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Abstract. Colon cancer is one of the most commonly diag‑
nosed malignancies, which begins as a polyp and grows 
to become cancer. Diosmin (DS) and naringenin (NR) are 
naturally occurring flavonoids that exhibit various pharma‑
cological activities. Although several studies have illustrated 
the effectiveness of these flavonoids as anti‑cancerous agents 
individually, the combinatorial impact of these compounds has 
not been explored. In the present study, the combined effect 
of DS and NR (DiNar) in colon cancer cell lines HCT116 
and SW480 were assessed by targeting apoptosis and inflam‑
matory pathways. The MTT assay was used to evaluate the 
effect of DiNar on cell proliferation, while Chou‑Talalay 
analysis was employed to determine the combination index of 
DS and NR. Moreover, flow cytometry was used to monitor 
cell cycle arrest and population study. The onset of apoptosis 
was assessed by DAPI staining, DNA fragmentation, and 
Annexin V‑fluorescein isothiocyanate/propidium iodide 
(Annexin V‑FITC/PI). The expression levels of apoptotic 
pathway markers, Bcl‑2, Bax, caspase3, caspase8, caspase9 
and p53, and inflammatory markers, NF‑κβ, IKK‑α and 
IKK‑β, were assessed using western blotting and reverse 
transcription‑quantitative PCR. These results suggested that 
DiNar treatment acts synergistically and induces cytotoxicity 
with a concomitant increase in chromatin condensation, 
DNA fragmentation and cell cycle arrest in the G0/G1 phase. 
Annexin V‑FITC/PI apoptosis assay also showed increased 
number of cells undergoing apoptosis in the DiNar treatment 
group. Furthermore, the expression of apoptosis and inflam‑
matory markers was also more effectively regulated under the 
DiNar treatment. Thereby, these findings demonstrated that 

DiNar treatment could be a potential novel chemotherapeutic 
alternative in colon cancer.

Introduction

Colon cancer is one of the most frequently diagnosed cancers 
and the third leading cause of cancer‑related death (1). 
According to the American Cancer Society, 104,270 
individuals will be diagnosed with colon cancer in the United 
States in 2021, with 52,980 succumbing to the disease (2). 
Surgical resection is the standard treatment for colon cancer. 
However, metastasis to other sites, such as the liver, lung and 
peritoneum, has frequently been reported (3). Aside from 
surgery, chemotherapeutic drugs, including 5‑fluorouracil 
and oxaliplatin, are employed as the drugs of choice in colon 
cancer (4). Nevertheless, these drugs have adverse effects on 
patients, such as risk of infection, anemia, bruising, bleeding 
and diarrhea, resulting in a number of deaths each year (5). 
Therefore, there is an urgent need for potent drugs that can 
lessen these side effects. Biomolecules derived from food, 
such as flavonoids, may prove to be a promising strategy for 
cancer treatment with no side effects.

Naringenin (NR) is a flavanone commonly found in citrus 
fruits, grapefruit and tomatoes (6). It demonstrates a wide 
range of pharmacological activities, such as antioxidant, free 
radical scavenging, anti‑inflammatory, immunomodulatory, 
antimutagenic and anticarcinogenic effects (7,8). NR has been 
reported to inhibit cytochrome P450 1A1, proliferating cell 
nuclear antigen and NF‑κβ expression in the lung of benzo(a)
pyrene‑induced mice, resulting in anti‑initiating, antiprolifera‑
tive and anti‑inflammatory effects (9). Moreover, it acts as a 
potent inducer of apoptosis in pancreatic cancer cells (10). 

Diosmin (DS) is a flavone glycoside found naturally in 
various plant sources (11). It is mainly found in citric fruits. 
It exhibits anti‑inflammatory, free‑radical scavenging and 
antimutagenic properties (12). DS has been studied in various 
animal models and human cancer cell lines and has been 
suggested to be chemopreventive and antiproliferative (13). It 
has also been reported that DS promotes apoptosis in the lung 
cancer cell line HA22T and dose‑dependently reduces tumor 
size in xenograft nude mice via protein phosphatase 2A (14).

Suppression of apoptotic machinery is a hallmark of 
cancer development, and thus, apoptosis induction in cancer 
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cells is a valuable treatment method. The genetic basis of 
apoptosis influence cell death that can be disrupted by muta‑
tions, contributing to malignancy (15). A significant decrease 
in apoptosis has been observed in some transgenic mice with 
a mutation in the p53 gene (16). Disruption of Bax, apaf‑1 and 
caspase9 can promote oncogenic transformation and tumor 
development (17). Targeting events related to apoptosis could 
help lead to the development of potent and specific therapeutics. 

