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Natural product procyanidin B1 as an antitumor
drug for effective therapy of colon cancer
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Abstract. Traditional chemotherapy drugs have definite
antitumor mechanisms and good therapeutic efficacy;
however, their poor water solubility, serious side effects and
drug resistance limit their clinical application. To the best of
our knowledge, the present study reported for the first time
the in vivo and in vitro anticancer effects of procyanidin Bl
(PCB1), a compound that is isolated from natural sources
such as grape seeds, apples, peanut skin and cranberries. Cell
Counting Kit-8 assay showed that PCBI effectively decreased
the number of viable HCT-116 cells compared with cells
treated with the small molecule cytotoxic drug doxorubicin.
Quantitative PCR and apoptosis analysis, Cell cycle analysis,
and WB analysis) of the molecular mechanism showed that
PCBI induced cell apoptosis and cell cycle arrest in S phase
by increasing expression of pro-apoptosis protein caspase-3
and BAX and decreasing expression of anti-apoptosis protein
Bcl-2. The efficient antitumor activity of PCB1 was demon-
strated through in vivo experiments on a xenograft mouse
model, demonstrating that PCB1 significantly suppressed
tumor growth. The present study suggested that PCB1 repre-
sents a novel class of plant-based compounds isolated from
natural sources that can be applied as an anticancer drug.

Introduction

Colon cancer is a malignant tumor of the digestive tract that
occurs in the colon mucosa (1,2). Diet, environment and
genetic factors affect the pathogenesis of colon cancer (3.4).
Currently, colon cancer is primarily treated using surgery;
however, most patients are already in the advanced stage when
they are diagnosed because the disease has no clear symptoms
in the early stage (5,6). Chemotherapy and radiation therapy
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are key strategies for antitumor therapy when the tumor
progresses to mid- and late-stage (7-10). However, the ionizing
radiation associated with radiation therapy causes severe side
effects such as loss of appetite, fatigue, headache, dizziness,
nausea, vomiting and bone marrow suppression (11-14). The
existing chemotherapeutic drugs, such as sorafenib, doxoru-
bicin, 5-fluorouracil and cisplatin, have definite antitumor
mechanisms and effects, but shortcomings such as low cyto-
toxic selectivity, poor water solubility, serious side effects,
low bioavailability and drug resistance limit their applica-
tion (15-18). Therefore, it is necessary to explore novel drugs
with efficient anticancer effects and low acute and long-term
toxicity to improve the disease-free survival time and decrease
the postoperative recurrence rate.

Several plant-based compounds have been shown to be
potent anticancer drugs or chemosensitizers or to reverse drug
resistance in different tumors (19-22). Compared with small
molecule cytotoxic drugs, plant-based compounds show advan-
tages such as multi-targeting, low toxicity, precise function and
easy synthesis. Procyanidins (PCs) are a class of natural poly-
phenolic compounds found in a variety of plants, such as grape
seeds, apples, peanut skin and cranberries (23-25). Owing to
the strong antioxidant capacity and free radical scavenging
ability, PC exhibits a wide range of applications in protecting
cardiovascular circulation, anti-inflammatory and immunity
enhancement (26-28). In addition, acute and long-term toxicity
evaluation showed excellent biocompatibility, which is the basis
for its biomedical applications (23). Currently, the application
of PC in biomedicine has been extended to tumor therapy but
studies on the antitumor effects of PC are limited to their total
extracts (29-31). To the best of our knowledge, no anticancer
activity evaluation of PC with specific polymerization degree
and structural characteristics has been reported so far.

Materials and methods

Cell culture. Human colon carcinoma cell line HCT-116,
colorectal adenocarcinoma epithelial cell line DLD-1 and colon
cancer cell line SW620 were purchased from the Cell Bank
of Type Culture Collection of Chinese Academy of Sciences
(Shanghai, China) and cultured in a 5% CO, incubator at 37°C.
HCT-116 cells were cultured in McCoy's 5A supplemented
with 10% fetal bovine serum (FBS), 1% streptomycin and
penicillin (all Gibco; Thermo Fisher Scientific, Inc.). DLD-1
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cells were cultured in RPMI-1640 (Gibco) supplemented with
10% FBS and 1% streptomycin and penicillin. SW620 cells
were cultured in Leibovitz's L-15 (Gibco) supplemented with
10% FBS and 1% streptomycin and penicillin. For the CCK-8,
apoptosis and cell cycle assay, HCT-116, DLD-1 and SW620
cells were treated with PCBI (purity >95%, Shanghai Yuanye
Biotechnology Co. LTD) (0, 6, 12, 25, 50, and 100 pg/ml)
or DOX (100 nM) (MCE) in a serum-free culture medium
at 37°C for 24,48, or 72 h.

