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Abstract. Currently, chemoresistance is a major challenge 
that directly affects the prognosis of patients with colorectal 
cancer (CRC). In addition, hypoxia is associated with 
poor prognosis and therapeutic resistance in patients with 
cancer. Accumulating evidence has shown that α‑hederin 
has significant antitumour effects and that α‑hederin can 
inhibit hypoxia‑mediated drug resistance in CRC; however, 
the underlying mechanism remains unclear. In the present 
study, viability and proliferation assays were used to evaluate 
the effect of α‑hederin on the drug resistance of CRC cells 
under hypoxia. Sequencing analysis and apoptosis assays were 
used to determine the effect of α‑hederin on apoptosis under 
hypoxia. Western blot analysis and reverse transcription‑quan‑
titative PCR were used to measure apoptosis‑related protein 
and mRNA expression levels. Furthermore, different mouse 
models were established to study the effect of α‑hederin on 
hypoxia‑mediated CRC drug resistance in vivo. In the present 
study, the high expression of Bcl2 in hypoxic CRC cells was 

revealed to be a key factor in their drug resistance, whereas 
α‑hederin inhibited the expression of Bcl2 by reducing AKT 
phosphorylation in vitro and in vivo, and promoted the apop‑
tosis of CRC cells under hypoxia. By contrast, overexpression 
of AKT reversed the effect of α‑hederin on CRC cell apoptosis 
under hypoxia. Taken together, these results suggested that 
α‑hederin may overcome hypoxia‑mediated drug resistance 
in CRC by inhibiting the AKT/Bcl2 pathway. In the future, 
α‑hederin may be used as a novel adjuvant for reversing drug 
resistance in CRC.

Introduction 

Currently, tumour cell resistance to chemotherapy is one of the 
leading causes of colorectal cancer (CRC)‑related death (1). 
Therefore, a more comprehensive understanding of drug resis‑
tance mechanisms is required to better combat this disease.

It is well known that hypoxia is closely related to the 
occurrence and development of tumours, and is a common 
phenomenon in most malignant tumours (2). Hypoxia occurs 
during tumorigenesis because of insufficient oxygen supply 
due to irregularities or spacing of tumour blood vessels. 
Cancer cells survive mainly by adapting to the environ‑
ment in response to hypoxia through a variety of cellular 
mechanisms (3). Hypoxia serves important roles in tumour 
initiation and progression, especially in promoting tumour 
chemotherapy resistance (4). The hypoxic microenvironment 
can promote chemoresistance in tumour cells through a 
variety of related mechanisms, including inhibition of apop‑
totic signalling pathways, which is one of the mechanisms 
that leads to tumour chemoresistance (5‑7). In the hypoxic 
tumour microenvironment, the expression of Bcl2 increases, 
whereas that of proapoptotic proteins decreases, and tumour 
cells overexpressing Bcl2 can lead to drug resistance due to 
their decreased apoptotic ability (8). Thus, strategies that can 
regulate hypoxia‑mediated drug resistance in CRC have broad 
clinical potential.

α‑hederin is a typical pentacyclic triterpene saponin, and a 
large number of studies have shown that pentacyclic triterpene 
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saponins have a wide range of biological activities, such as 
antitumour, antiviral, anti‑inflammatory and immunoregula‑
tory activities (9). To date, extensive research has been carried 
out on the antitumour effects of α‑hederin, such as inhibition 
of tumour cell metastasis and tumour immune evasion, and 
enhancement of chemotherapeutic drug sensitivity (10‑14). 
Therefore, it was hypothesized that α‑hederin may inhibit 
the expression of Bcl2 by reducing the phosphorylation of 
AKT, thereby overcoming hypoxia‑mediated drug resistance 
in CRC. The present study explored the mechanism by which 
α‑hederin overcomes hypoxia‑mediated chemoresistance in 
CRC in vivo and in vitro.

Materials and methods 

Cell lines and reagents. The human CRC cell lines HCT116 
(TCHu 99), RKO (TCHu116), HCT15 (TCHu133) and DLD‑1 
(TCHu134) were purchased from and authenticated by The 
Cell Bank of Type Culture Collection of The Chinese Academy 
of Sciences. All cell lines were cultured in RPMI‑1640 
medium (HCT116, HCT15 and DLD‑1) or DMEM (RKO) 
containing 10% FBS in a hypoxic cell incubator containing 
1% O2 (21%O2 was used for normoxia)Culture medium and 
FBS were purchased from Gibco; Thermo Fisher Scientific, 
Inc. The AKT overexpression plasmid was purchased from 
Addgene, Inc.

Cell viability and apoptosis assays. HCT116, RKO, HCT15 
and DDR‑1 cells (5x103) were inoculated into 96‑well plates 
and, after 48 h, α‑hederin (Chengdu Must Bio‑Technology 
Co., Ltd), OXA (Chia Tai Tianqing Pharmaceutical Group Co., 
Ltd.) or 5‑FU (Chia Tai Tianqing Pharmaceutical Group Co., 
Ltd.) were added. After 48 h of treatment at 37˚C, cell viability 
was evaluated using the Cell Counting Kit 8 (CCK‑8) assay 
(Dojindo Molecular Technologies, Inc.), and OD was detected 
after incubation with CCK‑8 reagent for 2 h (37˚C). The IC50 
values of different drugs were mainly determined by setting a 
drug concentration gradient. OD values were determined 48 h 
after treatment according to the previously described method 
and IC50 values were obtained according to cell survival rate. 
Apoptosis analysis was performed using an apoptosis detec‑
tion kit (cat. no. 556547; BD Biosciences) according to the 
manufacturer's instructions. Apoptosis was detected using a 
flow cytometer (FACSCalibur; BD Biosciences), and the results 
were analysed by FlowJo software (V10.8.1; FlowJo, LLC).

