downregulated in OSR-treated
cells compared with untreated cells. The in vivo experiments
identified that OSR significantly inhibited the growth of the
transplanted mouse CT26 tumor tissue, upregulated the expres-
sion of caspase-3, Bax and cytochrome ¢ and downregulated
the expression of Bcl-2 and PARP-1, as detected by reverse
transcription-quantitative polymerase chain reaction and
western blotting. It may be concluded that OSR significantly
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induced apoptotic effects on colorectal cancer cells in vivo and
in vitro, and that its mechanism may be associated with the
Bcl-2/Bax/caspase-3 signaling pathway.

Introduction

Colorectal cancer (CRC) is one of the most common gastroin-
testinal malignancies worldwide (1,2). In previous years, with
the improvement of living conditions, increases in lifespan and
alterations to environmental pollution factors, the morbidity
and mortality of colorectal cancer has increased significantly,
alongside a decrease in the age of disease onset (3-5). The
pathogenesis of colorectal cancer is complex, and therefore
diagnosis is often difficult in the earlier stages of disease (6).
At present, surgery, chemotherapy and radiotherapy are the
most effective treatments, and the primary methods used to
treat colorectal cancer (7). However, the success rate of this
therapy is not sufficient, and the rate of CRC mortality is
increasing year by year (8,9), which indicates that innovative
strategies are required to control this deadly disease.

A number of previous studies have reported the potential
anti-tumor activities of various herbal medicines in various
experimental models of cancer (10-12). Clinical reports have
also demonstrated the beneficial effects of herbal medicines in
patients with tumors (13,14). Therefore, it is necessary to iden-
tify novel drugs for the prevention and treatment of tumors.

Oxysophoridine (OSR) is a major active alkaloid extracted
from Sophoraalopecuroides L. (15). The chemical structure
of OSR comprises two piperidine rings (Fig. 1), and it belongs
to the family of quinolizidine alkaloids. OSR has been iden-
tified to possess several pharmacological activities such as
anti-oxidative and anti-inflammatory effects, suppression of
the growth of hepatocellular carcinoma and analgesic and
central inhibitory effects (16-20). However, the anti-tumor
potential of OSR in CRC has not been characterized. Therefore,
the present study aimed to investigate the anti-tumor effects of
OSR in CRC and to investigate the induction of the apoptotic
effects of OSR in the CRC HCT116 cell line and mouse CT26
tumor model. The findings of the present study suggest that
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OSR mediates its anti-colorectal cancer activity via the regu-
lation of the B-cell lymphoma 2 (Bcl-2)/Bcl-2-associated X
protein (Bax)/caspase-3 signaling pathway to induce apoptosis
in vitro and in vivo.

Materials and methods

Cell culture and experimental reagents. Colorectal cancer
HCT116 and CT26 cell lines were purchased from Nanjing
Keygen Biotech Co., Ltd. (Nanjing, China). Cells were main-
tained in Dulbecco's modified Eagle's medium (DMEM)/high
glucose medium (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) supplemented with 12% heat-inactivated
fetal bovine serum (Minhai Biological Engineering Co.,
Ltd., Lanzhou, China), and 1% penicillin-streptomycin
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), and
cultured at 37°C in a humidified atmosphere of 5% CO,. When
the concentration of cells reached 1x10° cells/ml for subcul-
ture the treatments were performed and all experiments were
performed with cells in the logarithmic phase of growth. OSR
was extracted from Sophoraalopecuroides L. (purity =98%;
Chengdu Herbpurify Co., Ltd., Chengdu, China) and dissolved
in normal saline (NS) at an initial concentration of 200 mg/ml
and stored at -20°C. Fluorouracil (5-Fu) was obtained from
Shanghai Xudong Haipu Pharmaceutical Co., Ltd., Shanghai,
China. Primary antibodies against caspase-3, cytochrome c,
Bcl-2, Bax and poly (adenosine 5'-diphosphate-ribose)
polymerase 1 (PARP-1) were purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Trypsin and MTT
were obtained from Sigma-Aldrich; Merck KGaA.