CCK-8 assay. CCK-8 assay was used to assess viability of
HCT-116, DLD-1 and SW620 cells incubated with PCBI1 or
DOX. HCT-116, DLD-1 or SW620 cells were seeded into a
96-well plate at a density of 5x10° cells/well and incubated
overnight at 37°C. Subsequently, culture medium was replaced
with that containing PCB1 or DOX. After incubation at 37°C
for 24,48 and 72 h, 10 ul of CCK-8 reagent was added to each
well and incubated with cells for 2 h. Then the absorbance of
cells at 450 nm was measured with a microplate reader.

Apoptosis assay. Apoptosis assay was performed to measure
early or late apoptotic HCT-116 cells following treatment
with PCB1 or DOX. Briefly, HCT-116 cells were first seeded
into 6-well plates at the density of 2x10° cells per well and
incubated overnight at 37°C. Following treatment with PCB1
or DOX for 48 h at 37°C, HCT-116 cells were washed twice
with PBS and re-suspended in binding buffer at a density of
1x10° cells/ml. HCT-116 cells (100 ul), Annexin V-FITC (5 ul)
and PI (5 ul) were mixed and transferred to a tube for incuba-
tion at 37°C for 15 min. The binding buffer (400 ul) was added
to the stained HCT-116 cells, which were analyzed using a flow
cytometer (BD FACS Calibur; BD Biosciences) and FlowJo
10.8.1 (BD Biosciences).

Cell cycle analysis. Cell Cycle Assay Kit, DOJINDO) was used
to analyze the effect of PCBI1 on the cell cycle. Briefly, HCT-116
cells first seeded into a 6-well plate at the density of 2x10° cells
per well and incubated overnight at 37°C. After treatment with
PCBI1 or DOX for48 h at 37°C,HCT-116 cells were added to PBS
and fixed in cold ethanol (70%, 4°C) for 4 h. The mixed solution
was centrifugated at 37°C (500 x g, 5 min) for removing ethanol
and then added to DNA staining solution (500 ul). Following
incubation at 37°C for 30 min, HCT-116 cells were analyzed
using a flow cytometer (BD FACS Calibur; BD Biosciences).
The data were analyzed by FlowJo 10.8.1 (BD Biosciences).

Reverse transcription-quotative (RT-q)PCR. Following treat-
ment with PCB1 or DOX at 37°C for 48 h, total RNA was
extracted from HCT-116 cells using TRIzol™ (Thermo Fisher
Scientific, Inc.; Invitrogen). Total RNA was reverse-tran-
scribed into cDNA (1 ug) using the PrimeScript™ RT
Reagent kit (Takara Bio, Inc.), according to the manufacturer's
protocol. gPCR was performed using SYBR®-Green Premix
Ex Tagq™ (Takara Bio, Inc.) on a QuantStudio™ 5 Real-Time
PCR Detection System (Applied Biosystems; Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. The following primer pairs were used for qPCR:
Caspase-3 forward, 5'-GGTGCTATTGTGAGGCGGTT-3'
and reverse, 5" TGAGAATGGGGGAAGAGGCA-3"; Ki67
forward, 5'-"ATGGAGAGGTGGCCAAGAAC-3' and reverse,

5" TGTGTGGTCTGTGTGAGCTG-3"; Bcl-2 forward,
5'-CTTTGAGTTCGGTGGGGTCA-3' and reverse, 5-GGG
CCGTACAGTTCCACAAA-3'; Bax forward, 5'-CCCGAG
AGGTCTTTTTCCGAG-3' and reverse, 5'-CCAGCCCAT
GATGGTTCTGAT-3' and p-actin forward 5'-GGACTTCGA
GCAAGAGATGG-3' and reverse, 5'-AGCACTGTGTTG
GCGTACAG-3". The mRNA levels were quantified using the
2-4A% method (32) and normalized to the internal reference
gene [3-actin.