BrdU assay. The proliferation of CRC cells (HCT116, RKO, 
DLD1 and HCT15) was evaluated using the cell proliferation 
ELISA BrdU kit (cat. no. 11647229001; Roche Diagnostics 
GmbH) following treatment with different concentrations of 
α‑hederin (0, 2.5, 5, 10 and 20 µM), according to the manufac‑
turer's instructions. The data were analysed using an ELISA 
reader at a wavelength of 450 nm.

JC‑1 immunofluorescence assay. CRC cells (1x106) were 
inoculated in a six‑well cell culture plate, cultured for 24 h, 
followed by treatment with different concentrations of 
α‑hederin (0, 5, 10 and 20 µM) for 48 h at 37˚C. Different 
groups of cells were harvested and washed in PBS, and JC‑1 
(MedChemExpress) was added. JC‑1 reagent (1 µl) was added 

to 500 µl 1X Incubation Buffer to provide the JC‑1 working 
fluid, of which 500 µl was used to treat the cells. Cells were 
incubated with the working solution for 20 min. After washing 
the cells, one drop of cell suspension was added to glass slides, 
which were slowly covered with a cover slip, and observed 
under a laser confocal microscope. In the experiment, the JC‑1 
dye was used as a fluorescent probe, which is considered an 
indicator of mitochondrial membrane potential. When the 
mitochondrial membrane potential is high, JC‑1 accumulates 
in the matrix of mitochondria and forms polymers, which can 
produce red fluorescence, whereas when the mitochondrial 
membrane potential is low, JC‑1 cannot gather in the mitochon‑
drial matrix, and at this time, JC‑1 exists as a monomer that 
can produce green fluorescence. Red fluorescence indicates 
the presence of living cells that have maintained their mito‑
chondrial membrane potential, whereas green fluorescence 
indicates the presence of cells that have undergone apoptosis 
or necrosis.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from CRC cells and mouse tumour tissues 
using TRIzol® (Invitrogen; Thermo Fisher Scientific, Inc.), 
followed by RT and qPCR [95˚C for 30 sec (pre‑denaturation), 
followed by 40 cycles at 95˚C for 5 sec (denaturation), 60˚C 
for 30 sec (annealing), 72˚C for 30 sec (extension)] using the 
PrimeScript RT‑PCR kit (Takara Bio, Inc.) according to the 
manufacturer's instructions. The 2‑ΔΔCq method (15) was used 
to determine the relative expression levels in each cell line in 
each group. The PCR primer sequences (Accurate Biology) 
were as follows: Bcl2, forward 5'‑TAC​CTG​AAC​CGG​CAC​
CTG‑3' and reverse 5'‑GCC​GTA​CAG​TTC​CAC​AAA​GG‑3'; 
Bcl‑XL, forward 5'‑TTG​GAC​AAT​GGA​CTG​GTT​GA‑3' 
and reverse 5'‑TGG​GAT​GTC​AGG​TCA​CTG​AA‑3'; β‑actin, 
forward 5'‑ATT​GCC​GAC​AGG​ATG​CAG​AA‑3' and reverse 
5'‑GCT​GAT​CCA​CAT​CTG​CTG​GAA‑3'; HIF‑1α, forward 
5'‑ATC​CAT​GTG​ACC​ATG​AGG​AAT​G‑3' and reverse 5'‑TCG​
GCT​AGT​TAG​GGT​ACA​CTT​C‑3'.

Western blot (WB) analysis. Cells were lysed in RIPA Lysis 
Buffer (MedChemExpress), after which proteins were quan‑
tified using the BCA Protein Reagent Assay Kit (Beyotime 
Institute of Biotechnology), according to the manufacturer's 
instructions. Proteins (20 µg) were separated by SDS‑PAGE 
on 10% gels and were transferred to polyvinylidene fluo‑
ride membranes. The membranes were blocked with 5% 
BSA (Beyotime Institute of Biotechnology) with agitation 
at room temperature for 1 h. Finally, the membranes were 
incubated with primary antibodies at 4˚C overnight and 
then with secondary antibodies at room temperature for 1 h. 
Immunoblotting was assessed using an enhanced chemi‑
luminescent substrate (MilliporeSigma) and bands were 
visualized using a chemiluminescence detection system 
(Bio‑Rad Laboratories, Inc.). The primary antibodies used 
were: AKT (cat. no. ab8805; 1:500), phosphorylated (p)‑AKT 
(cat. no. ab38449; 1:1,000), STAT3 (cat. no. ab68153; 1:1,000), 
p‑STAT3 (cat.  no.  ab76315; 1:5,000), cleaved Caspase‑3 
(cat. no. ab32042; 1:500), cleaved PARP (cat. no. ab32064; 
1:2,000) (all from Abcam), HIF‑1α (cat. no. 36169S; 1:1,000), 
Bcl2 (cat. no. 15071S; 1:1,000), Bcl‑xL (cat. no. 2764S; 1:1,000) 
and β‑actin (cat. no. 3700S; 1:1,000) (all from Cell Signaling 
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Technology, Inc.). Secondary antibodies (1:5,000) were also 
purchased from Cell Signaling Technology, Inc. (anti‑mouse 
secondary antibody, cat.  no. 7076S; anti‑rabbit secondary 
antibody, cat. no. 7074S). Semi‑quantification of protein bands 
was performed using ImageJ software (version 1.8.0; National 
Institutes of Health).