Assessment of cell growth inhibition ratio. To assess cell growth
inhibition ratio, HCT116 cells (5x10°) were seeded into 96-well
plates (Guangzhou Jet Bio-Filtration, Co., Ltd., Guangzhou,
China). Following overnight incubation at 37°C, different
concentrations of OSR (3, 6, 12,24, 48,96 and 192 mg/l) were
used to treat the cells, and the cells were incubated at 37°C
for 48 h (6 wells for each concentration). Briefly, 20 ul MTT
solutions (5 mg/ml) was added to each well and incubated for
4 h at 37°C, then 150 pl dimethyl sulfoxide was added to each
well to dissolve MTT formazan, and the plate was shaken at
room temperature for 15 min. The absorbance was measured
at 490 nm with a microplate reader (Bio-Rad Laboratories,
Hercules, CA, USA). The half maximal inhibitory concentra-
tion (ICy,) was calculated using SPSS version 17.0 (SPSS, Inc.,
Chicago, IL, USA).

Growth curve assay. To evaluate the cell growth curve,
HCT116 cells (1x10° cells/well) were inoculated into 96-well
plates. After 24 h, the cells were treated with OSR at different
concentrations (100, 50, and 25 mg/l) for 1 to 7 days. The
control group was incubated in a drug-free medium, and the
positive group was exposed to 5-Fu (20 mg/1) (21). The number
of surviving cells from each group was counted daily using
Trypan Blue staining assay, according to the directions below.
A total of 10 ul 0.4% Trypan Blue solution was added to 90 ul
of cell-suspension with sufficient mixing, and 10 ul solution
was added on to the cell-count boards. Cells were then counted
to assess the number of viable cells, under a light microscope
(Olympus CX31) at x10 magnification.
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Figure 1. Molecular structure of oxysophoridine.

Colony formation assay. For the colony formation assay,
200 cells were seeded into 6-well plates and exposed to various
concentrations of OSR (100, 50 and 25 mg/l) for 14 days at
37°C in 5% CO, atmosphere with a relative humidity of 95%.
The colonies were fixed in pure methanol solution at room
temperature for 15 min and then stained with Giemsa (3%) at
room temperature for 30 min and washed 3 times with PBS,
5 min/time. Images of the colonies were captured and counted
under a light microscope, and the colony formation inhibitory
rate was calculated as follows: (I-mean number of colonies
in the OSR group/mean number of colonies in the negative
control group) x100.

Hoechst 33258 staining assay. The HCT116 cells were seeded
at a density of 5x10° cells/ml into a 24-well plate. After 24 h,
the cells were treated with OSR at various concentrations
(100, 50, and 25 mg/l) for 48 h. The cells were washed with
PBS three times, fixed with 4% neutral paraformaldehyde
at room temperature for 30 min, washed with PBS three
times and stained with 2 mg/l Hoechst for 30 min at room
temperature. The chromatin structure of the cells was
observed by fluorescence microscopy at x200 magnification,
and the apoptosis rate was calculated as follows: Apoptosis
rate (%) = apoptosis cell number/(normal cell number + apop-
tosis cell number) x100.

RNA isolation and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was isolated
from treated cells or tissues with TRIzol® reagent (Bio Basic,
Inc., Markham, ON, Canada), according to the manufac-
turer's protocol. Total RNA was reverse transcribed with the
RevertAid™ First Strand cDNA Synthesis kit (Fermentas;
Thermo Fisher Scientific, Inc.) according to manufacturer's
protocol. A total of 2 ul RNA samples were diluted by
DEPC water, and the absorbance value (A) of RNA solution
was detected by UV spectrophotometer at 260 and 280 nm
respectively. The purity of RNA samples was determined
according to the ratio of A260 nm/A280 nm. A ratio between
1.8-2.0, indicates that the purity of the RNA samples are high,
whereas <1.8 demonstrates that the samples are contaminated
by protein, and >2.0 demonstrated that the samples have RNA
degradation. Primer sequences of all the genes are listed
in Table I. A total reaction volume of 25 ul was used, composed
of 2 ul cDNA, and 12.5 pl Taq Master mix (Beyotime Institute
of Biotechnology, Haimen, China) and 8.5 ul nuclease-free
water. The reaction conditions were as follows: 30 sec at 95°C
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Table I. Primer sequences and product length.
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Gene Forward primer (5'-3") Reverse primer (5'-3") Product length (bp)
Caspase-3 TGGGTGCTATTGTGAGGCGG GCACACCCACCGAAAACCAG 168
Cytochrome ¢ CGTTGTGCCAGCGACTAAAAA GATTTGGCCCAGTCTTGTGC 129
Bcl-2 TGAACTGGGGGAGGATTGTG AAATCAAACAGAGGCCGCAT 211
Bax CCCAGAGGCGGGGTTTCA GGAAAAAGACCTCTCGGGGG 207
PARP-1 GAAGCCACAGCTAGGCATGA CGCCACTTCATCCACTCCAT 220
B-actin GGCACCCAGCACAATGAAGA CATCTGCTGGAAGGTGGACA 106