Western blotting. HCT-116 cells were seeded into a 6-well
plate at a density of 2x10° cells per well and incubated over-
night at 37°C. After treatment with PCBI1 at 37°C for 24 h,
HCT-116 cells were lysed in cold RIPA lysis and extraction
buffer (cat. no. 89900; Thermo Fisher Scientific, Inc.) at 4°C
for 30 min. The protein extract was centrifugated at 12,000 x g
for 5 min at room temperature to collect the cell lysate. Total
protein was quantified using the BCA Protein Detection kit
(cat. no. 23227; Thermo Fisher Scientific, Inc.) and 20 ug
protein/lane was separated by SDS-PAGE on 10 and 12% gels.
The separated proteins were transferred onto a PVDF membrane
using a western blot system (Bio-Rad Laboratories, Inc.). PVDF
membranes were blocked with 5% skimmed milk powder for
1 h at 4°C and then incubated with primary antibodies at 4°C
overnight. The following antibodies were used at a dilution of
1:1,000: Anti-cleaved-Caspase-3 (cat. no. 9661T; Cell Signaling
Technology, Inc.), anti-Ki67 (cat. no. abl6667; Abcam), anti-Bax
(cat. no. 147968S; Cell Signaling Technology, Inc.) and anti-Bcl2
(cat. no. ab59348; Abcam). The PVDF membranes were washed
three times with TBST (8.8 g NaCl + 20 ml of Tris-HCL (1 M)
+ 0.5 ml of Tween 20) and then incubated with secondary
antibodies for 1 h at room temperature as follows: Anti-rabbit
IgG (1:5,000; cat. no. 7074; Cell Signaling Technology, Inc.)
or anti-mouse IgG, horseradish peroxidase-linked antibody
(1:5,000; cat. no. 7076; Cell Signaling Technology, Inc.). After
incubation, the membranes were washed, added with ECL
reagent (SuperSignal West Femto, Thermo Scientific) and
observed by enhanced chemiluminescent detection systems
(chemiscope6100, Shanghai Qinxiang Scientific Instrument
Co., LTD) and analyzed by ChemiScope Analysis software
(Shanghai Qinxiang Scientific Instrument Co., LTD).

Solid tumor treatment. A total of 25 female BALB/c nude
mice (age, 5 weeks, weight, ~20 g) were purchased from
Slack Experimental Animal Center (Shanghai, China). All
animal experiments were approved by the Biology Ethics
Committee of Shihezi University (approval no. A2022-046).
All mice were housed in an animal facility under constant
environmental conditions (room temperature, 22+1°C, relative
humidity, 40-70% and a 12 h light-dark cycle) and allowed
free access to autoclaved water and irradiated food HCT-116
tumor models were established by subcutaneous injection of
6x10° cells into the right shoulder of nude mice. The mice were
randomly divided into five groups (n=5/group) after the tumor
volume reached ~50 mm? as follows: Control (PBS), PCB1
(20 mg/kg), PCBI1 (40 mg/kg), PCB1 (60 mg/kg) and DOX
(5 mg/kg) groups. The mice received intragastric PCBI1 or
DOX every other day via gavage. The tumor size was measured
every day and calculated using as follows: (Length x width?)/2.
Animals were euthanized when the individual tumor volume
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Figure 1. In vivo anticancer activity of PCB1. Anticancer activity of PCBI in (A) HCT-116, (B) DLD-1 and (C) SW620 cells was evaluated using Cell Counting
Kit-8 assay. DOX (10 nM) was used as the positive control. PCB1, procyanidin B1; DOX, doxorubicin. "P<0.05, “P<0.01, ““P<0.002, and “*"P<0.001, which

was compared with O gg/ml.

reached 1000 mm?®. No animals were sacrificed according to
the endpoints before the end of the experiment. After 18 days
of administration, the experiment was terminated. The mice
were euthanized after being photographed. Euthanasia was
performed using 5% isoflurane inhalation followed by cervical
dislocation. The tumors were collected, photographed and
weighed to evaluate the anticancer activity of PCBI.

Statistical analysis. Data are expressed as the mean + standard
deviation and analyzed by Graphpad Prism 8.0 (GraphPad
Software). To ensure the accuracy of the experiments, at least

three replicates were performed. When variances were homo-
geneous, the statistical analysis was performed through one-way
ANOVA. If not, the data were analyzed using the Kruskal-Wallis
non-parametric test. If there was significant difference, the data
were analyzed using Dunnett's post hoc test.