Transcriptome sequencing and analysis. Transcriptome 
sequencing and analysis were conducted by Shanghai OE 
Biotech Co., Ltd. Total cellular RNA was extracted using 
the TruSeq Stranded mRNA LTSample Prep Kit (cat. 
no. RS‑122‑2101; Illumina, Inc.), DNA was digested with 
DNase, cellular mRNA was enriched with magnetic beads 
containing only thymine nucleotide chains [oligo (dT)] and 
a breaking reagent was added to break mRNA. Using the 
interrupted short fragment as a template, a six‑base random 
primer was used to synthesize one‑strand cDNA, then a 
two‑strand synthesis reaction system was prepared to synthe‑
size two‑strand cDNA, and the double‑strand cDNA was 
purified. The purified double‑strand cDNA was then subjected 
to end repair, an A tail was added and sequencing adapters 
were connected. Subsequently, fragment size selection and 
PCR amplification were performed. After the quality of 
the constructed library was assessed using an Agilent 2100 
bioanalyzer (Agilent Technologies, Inc.), it was sequenced 
using the Illumina HiSeq™ 2500 sequencer (Illumina, Inc.) to 
generate 125 or 150 bp paired‑end data. HiSeq X HD Reagent 
kit (300  cycles; cat.  no.  FC‑501‑1001; Illumina, Inc.) was 
used for sequencing. Library quality was assessed using the 
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.), and the 
loading concentration of the final library was >0.5 ng/G for 
DNA sequencing. 

Subsequently, related data analysis, such as transcript 
level quantification, differential gene screening, functional 
enrichment and cluster analysis, was performed. Clean reads 
were sequenced with the designated reference genomes 
using hisat2 [(2.2.1.0)  (16)] to obtain location information 
on reference genomes or genes, as well as specific sequence 
characteristics of sequenced samples. The known reference 
gene sequences and annotation files were used to identify 
the expression abundance of each protein‑coding gene in 
each sample by sequence similarity comparison. htseq‑count 
software [(0.9.1) (17)] was used to obtain the number of reads 
aligned to protein‑coding genes in each sample, and cufflinks 
software [(2.2.1) (18)] was used to calculate the FPKM value 
of protein‑coding gene expression. Differential expression 
analysis aims to identify differentially expressed genes among 
different samples. After obtaining differentially expressed 
genes, Gene Ontology (GO) functional significance and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
significance analyses were conducted.

ELISA. Cytochrome c and Caspase‑3 levels were measured 
using a Cytochrome c ELISA kit (cat. no. ab221832; Abcam) 
and a Caspase‑3 ELISA kit (cat. no. EK1425; Wuhan Boster 
Biological Technology, Ltd.), respectively. The cell super‑
natant was collected from each group according to the 
manufacturer's protocol, and a microplate reader was used to 
measure the optical density value at 450 nm and to calculate 
the experimental results.

Patient‑derived tumor xenograft (PDX) models. A total of 
10 patients with colorectal cancer (age, 55‑65 years; six male 
patients, four female patients) were recruited between April 
2020 and April 2021. Tissue (primary tumour tissues from 
patients with CRC) was collected in RPMI‑1640 supplemented 
with penicillin and streptomycin. The mice were anesthetized 
with pentobarbital sodium (50 mg/kg, i.p.) before the tumour 
tissue was transplanted. Next, 2‑3 mm3 blocks were imme‑
diately subcutaneously transplanted on the backs of 15 male 
athymic nude mice (age, 5‑6 weeks; weight, 20 g,; Shanghai 
SLAC Laboratory Animal Co., Ltd.). The mice were housed 
at a constant temperature of 22˚C, with a relative humidity 
of 30% under a 12‑h light/dark cycle, and were given free 
access to food and water. Tumours from the first generation 
of mice were harvested after reaching ~1.5 cm in diameter 
and were directly reimplanted into a new generation of nude 
mice for up to five generations. The mice (n=10) were then 
randomly divided into the following groups: Vehicle group 
and α‑hederin (5 mg/kg) group (n=5 mice/group); the drugs 
were administered by intraperitoneal injection 5 days/week for 
3 weeks. Remnant tumour samples (suspended in 10% DMSO 
plus 10% FBS‑containing RPMI‑1640) were cryopreserved in 
liquid nitrogen for further research on other related subjects. 
Euthanasia was performed by intraperitoneal injection of 
200 mg/kg pentobarbital. The institutional animal care and 
use committee of Putuo Hospital, Shanghai University of 
Traditional Chinese Medicine (Shanghai, China) approved all 
animal experiments according to the guidelines and protocols 
(approval no. AP202204011).