Bcl-2, B-cell lymphoma 2; Bax, Bcl-2 associated X protein; PARP-1, poly (adenosine 5'-diphosphate-ribose) polymerase 1.

for denaturation (1 cycle), annealing at 58°C for 30 sec and
extension at 72°C for 30 sec, for a total of 35 cycles. The PCR
products (10 ul) were visualized using electrophoresis on 2.0%
agarose gel. The expression levels of the target mRNAs were
normalized to the reference gene -actin (22).

Western blot analysis. The cells were collected and lysed
with lysis buffer (150 mM NaCl, 1.0 mM EDTA, 1% NP-40,
50 Mm Tris-HCI, pH 7.4, 1 mM phenylmethylsulfonyl fluoride,
1 pg/ml Leupeptin, 1 pg/ml aprotinin and 1 g/ml pepstatin)
by incubating for 30 min at 4°C. The lysates were centrifuged
at 13,500 x g for 15 min at 4°C, and the protein concentra-
tions were determined using the Bio-Rad Protein Assay kit
(Bio-Rad Laboratories, Inc.). Equal amounts of total proteins
(50 pug) were mixed with loading buffer, at 95°C for 5 min,
and separated on 12% SDS-PAGE gels, and then blotted
onto polyvinylidene fluoride membranes. The membranes
were blocked with 5% non-fat milk at room temperature for
1 h, and incubated with specific primary antibodies at room
temperature for 2 h. The primary antibodies used in this study
were as follows: PARP-1 antibody (1:400; sc-8007), cyto-
chrome ¢ antibody (1:400; sc-514435), Bcl-2 antibody (1:400;
sc-509), Bax antibody (1:400; sc-4239), caspase-3 antibody
(1:400; sc-136219; all from Santa Cruz Biotechnology, Inc.).
All of these antibodies were rabbit monoclonal antibodies.
After washing with TBST (TBS containing 0.05% Tween-20,
pH 7.6) three times, the membranes were incubated with goat
anti-rabbit immunoglobulin G conjugated to horseradish
peroxidase (1:1,000; cat. no. Bal055; Boster Biological
Technology, Pleasanton, CA, USA) for 1 h at room tempera-
ture. Following washing with TBST three times, the proteins
signal was detected using an electrochemiluminescence kit
(Beyotime Institute of Biotechnology). Densitometric analyses
of resultant western blots were performed with ImagelJ soft-
ware (ImagelJ version 1.47 public domain software; National
Institutes of Health, Bethesda, MD, USA).

Anti-tumor activities in vivo. Five-week old ICR male mice
(weight, 18-22 g) were obtained from the Experimental Animal
Center of Sichuan University (Chengdu, China). The mice were
housed in an air-conditioned room, which was maintained at
23+2°C, and the relatively humidity of the house was kept at
55+5% CO, with a 12:12 h light/dark cycle, with free access to
food and water. The CT26 cells were homogenized with NS at
a ratio of (cell solution, NS=1:4; cell concentration, ~1x10%/ml).

The mice were injected with the cell suspension (0.2 ml/mouse)
subcutaneously at the right front axilla. Once transplanted, the
tumor (~50 mg) was palpable. The mice were randomly divided
into different treatment groups, with 10 mice in each group.
The mice in the three OSR groups were administered daily
with OSR at 300, 150 and 75 mg/kg of body weight via intra-
peritoneal injection (i.p). The mice in the positive control group
were injected with (30 mg/kg) 5-Fu once a day, and the mice
in the negative control group were administered daily with an
equal volume of NS. From the third day, tumor volume (V)
was measured using calipers on alternate days and calculated
using the standard formula: V (mm?®) = AB?%/2, where A is the
longest superficial diameter, and B is the smallest superficial
diameter. After 13 days, all mice were sacrificed by disloca-
tion of cervical vertebra, and the tumor tissues were removed
and weighed. Then, the tumor tissues were used to detect the
expression levels of caspase-3, Bax, Bcl-2, cytochrome ¢ and
PARP-1 by RT-PCR and western blotting. The animal experi-
ments were approved by the Animal Ethics Committee of the
Luohe Medical College (Luohe, China).