Results
Viability of HCT-116 cells incubated with PCBI using

CCK-8 assay. The concentration-dependent cytotoxicity of
PCBI is reported in Fig. 1A. PCBI1 decreased the number of
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Figure 2. Effect of PCB1 on cell apoptosis. Apoptosis analysis of HCT-116 cells treated with PCB1. DOX (100 nM) was utilized as the positive control. PCBI,

Ak

procyanidin Bl; DOX, doxorubicin.

live HCT-116 cells; 100 p#g/ml PCBI1 induced a 52.3+5.0%
decrease in live cells after treating for 24 h. By contrast,
viability of HCT-116 cells incubated with PCB1 for 48 or
72 h was decreased to 8.7+0.5 and 5.0+0.9%, respectively,
which was lower than that of DOX at the same incubation
length (28.9+2.2 and 30.1+4.1% for 48 and 72 h, respec-
tively). Moreover, a significant decrease in cell viability was
observed for DLD-1 and SW620 cells following incubation
with PCBI1, with 100 xg/ml PCBI1 showing the greatest
effect on cancer cells (Fig. 1B and C). DOX was chosen as
a positive control because it is a widely used and studied
anticancer drug (33-35).

Apoptosis analysis. The mechanism of cell death induced
by PCBI1 was investigated using flow cytometry. A
significant increase in apoptotic HCT-116 cells was found
following treatment with PCB1 or DOX for 48 h. Moreover,
apoptosis of HCT-116 cells induced by PCB1 was concen-
tration-dependent (Fig. 2). Specifically, the apoptosis rate
of HCT-116 cells at 48 h increased from 11.07 to 37.32% as
the concentration of PCB1 increased. Furthermore, levels
of apoptotic HCT-116 cells following incubation with
PCBI for 48 h were higher than in the DOX group (37.32
vs. 36.23%), indicating that PCBI1 efficiently induced cell
apoptosis.

P<0.001, which was compared with 0 yg/ml.

Cell cycle analysis. Given the cell apoptosis induced by
PCBI, cell cycle analysis was performed to verify if PCB1
caused cell cycle arrest. The proportion of HCT-116 cells
in each phase was measured following treatment for 48 h
with either PCB1 or DOX using a flow cytometer. The accu-
mulation of HCT-116 cells treated with DOX in S phase
and G,/M phase was accompanied by reduction in G /G,
demonstrating the DOX-induced S phase and G,/M phase
arrest (Fig. 3). By contrast, the proportion of HCT-116 cells
in S phase following treatment with PCB1 was increased
compared with that in the control group, while that in
G,/G, phase was significantly decreased. Furthermore,
the proportion of cells in the S phase increased in a
concentration-dependent behavior, suggesting HCT-116 cell
cycle progression was arrested in S phase by PCBI, thereby
inducing cell apoptosis.

RT-gPCR analysis and western blotting. Considering that
cell apoptosis and cell cycle arrest were induced by PCBI,
RT-qPCR and western blotting were performed to investigate
the possible apoptotic pathways. Following treatment with
PCBI, the PCBI group (75 pg/ml) showed an increase in
mRNA expression levels of pro-apoptosis proteins caspase-3
and BAX compared with those in the control group. By
contrast, the mRNA expression of anti-apoptosis protein Bcl-2
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Figure 3. Effect of PCBI1 on cell cycle. Cell cycle analysis of HCT-116 cells treated with PCB1. DOX (100 nM) was utilized as the positive control. PCB1,
procyanidin B1; DOX, doxorubicin. ““P<0.002, which was compared with 0 yg/ml.

in HCT-116 cells treated with PCBI significantly decreased as
the concentration of PCBI increased (Fig. 4).

In addition, the protein expression of caspase-3 and BAX in
HCT-116, DLD-1 and SW620 cells increased compared with the
control group, while that of Bcl-2 was notably decreased (Fig. 5).
These results demonstrated that the PCBI1 treatment induced
caspase-associated apoptosis pathway. Moreover, mRNA and
protein expression levels of Ki-67 were also decreased in the
PCBI group compared with those in the untreated group,
confirming that PCBI inhibited cell proliferation.

In vivo therapeutic efficacy of PCBI. The efficient anticancer
and apoptotic activity of PCBI1 at the cellular level suggested
that PCB1 may be potentially applied in clinical practice.
Therefore, the in vivo therapeutic efficacy of PCB1 on an
HCT-116 xenograft tumor model induced via intragastric
administration was investigated. Representative photographs,
tumor volume and weight and body weight of mice treated
with PBS, PCB1 (25 pg/ml, 20 mg/kg), PCB1 (50 pg/ml,
40 mg/kg), PCBI1 (75 ug/ml, 60 mg/kg) and DOX (100 nM,
5 mg/kg) are presented in Fig. 6. No inhibitory effect on the
tumor growth was observed in the control group (Fig. 6D).
By contrast, the tumor volume in the low-dose (20 mg/kg)
and mid-dose (40 mg/kg) PCB1 groups were significantly
lower than that in the control group, suggesting that PCB1
had an efficient antitumor activity in this model. Moreover,
the tumor growth inhibition in the high-dose (60 mg/kg)
PCBI1 group was comparable with the DOX (100 nM) group
(Fig. 6A and B) In addition, the tumor weight in the high-dose
PCBI1 (60 mg/kg) and DOX groups were significantly lower
than that in the control group (Fig. 6C), further confirming

the antitumor ability of PCBI1. No significant change in body
weight in each group was observed (Fig. 6E), suggesting good
biocompatibility and undetectable off-target toxicity of PCBI.