In vivo mouse model. The institutional animal care and use 
committee of Putuo Hospital, Shanghai University of Traditional 
Chinese Medicine approved all animal experiments according 
to the guidelines and protocols (approval no. AP202204011). 
A xenograft model of CRC was established via subcutaneous 
inoculation of 20 male athymic nude mice (age, 5‑6 weeks; 
weight, 18‑22 g; Shanghai SLAC Laboratory Animal Co., Ltd.) 
with 1x106 normoxic and hypoxic HCT116 CRC cells. The mice 
were housed at a constant temperature of 22˚C, with a relative 
humidity of 30% under a 12‑h light/dark cycle, and were given 
free access to food and water. After 2 weeks, the mice were 
divided into the following groups: Hypoxia group, normoxia 
group, hypoxia [α‑hederin (5 mg/kg)] group and normoxia 
[α‑hederin (5 mg/kg)] group. The drugs were administered 
by intraperitoneal injection 5 days/week for 4 weeks. Tumour 
volumes and mouse weight were measured every 4 days until 
the mice were euthanized by intraperitoneal injection of 
200 mg/kg pentobarbital. Death was verified by the absence of 
heartbeat and respiration. Tumour volume (V) was calculated as 
follows: V=W2 x L x 0.5, where W is the largest tumour diam‑
eter in centimetres and L is the second largest tumour diameter. 
Tumours were weighed after excision and fixed in 10% formalin 
at 4˚C for 1 week for immunohistochemistry (IHC) and haema‑
toxylin and eosin (H&E) staining. The present study was carried 
out according to the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (19).

H&E staining. The paraffin‑embedded tissue sections (5 µm) 
were first incubated in an automatic chip baking machine at 
63˚V for 30 min. Subsequently, the sections were dehydrated, 
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incubated with haematoxylin (5 g/l) dyeing solution for 5 min 
at room temperature, washed with water, soaked in 1% hydro‑
chloric ethanol for 3 sec, and then washed with water for a 
further 30 sec. After rinsing, the sections were incubated with 
0.5% eosin dyeing solution for 3 min at room temperature. 
The sections were sealed with neutral gum and were observed 
under an optical microscope.

IHC. Mouse tumour tissues and tumour tissues from 
patients with CRC were fixed in 10% formalin at 4˚C for 
1 week, embedded in paraffin and sectioned (5 µm). The 
paraffin‑embedded tissue sections were incubated in an 
automatic sheet baking machine at 63˚C for 30 min, and then 
placed in an automatic dewaxing machine for dewaxing. 
The sections were then incubated with sodium citrate at 
high heat for 10 min and medium heat for 5 min for antigen 
retrieval. Subsequently, 3% H2O2 solution (50 µl) was added 
and sections were incubated in the dark at room temperature 
for 10 min. Then, 5% BSA sealing solution was added to the 
sections at 37˚C for 30 min and excess water traces were dried. 
Diluted primary antibodies were added (50 µl) and incubated 
at 4˚C overnight, followed by incubation with the diluted 
secondary antibody (50 µl) at 37˚C for 30 min. Subsequently, 
50 µl SABC amplifiers (Wuhan Boster Biological Technology, 
Ltd.) were added and incubated at 37˚C for 30 min, and DAB 
was added for colour development. After 15 sec staining with 
haematoxylin, the staining was terminated and the sections 
were washed with water. Finally, they were dehydrated in a 
gradient alcohol series in a dehydrator and sealed with neutral 
gum. Finally, staining was observed under a microscope 
and images were captured. Notably, between steps, sections 
were washed three times with PBS (5 min/wash). IHC was 
performed to assess the protein expression levels of p‑AKT 
(cat. no. 4060S; 1:200; Cell Signaling Technology, Inc.), Ki67 
(cat. no. ab15580; 1:300; Abcam), Bcl2 (cat. no. ab182858; 
1:500; Abcam), Bcl‑xL (cat. no. ab178844; 1:1,000; Abcam) and 
HIF‑1α (cat. no. ab114977; 1:300; Abcam). Positive staining 
was assessed from 10 random images of the experimental 
group under an optical microscope (Leica Microsystems, Inc.). 
The immunohistochemical staining results were assigned 
a mean score, considering both the intensity of staining and 
the proportion of tumour cells with an unequivocal positive 
reaction; because each section was independently evaluated by 
two pathologists, the score was the average of the scores of the 
two specialists. Each section was independently assessed by 
two pathologists without prior knowledge of the data. Positive 
reactions were defined as those showing brown signals in the 
cell cytoplasm. For HIF‑1α, Bcl2 and Bcl‑ a staining index 
(values, 0‑12) was determined by multiplying the score for 
staining intensity with the score for positive area. The intensity 
was scored as follows: 0, negative; 1, weak; 2, moderate; and 3, 
strong. The frequency of positive cells was defined as follows: 
0, <5%; 1, 5‑25%; 2, 26‑50%; 3, 51‑75%; and 4, >75%. When 
the staining was heterogeneous, it was scored as follows: Each 
component was scored independently and summed for the 
results. For example, a specimen containing 75% tumour cells 
with moderate intensity (3x2=6) and another 25% tumour cells 
with weak intensity (1x1=1) received a final score of 6+1=7. For 
statistical analysis, scores of 0‑7 were considered low expres‑
sion and scores of 8‑12 were considered high expression.

Toxicity analysis. The tissues obtained from the xenograft 
model (heart, liver, lung, spleen, kidney and intestine) were 
analysed by H&E staining. Venous blood samples were 
collected from the eyeball after euthanasia and were placed 
in EDTA‑coated tubes for later use in haematological studies. 
The samples were analysed for white blood cells, red blood 
cells, alanine aminotransferase, aspartate transaminase and 
other related indicators in the hospital clinical laboratory. 
Whole blood samples were centrifuged at 1,000 x g for 10 min 
at room temperature to obtain serum. The serum was sent 
to the clinical laboratory of the hospital for analysis at room 
temperature within 2 h of collection. The sample size for blood 
biochemical examination was >100 µl; the sample size for 
blood routine examination was >150 µl.