Statistical analysis. The data are presented as the mean + stan-
dard deviation. Data were analyzed by one-way analysis of
variance followed by Duncan's post-hoc test using the SPSS
software package version 17.0 (SPSS, Inc., Chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

OSR inhibits the proliferation of human colorectal HCTI116
cancer cells. To detect the growth inhibition effects of OSR
in HCT116 cells, cell growth inhibition rate, growth curve and
colony-forming assays were performed. The HCT116 cells
were treated with serial concentrations of OSR (3, 6, 12, 24,
48, 96 and 192 mg/l) for 48 h. The results demonstrate that
the cell growth inhibition rate significantly increased in a
dose-dependent manner (Fig. 2A), and that the ICy, value was
59.28 mg/l. The cell growth curve assay indicated that OSR
may inhibit HCT116 cell growth in a time and dose-dependent
manner (Fig. 2B). Compared with the negative group, the
colony formation assay demonstrated that OSR may inhibit the
proliferation of HCT116 cells markedly. The colony formation
inhibition rate significantly increased from 51.1% for 25 mg/1
OSR to 93.9% for 100 mg/l OSR (P<0.01; Fig. 3).
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Figure 2. Effects of OSR on HCT116 cell viability. (A) HCT116 cells were treated with various concentrations (3-192 mg/l) of OSR for 48 h and then analyzed
by MTT assay. (B) Growth curve of the OSR treated-HCT116 cells. The numbers of viable cells were detected by Trypan Blue staining assay after 1,2, 3,4,5,

6 and 7 days of treatment. OSR, oxysophoridine.

OSR promotes apoptosis of HCT116 cells. The changes in the
levels of apoptosis in OSR-treated HCT116 cells were detected
via Hoechst 33258 nucleus staining. Compared with the nega-
tive group, the cells exhibited a marked increase in apoptosis
following treatment with OSR for 48 h, exhibiting nuclear
condensation, DNA fragmentation and the formation of apop-
totic bodies. The cell apoptosis rate of the negative control
group was 5.21%. Treatment with 25, 50 and 100 mg/l OSR
significantly upregulated the rate of apoptosis from 46.37%
(25 mg/1) to 87.62% (100 mg/1; P<0.01; Fig. 4).

OSR inhibits CRC growth in vivo. To determine whether OSR
is able to inhibit tumor growth in vivo, CT26-xenografts were
established in ICR mice. It was identified that the tumor volume
of the negative control group was higher compared with the
tumor volume of the OSR-treated (150 and 300 mg/kg) mice
from day 9 to 13. The growth curve assay indicated that OSR
was able to inhibit tumor tissue growth significantly (P<0.05,
P<0.01; Fig. 5).

Effects of OSR treatmenton caspase-3, Bax, Bcl-2, cyto-
chrome c and PARP-lexpressionin HCTI116 cells. The levels of
caspase-3, Bax, Bcl-2, cytochrome ¢ and PARP-1expression in
HCT116 cells were analyzed by RT-qPCR and western blotting.
The HCT116 cells were treated with different concentrations of
OSR (25, 50 and 100 mg/l). Compared with the control group,
treatment with 50 and 100 mg/1 OSR downregulated the expres-
sion of Bcl-2 and PARP-1, whereas the levels of caspase-3, Bax
and cytochrome ¢ were upregulated (Fig. 6).

Effects of OSR treatment on caspase-3, Bax, Bcl-2,
cytochrome ¢ and PARP-lexpression in transplanted
CT26CRC tissues. The caspase-3, Bax, Bcl-2, cytochrome ¢
and PARP-1 expression levels in the transplanted CT26CRC
tissues were also detected by RT-PCR and western blot anal-
ysis. Compared with the negative control group, the levels of
Bcl-2 and PAPR-1 were significantly decreased in cells treated
with 150 and 300 mg/kg OSR, and the levels of caspase-3, Bax
and cytochrome ¢ were increased in the OSR groups (150 and
300 mg/kg; Fig. 7).
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Figure 3. OSR inhibits colony formation of HCT116 cells. (A) Negative control
group; (B) OSR 25 mg/1; (C) OSR 50 mg/l and (D) OSR 100 mg/1. (E) Graph
indicating the colony formation inhibitory rate. HCT116 cells were treated
with various concentrations of OSR (25, 50 and 100 mg/1) for 14 days. The
number of colonies formed was subsequently counted, and the colony forma-
tion inhibitory rate was calculated. The inhibitory rate increased from 51.1%
where the cells were treated with 25 mg/l OSR to 93.9% where 100 mg/l OSR
was used. “P<0.01 vs. the negative group. OSR, oxysophoridine.
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Figure 4. Apoptosis was detected by Hoechst 33258 staining (magnification,
x200). (A) Negative control group; (B) OSR 100 mg/l; (C) the HCT116 cells
exhibited significantly increased levels of apoptosis following treatment with
OSR (25,50 and 100 mg/1) for 48 h vs. negative group. “P<0.01 vs. the nega-
tive group. OSR, oxysophoridine.