Discussion

Existing chemotherapeutic drugs, such as 5-fluorouracil, oxali-
platin and capecitabine, for the treatment of colon cancer, have
definite antitumor mechanisms and effects but also shortcom-
ings, such as low cytotoxicity selectivity, poor water solubility,
serious side effects, low bioavailability and drug resistance, that
limit their clinical application (36-38). By contrast, the present
study showed that PCB1 may be a potential novel anticancer
agent that originates from natural polyphenolic compounds
and possesses good biocompatibility. To the best of our knowl-
edge, although the application of PC in biomedicine has been
extended to tumor therapy, studies on the antitumor effects
of PC are limited to their full extracts (29-31); moreover, no
anticancer activity of PC with specific polymerization degree
and structural characteristics has been reported.

CCK-8 assay revealed that PCBI effectively decreased
the number of viable HCT-116 cells compared with the
small-molecule cytotoxic drug doxorubicin (DOX). Moreover,
the expression levels of several important genes are assessed
to establish the anticancer mechanism of PCBI1 as a potential
chemotherapy drug. Further analysis demonstrated that PCB1
blocked the cell cycle of HCT-116 cells in the S phase by
decreasing the expression of Ki67 and Bcl-2 and increasing
the expression of Caspase-3 and BAX. In vivo experiments on
a xenograft mouse model indicated that PCBI significantly
inhibited tumor growth, comparably to the effect of DOX.
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Figure 4. mRNA expression levels in cells treated with PCB1. mRNA expression levels of Caspase-3, Ki67, Bcl-2, and BAX in HCT-116 cells treated with
PCBI1. DOX (100 nM) was used as the positive control. PCB1, procyanidin B1; DOX, doxorubicin. "P<0.05, “P<0.01, ““P<0.002, and "“P<0.001, which was

compared with O pg/ml.

In the present study, the increased proportion of cells in
S phase suggested that PCB1 arrested HCT-116 cell cycle
progression, thereby inducing cell apoptosis. Mammalian cells
mainly possess two major apoptotic pathways including the
death-receptor and the mitochondrial pathways. Considering
that the two pathways converge at the caspase-3 protein, we
thus detected the expression of caspase-3 in the mRNA and
protein levels to investigate the apoptotic pathways. RT-qPCR
and western blot analysis further indicated that PCBI1
increased the protein and mRNA levels of caspase-3 and BAX
and decreased those of Bcl-2. Although RT-qPCR and western
blot experiments have suggested that PCBI1 induces cell
apoptotic, the potential anticancer mechanism of PCBI1 has

not been investigated. More experiments will be performed in
future to investigate the anticancer mechanism of PCBI, such
as the comet assay, topoisomerase inhibition assay and lactate
dehydrogenase assay. In addition, the potential anticancer
activity of PCBI1 against non-transformed cell lines would
be carefully evaluated in the future. Unlike DOX (34), the
plant-based compound PCBI1 does not induce notable damage
to normal tissues and important organs. However, the in vivo
therapeutic effect of PCB1 was limited. Therefore, further
studies should investigate the combined therapeutic effect
of PCBI1 and commonly used first-line chemotherapy drugs.
Although the present results suggested PCBI as a potential
chemotherapy drug to inhibit tumor growth, the current study
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Figure 6. Effect of PCBI on tumor growth in xenograft mouse model. Representative photographs of (A) mice and (B) excised tumors following treatment with
PCBI. Tumor (C) volume and (D) weight and (E) body weight curves after treatment with PCB1. DOX (5 mg/kg) was utilized as the positive control. PCBI,

procyanidin B1; DOX, doxorubicin. “P<0.01 and “**P<0.001, which was compared with 0 mg/kg.

was not comprehensive and the anticancer mechanism of
PCBI was not investigated at the cellular and molecular levels.
Investigation of the anticancer mechanism of PCB1 compared
with other anticancer drugs should be performed in the future.
In addition, the in vivo long-term toxicity of PCB1 should be
evaluated in the future.
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