Colony formation assay. A total of 1x103 cells were seeded in 
a 6‑well plate, thoroughly resuspended, and cultured for 7 days 
in medium containing 10% FBS. Clusters containing ≥30 cells 
were counted as single colonies.

Cell transfection. HCT116 and RKO cells were digested and 
cell suspensions were spread evenly in a 6‑well plate in a cell 
incubator. After reaching 70‑90% confluence, plasmid trans‑
fection was performed. Briefly, 125 µl Opti‑MEM (Invitrogen; 
Thermo Fisher Scientific, Inc.) and 7.5 µl Lipofectamine® 
3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) were 
added to an Eppendorf tube and mixed well in a biological 
safety cabinet. At first, 2.5 µg plasmid (plasmid backbone, 
pENTER) was gently mixed with 5 µl Lipofectamine 3000 
and incubated for 5 min at room temperature. Subsequently, 
it was mixed with 125 µl Opti‑MEM and incubated for 5 min 
at room temperature. Finally, it was mixed with 1 ml pure 
medium to prepare the transfection reagent. Subsequently, 
the prepared transfection reagent was added to the wells and 
shaken gently. Empty plasmids were used as negative controls. 
The cells were returned to the cell culture incubator, and 48 h 
after transfection, AKT expression levels were observed using 
RT‑qPCR and WB analysis. 

TUNEL assay. The frozen mouse tumour tissue sections stored 
at ‑80˚C were fixed with 4% paraformaldehyde for 30 min at 
room temperature. After fixation, sections were washed with 
PBS twice (10 min/wash), and 0.1% Triton X‑100 was prepared 
with PBS and used to permeabilize tissues at room tempera‑
ture for 20 min. Subsequently, sections were again washed 
twice with (10 min/wash) and TUNEL test solution was added 
to the tissue for 60 min at room temperature in the dark. After 
staining, sections were washed once with PBS for 5 min, 
sealed with anti‑fluorescence quenching sealing liquid and 
observed under a laser confocal microscope. The excitation 
wavelength was 488 nm and the emission wavelength range 
was 515‑565 nm.

Statistical analysis. All data are reported as the mean ± SD 
from triplicate experiments and were analysed using SPSS 22.0 
(IBM Corporation). Unpaired Student's t‑test or Mann‑Whitney 
U test was performed for comparisons between two groups, 
and Tukey's post‑hoc test was performed for pairwise compar‑
isons among multiple groups following one‑way ANOVA or 
two‑way ANOVA. The correlation coefficients were analysed 
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using the Spearman's rank test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

α‑hederin overcomes hypoxia‑mediated drug resistance 
in CRC cells. It has previously been reported that hypoxia 
promotes chemoresistance. In the present study, it was revealed 
that hypoxia caused CRC cell resistance to OXA and 5‑FU, 
whereas hypoxia did not cause CRC cell resistance to α‑hederin 
(Fig. S1A and B). The results of the CCK‑8 assay revealed that 
under normoxic and hypoxic conditions, α‑hederin inhibited 
the viability of CRC cells, suggesting that α‑hederin may over‑
come hypoxia‑mediated resistance in CRC cells (Fig. 1A). The 
cell colony formation and BrdU assay results demonstrated 
that α‑hederin effectively inhibited CRC cell colony formation 
under normoxia and hypoxia (Fig. 1B and C). Taken together, 
these results suggested that α‑hederin may inhibit the viability 
and proliferation of CRC cells under hypoxia and that its 
inhibitory effect is similar to that under normoxia. 

Apoptotic pathway serves a key role in the effects of α‑hederin 
in overcoming hypoxia‑mediated resistance in CRC cells. The 
in vitro molecular mechanism by which α‑hederin overcomes 
hypoxia‑mediated resistance in CRC cells was subsequently 
assessed. The follow‑up experiments were performed in a 
representative sample of colorectal cancer cells (HCT116 
and RKO). Transcriptome sequencing analysis revealed that 
apoptosis‑related pathways were downregulated in HCT116 
cells under hypoxia (Fig. S2A‑C), and high expression levels 
of Bcl2 (Fig. S3A‑C) and Bcl‑xL (Fig. S3B and C) was found 
in CRC cells under hypoxia, suggesting that they may be key 
factors in the process of hypoxia‑mediated resistance. Firstly, 
the differentially expressed genes (including upregulated and 
downregulated genes) between the hypoxia group and the 
drug treatment group were visualized using a volcano plot 
(Fig. 2A), and GO and KEGG functional enrichment analyses 
were subsequently performed (Fig. 2B and C). The results 
revealed that the effect of α‑hederin on CRC under hypoxia 
was mainly related to the apoptosis pathway. In addition, 
gene expression profiling showed that the Bcl2 transcription 
level changed most obviously after α‑hederin treatment of 
CRC cells under hypoxia (Fig. 2D), suggesting that α‑hederin 
may reduce the expression of the antiapoptotic gene Bcl2 to 
overcome the resistance of CRC cells to hypoxia. RT‑qPCR 
analysis further confirmed that the expression levels of Bcl2 
and Bcl‑xL were decreased following treatment of CRC cells 
with α‑hederin under hypoxia for 48 h (Fig. 2E). In summary, 
these data indicated that the apoptotic pathway may serve a 
key role in the mechanism by which α‑hederin inhibits the 
proliferation of CRC cells under hypoxic conditions.