Discussion

Colorectal cancer is one of the most common digestive tract
malignancies worldwide, with a poor prognosis (23). Apoptosis
or programmed cell death (PCD) is a mechanism of nucle-
ated cell death, which is regulated by physiological processes,
including alterations to the intracellular and extracellular envi-
ronments or cell death signaling activation. Cell membrane
shrinkage, nucleus pyknosisorkaryolysis, DNA fragmenta-
tion and formation of apoptotic bodies are characteristics of
apoptotic cells. A number of previous studies indicated that
cellular apoptosis was associated with the occurrence, devel-
opment, therapy and prognosis of numerous types of human
tumor (24-26). To the best of our knowledge, apoptin plays
a paramount role in apoptosis, by upregulating pro-apoptotic
proteins (caspase-3, cytochrome c, and Bax) and downregu-
lating anti-apoptotic proteins (Bcl-2 and PARP-1) (27-34).
Previous studies have indicated that increased Bax expression
may induce apoptosis and that increased Bcl-2 expression
may inhibit apoptosis (35). Caspase-3, belongs to the family
of cysteine proteases, and is a crucial mediator of apoptosis.
Caspases are divided into three broad categories: Apoptotic
initiators (caspase-2, -8, -9 and -10), apoptotic inhibitors
(caspase-3, -6 and -7) and inflammatory mediators (caspase-1,
-4,-5 and -11) (36,37). To date, multiple previous studies have
demonstrated that caspase-3 is a major effector in the process
of apoptosis, and that its activation marks the irreversible
stage of apoptosis (38). The release of cytochrome c in the
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Figure 5. OSR inhibited the colorectal tumor growth in vivo. (A) Growth
curve (the tumor volume) showed that OSR could inhibit the mouse CT26
transplantable colorectal tumor tissue volume significant; (B) OSR inhibited
the tumor weight (the 13th day). "P<0.05, “P<0.01 vs. the control group. OSR,
oxysophoridine; 5-Fu, fluorouracil.

mitochondria is one of the inchoate diagnostic characteristics
in nucleated cell apoptosis (39). Bcl-2 inhibits cell apoptosis by
reducing the release of mitochondrial cytochrome c in order
to inhibit the activation of caspase-3. Bax protein, as a crucial
component of mitochondrial membrane ion channels, induces
the transfer of cytochrome ¢ across mitochondrial membranes
and the formation of apoptotic bodies; activates caspase-9
andcaspase-3, which consequently leads to apoptosis (40).
PARP-1 is a type of post-translational modification protein
enzyme, which exists in the cell nucleus and cytoplasm and
is involved in DNA damage repair, gene transcription regula-
tion, telomerase activity regulation and protein degradation.
PAPR-1 is cleaved into two fragments, p89 and p24, by
caspase-3, which causes a loss of PARP-1 function and leads
to apoptosis (41-44).

In the present study, the inhibitory effects of OSR on the
proliferation of the human CRC HCT116 cells were detected.
Cell growth inhibition, growth curve and colony-forming
assays indicated that treatment with OSR was able to inhibit the
growth of HCT116 cells in a time and dose-dependent manner.
Hoechst 33258 staining demonstrated that OSR was able to
induce apoptosis inHCT116 cells. An antitumor effect of OSR
on CRC in a mouse model of transplanted CT26 CRC was also
observed. Furthermore, it was observed that OSR was able to
significantly inhibit the growth of tumors at doses of 150 and
300 mg/kg/day. Concomitantly, in order to additionally investi-
gate the mechanism of OSR-induced apoptosis, the expression
levels of apoptotic-associated proteins were detected in vivo
and in vitro. The results demonstrated that treatment with
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OSR was able to suppress Bcl-2 and PARP-1 expression, and
augment caspase-3, Bax and cytochrome c expression.

Therefore, the present study concluded that OSR is able to

mediate anti-tumor activity in CRC cells in vivo and in vitro,
via the induction of apoptosis, and its mechanism may be asso-
ciated with the Bcl-2/Bax/caspase-3 signaling pathway.
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