α‑hederin overcomes drug resistance in CRC cells under 
hypoxic conditions by promoting apoptosis. To confirm 
that α‑hederin can overcome hypoxia‑mediated resistance 
in CRC by promoting apoptosis, apoptosis assays were 
performed. Annexin V/propidium iodide staining revealed 
that the apoptotic rate (early + late) of hypoxic CRC cells was 
significantly increased following treatment with α‑hederin 
for 48 h in a dose‑dependent manner (Fig. 3A). In addition, 

the JC‑1 immunofluorescence assay demonstrated that with 
increasing drug concentration, the intensity of green fluores‑
cence changed from weak to strong, indicating that apoptosis 
gradually increased (Fig. 3B). Moreover, the activities of apop‑
tosis‑related indicators, such as cytochrome c and Caspase‑3, 
were significantly increased in a dose‑dependent manner, as 
determined by ELISA (Fig. 3C). After α‑hederin treatment 
of CRC cells under hypoxic conditions, the expression levels 
of Bcl2 and Bcl‑xL were decreased, whereas the expression 
levels of Bax, cleaved Caspase‑3 and cleaved PARP were 
increased (Fig. 3D). Taken together, these results suggested 
that α‑hederin may inhibit the proliferation of CRC cells under 
hypoxic conditions by promoting apoptosis.

AKT/Bcl2 signalling pathway is a key mechanism by which 
α‑hederin overcomes hypoxia‑mediated resistance in 
CRC cells. The present study also assessed whether Bcl‑2 
serves a key role in the effects of α‑hederin on overcoming 
hypoxia‑mediated resistance. A previous study indicated that 
HIF‑1α can affect Bcl2 expression (20). The results of WB 
and RT‑qPCR analyses revealed that there was no change 
in the expression levels of HIF‑1α in CRC cells treated with 
α‑hederin under hypoxic conditions, suggesting that α‑hederin 
does not overcome hypoxia‑mediated resistance by inhib‑
iting the expression of HIF‑1α (Fig. 4A and B). Sequencing 
analysis results suggested that the AKT signalling pathway 
was altered under hypoxia (Fig. S2C), and the levels of p‑AKT 
and p‑STAT3 were increased in CRC cells under hypoxia 
(Fig. S3C). However, the results of WB analysis showed that 
p‑AKT levels were decreased in whole‑cell lysates following 
α‑hederin treatment, whereas p‑STAT3 levels were not 
affected (Figs. 4A, S4A and B). In addition, RT‑qPCR demon‑
strated that the mRNA expression levels of Bcl2 and Bcl‑xL 
were decreased (Fig. 4B). The successful overexpression of 
AKT in CRC cells was verified by RT‑qPCR and WB analyses 
(Fig. S4C and D). Notably, when AKT expression was rescued 
in CRC cells, the inhibitory effect of α‑hederin on Bcl2 and 
Bcl‑xL expression was mitigated (Fig. 4C and D). In addition, 
the role of AKT in the regulatory effects of α‑hederin on CRC 
cell apoptosis under hypoxic conditions was further explored. 
The results revealed that the proapoptotic effect of α‑hederin 
was weakened in CRC cells overexpressing AKT (Fig. 4E‑H); 
the apoptotic rate and the levels of apoptosis‑related indica‑
tors (cytochrome c and Caspase‑3) were decreased. These 
results indicated that the AKT/Bcl2 signalling pathway may 
be the key mechanism by which α‑hederin inhibits CRC cell 
proliferation under hypoxic conditions.

α‑hederin overcomes hypoxia‑mediated resistance in CRC 
via the AKT/Bcl2 pathway in vivo. To further explore the role 
of α‑hederin in overcoming hypoxia‑mediated resistance in 
CRC in vivo, a xenograft mouse model with HCT116 cells 
was established. The results revealed that α‑hederin inhibited 
tumour growth in both the hypoxia and normoxia groups 
(Fig. 5A and C). In addition, α‑hederin reduced the expres‑
sion levels of Bcl2 and Bcl‑xL in the tissues of mice in the 
hypoxia group (Fig. 5D). Consistent with the results of the 
previous cell experiments, the expression levels of HIF‑1α 
in the hypoxia group did not alter after α‑hederin treatment, 
whereas the levels of Ki67 (an indicator of cell proliferation), 
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Bcl2, Bcl‑xL, and p‑AKT were decreased, as shown by IHC 
(Fig. 5B). In addition, the TUNEL assay results showed that 
the green fluorescence intensity was enhanced in response 

to α‑hederin treatment, thus indicating increased apoptosis 
(Fig. 5B). Furthermore, the body weight of mice in different 
groups was not significantly affected, indicating that the drug 

Figure 1. α‑hederin overcomes hypoxia‑mediated drug resistance in colorectal cancer cells. (A) Effect of α‑hederin on the viability of different types of cells 
under normoxia and hypoxia. (B) Colony formation assay showed the effect of α‑hederin on the proliferation of different types of cells under normoxia and 
hypoxia. (C) BrdU experiment showed the effect of α‑hederin on the proliferation of different types of cells under normoxia and hypoxia. Data are presented 
as the mean ± SD. Compared to control group treated with no drugs, *,#P<0.05, **,##P<0.01 vs. control group (0 µM).
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treatments exerted no obvious toxicity (Fig. 5E). There was 
no significant change in the biochemical indicators of the 
orbital blood collected from the nude mice in each group 

(Fig. 5F). H&E staining confirmed that the organs were intact, 
without damage, and nuclei were clearly visible, suggesting 
that α‑hederin had no obvious toxicity in vivo (Fig. 5G). In 

Figure 2. Apoptotic pathway serves a key role in the effects of α‑hederin on overcoming hypoxia‑mediated resistance in CRC cells. (A) Differentially expressed 
genes were observed in a volcano plot. (B) Enrichment analysis of GO terms. (C) Enrichment analysis of KEGG pathways. (D) Gene expression profiling was 
conducted to observe the changes in related genes after α‑hederin treatment of CRC cells under hypoxia. (E) Reverse transcription‑quantitative PCR was used 
to measure the expression levels of Bcl2 and Bcl‑xL in CRC cells treated with α‑hederin under hypoxia. Data are presented as the mean ± SD. *P<0.05, **P<0.01. 
CRC, colorectal cancer; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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summary, these data suggested that α‑hederin overcomes 
hypoxia‑mediated resistance in CRC cells in vivo through the 
AKT/Bcl2 signalling pathway.

α‑hederin overcomes hypoxia‑mediated resistance by 
reducing Bcl2 and Bcl‑xL expression in a PDX mouse model. 
An important association has previously been reported 

Figure 3. α‑hederin overcomes drug resistance in CRC cells under hypoxic conditions by promoting apoptosis. (A) Flow cytometry and (B) JC‑1 immunofluo‑
rescence assays were used to evaluate the apoptosis of hypoxic CRC cells treated with α‑hederin. (C) ELISA was used to observe the activities of cytochrome 
c and Caspase‑3 after α‑hederin treatment. (D) Western blot analysis was used to measure the expression levels of apoptosis‑related proteins after α‑hederin 
treatment of CRC cells under hypoxia; β‑actin blot is the loading control blot for all of the proteins. Data are presented as the mean ± SD. *P<0.05, **P<0.01 vs. 
vehicle. CRC, colorectal cancer; PI, propidium iodide.
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between HIF‑1α and Bcl2 (21). Herein, the expression levels 
of Bcl2 and Bcl‑xL were observed to be positively correlated 
with the expression levels of HIF‑1α in the collected clinical 

tissue samples, as demonstrated by IHC experiments, indi‑
cating that apoptosis inhibition was positively correlated 
with hypoxia (Fig. 6A‑C). In addition, a PDX model in mice 

Figure 4. AKT/Bcl2 signalling pathway is a key mechanism by which α‑hederin overcomes hypoxia‑mediated resistance in CRC cells. (A) Treatment of 
hypoxic CRC cells with α‑hederin affected the expression of related proteins, as determined by western blot analysis, β‑actin blot is the loading control blot 
for all of the proteins. (B) Reverse transcription‑quantitative PCR was used to measure the expression levels of HIF‑1α, Bcl2 and Bcl‑xL after α‑hederin 
treatment of hypoxic CRC cells. After OE of AKT, the effect of α‑hederin treatment on the (C) protein and (D) mRNA expression levels of Bcl2 and Bcl‑xL in 
hypoxic CRC cells was observed. (E and F) After OE of AKT, the apoptosis of hypoxic CRC cells treated with α‑hederin was evaluated. After OE of AKT, the 
levels of (G) cytochrome c and (H) Caspase 3 were observed after α‑hederin treatment of hypoxic CRC cells. Data are presented as the mean ± SD. *P<0.05, 
**P<0.01 vs. vehicle or as indicated. CRC, colorectal cancer; OE, overexpression; p‑, phosphorylated; PI, propidium iodide.
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was further established, and it was revealed that α‑hederin 
inhibited tumour growth (Fig. 6D‑G). Furthermore, α‑hederin 
reduced the expression levels of Bcl2 and Bcl‑xL in the 

tissues (Fig. 6F and G). There was no significant change in 
the expression levels of HIF‑1α following treatment with 
α‑hederin, whereas the expression levels of Ki67, Bcl2 and 

Figure 5. α‑hederin overcomes hypoxia‑mediated resistance in colorectal cancer cells via the AKT/Bcl2 pathway in vivo. (A) Xenograft tumour growth curves. 
(B) Representative images of the immunohistochemical staining of Ki67, Bcl2, Bcl‑xL, p‑AKT and HIF‑1α in tissues and the evaluation of apoptosis in each 
group by TUNEL. Scale bars, 50 µm. (C) Images and weights of tumours. (D) Reverse transcription‑quantitative PCR was used to measure the expression 
levels of Bcl2 and Bcl‑xL in tissues. (E) Mouse weight curves after treatment in the CRC xenograft model. (F) Detection of changes in blood biochemical 
indicators in mice. (G) Haematoxylin and eosin staining to observe organ damage (magnification, x100). Data are presented as the mean ± SD. *P<0.05, 
**P<0.01 vs. hypoxia; #P<0.05, ##P<0.01 vs. normoxia. ALT, alanine aminotransferase; AST, aspartate aminotransferase; N.S., not significant; RBC, red blood 
cell; PLT, platelets; WBC, white blood cell.
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Bcl‑xL were decreased, as demonstrated by IHC experiments 
(Fig. 6F and G). In addition, the TUNEL assay results showed 

that the fluorescence intensity gradually increased, indicating 
that the degree of apoptosis in the tissue increased after 

Figure 6. α‑hederin overcomes hypoxia‑mediated resistance by reducing Bcl2 and Bcl‑xL expression in PDX mouse models. (A) Immunohistochemical 
analysis of HIF‑1α and anti‑apoptotic proteins in clinical tissue samples. (B) Immunohistochemical score was used to analyse the correlation between HIF‑1α 
expression and anti‑apoptotic protein expression. (C) The relationship between HIF‑1α expression levels and immunohistochemical score of anti‑apoptotic 
proteins is shown. (D and E) PDX growth curves in mice. (F and G) Images and weights of tumours. RT‑qPCR was used to measure the expression levels 
of Bcl2 and Bcl‑xL in tissues. Representative images of IHC of Ki67, Bcl2, Bcl‑xL, p‑AKT and HIF‑1α in tissues and evaluation of apoptosis in each group 
by TUNEL. Scale bars, 50 µm. Data are presented as the mean ± SD. *P<0.05, **P<0.01 vs. vehicle or as indicated. IHC, immunohistochemistry; PDX, 
patient‑derived xenograft.
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α‑hederin treatment (Fig. 6F and G). These data suggested that 
α‑hederin overcomes hypoxia‑mediated resistance in PDX 
mouse models by reducing Bcl2 and Bcl‑xL expression.

Discussion 

The morbidity and mortality of patients with CRC currently 
show an increasing trend (22). To date, chemotherapy is still 
considered the mainstay of treatment for CRC; however, 
clinical studies have revealed that a number of tumours are 
likely to develop resistance to chemotherapy, ultimately 
leading to treatment failure (23). Related research has shown 
that the hypoxic microenvironment can promote tumour 
resistance (24,25). One of the main mechanisms of tumour 
resistance is the inhibition of apoptosis caused by overex‑
pression of anti‑apoptotic proteins. Hypoxia‑induced tumour 
resistance via inhibition of the apoptotic signalling pathway 
has attracted increasing attention (26).

Bcl2 family oncoproteins serve an important role in 
regulating apoptosis. Specifically, abnormal Bcl2 activation 
is associated with the occurrence and progression of various 
types of cancer, and has become a key indicator for evaluating 
clinical efficacy and prognosis (27‑30). In the hypoxic micro‑
environment, the expression of Bcl2 in tumours can increase, 
whereas the expression of proapoptotic proteins decreases. In 
the present study, the protein and mRNA expression levels 
of anti‑apoptotic genes were revealed to be significantly 
increased under hypoxia. Notably, hypoxia activated and regu‑
lated AKT phosphorylation to increase the expression of Bcl2 
and exert an anti‑apoptotic effect. The sensitivity of malignant 
tumour cells to apoptosis has been reported to be effectively 
increased by either reducing Bcl2 protein levels or inhibiting 
Bcl2 activity (31).

A growing number of studies have elucidated the effect of 
traditional Chinese medicines on inhibiting hypoxia‑mediated 
tumour development  (32‑34). α‑hederin, also referred to 
as koronaroside A or sapindoside A, is a monodesmosidic 
triterpenoid saponin that widely exists throughout the plant 
kingdom, including in Hedera and Nigella species (35). Related 
studies have reported that α‑hederin possesses biological and 
pharmacological properties. (36‑38). α‑hederin has recently 
attracted attention for its marked antitumour potential, as it 
exhibits cytotoxic activity against various cancer cell lines by 
inhibiting cell proliferation and promoting apoptosis in vitro 
and in vivo (39,40). In the present study, obvious resistance 
to the chemotherapeutic drugs OXA and 5‑FU was observed 
under hypoxic conditions, and α‑hederin may overcome 
hypoxia‑induced resistance in CRC cells.

Further studies have reported that α‑hederin reduces the 
phosphorylation of AKT and the expression of Bcl2 in CRC 
under hypoxic conditions, suggesting that the regulation of 
AKT phosphorylation can overcome hypoxia‑mediated resis‑
tance in CRC cells. In addition, the levels of cytochrome c 
and Caspase‑3 were decreased in a dose‑dependent manner 
after α‑hederin treatment in the present study, which also 
verified from another experimental perspective that α‑hederin 
can overcome hypoxia‑mediated resistance in CRC cells. 
Furthermore, it was demonstrated that α‑hederin decreased 
Bcl2 expression in CRC cells by inhibiting p‑AKT in rescue 
experiments. In  vivo, α‑hederin significantly overcame 

hypoxia‑mediated resistance in different mouse models via the 
AKT/Bcl2 signalling pathway. In addition, in animal experi‑
ments it was observed that the mice treated with α‑hederin did 
not exhibit toxic side effects. There was no marked change in 
the biochemical indicators of the orbital blood of nude mice. In 
addition, H&E staining confirmed that the organs were intact, 
without damage, and nuclei were clearly visible, especially in 
the intestinal tissue, suggesting that α‑hederin had no obvious 
toxicity in  vivo. Upon reviewing the literature, no related 
reports that indicated α‑hederin affects normal colonic epithe‑
lial cells were found. In addition, the expression levels of Bcl2 
and Bcl‑xL were revealed to be positively correlated with the 
expression levels of HIF‑1α in clinical tissues, thus indicating 
that there may be a positive correlation between hypoxia and 
inhibition of apoptosis.

In conclusion, the present study identified that α‑hederin 
can overcome hypoxia‑mediated resistance in CRC via the 
AKT/Bcl2 pathway in vivo and in vitro. The results of the 
present study may provide a reliable basis for the clinical 
comprehensive treatment of CRC, particularly treatment with 
adjuvant drugs that have α‑hederin as the main active ingre‑
dient. In the future, α‑hederin may be used as a novel adjuvant 
for reversing drug resistance in CRC.
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