Inflammation is often linked with the development of colon 
cancer. It plays multiple roles in cancer progression, including 
initiation, promotion and invasion, by influencing immune 
surveillance and associated signaling pathways (18). It is, in 
fact, one of the hallmarks of colon cancer. Approximately 20% 
of patients with inflammatory bowel disease develop colon 
cancer in their later years (19). Colon cancer tumors are 
associated with a robust display of inflammatory infiltration 
and enhanced pro‑inflammatory cytokine expression (20). A 
number of types of colon cancers are stimulated by NF‑κB 
and signal transducer and activator of transcription 3 (21). 
These two transcription factors are an essential part of the 
inflammatory pathway. 

Several studies have investigated the individual anti‑
cancer effect of NR and DS against different cancers and 
have shown promising results (22,23). In recent times, 
combination therapy has been acknowledged to be effective 
in combating drug resistance and potentiating the efficacy 
of chemotherapy (24). A previous study demonstrated that 
combining NR and tamoxifen inhibited cell proliferation 
more effectively in estrogen receptor (ER)‑positive breast 
cancer cells (25). It has also been reported that the combi‑
nation of melatonin and thapsigargin can induce apoptosis 
and cell cycle arrest in gastric cancer cells (26). Hence, 
combining NR and DS can further enhance the apoptotic 
and anti‑inflammatory effects and can even reduce the 
required doses of these compounds. The aim of the present 
study was to analyze the combinatorial impact of DS and NR 
on colon cancer cells by targeting apoptotic and inflamma‑
tory pathways. Various endpoints, such as cell cytotoxicity, 
fluorescence microscopy, DNA fragmentation, cell cycle and 
cell apoptosis were studied to investigate the effect of DS 
and NR. The expression of certain apoptotic and inflamma‑
tory pathway genes were also explored in the hope that the 
combination of DS and NR (DiNar) may serve as a promising 
candidate for treating colon cancer in the future.

Materials and methods

Materials. NR and DS were procured from Sigma‑Aldrich 
(Merck KGaA). Dulbecco's modified Eagle's medium 
(DMEM) powder and MTT were purchased from HiMedia 
Laboratories, LLC. Fetal bovine serum (FBS) and 0.25% 
trypsin were supplied by Gibco (Thermo Fisher Scientific, 
Inc.). Moreover, cDNA and SYBR‑Green Master Mix were 
purchased from Bio‑Rad Laboratories, Inc. All other chemi‑
cals and reagents of molecular grade were supplied by Thermo 
Fisher Scientific, Inc. NR and DS were dissolved in DMSO.

Cell lines and culture conditions. Colon cancer cell lines 
HCT116 and SW480 were procured from the National Cell 
Culture Science. The cell lines were maintained in DMEM 

supplemented with 10% FBS and 1% penicillin/streptomycin 
with 5% CO2 at 37˚C in NuAire CO2 incubator (NuAire 
Laboratory Equipment). 

Cytotoxicity assay. MTT assay was performed to assess the 
cytotoxic effects of NR, DS and DiNar on colon cancer cell 
lines. A total of 1x104 cells per well were seeded in 96‑well 
plates containing 100 µl complete medium. Following adhe‑
sion, cells were treated with different concentrations ranging 
from 10 to 320 µM of NR and DS for 48 h at 37˚C, after 
which media was removed. Subsequently, 20 µl MTT solu‑
tion (5 mg/ml) and 50 µl incomplete media were added. The 
cells were incubated for 3 h in a CO2 incubator at 37˚C. The 
MTT solution was removed, and 150 µl DMSO was added 
to each well to dissolve the formazan crystals. After 10 min, 
absorbance was recorded at 570 nm with a microplate reader 
(Bio‑Rad Laboratories, Inc.) (27).

Analysis of combined drug effect. Chou and Talalay's multiple 
drug effect analysis, based on the median‑effect principle, 
was used to evaluate the combined effect of DS and NR (28). 
The combination index (CI) and dose reduction index (DRI), 
presented in Table I, were calculated to determine the syner‑
gism, and additive and antagonism effect of DS and NR, as 
described by Chou (29). Drug combination analysis was 
performed by CompuSyn software version 1 (30). CI values 
of <1, 1 and >1 indicate synergism, additive and antagonism, 
respectively.

DAPI assay. DAPI assay was performed to observe apoptotic 
cells. Briefly, cells were stained with fluorescent dye DAPI 
to detect nuclear condensation and fragmentation (31). Cells 
(~1x106) were seeded in 6‑well plates. All cells were treated 
with 50% inhibitory concentrations (IC50) of drugs, except the 
control. After 48 h of treatment, cells were washed with 1X 
phosphate‑buffered saline (PBS) and fixed with 500 µl 4% 
paraformaldehyde for 8 min at room temperature. Following 
fixation, cells were washed with PBS and permeabilized with 
0.1% Triton X‑100 for 10 min. Subsequently, rewashing and 
staining were performed with DAPI (300 nm) for 30 min in 
the dark at room temperature. The nuclear morphology of 
cells was visualized under a fluorescence microscope (Nikon 
Corporation).

DNA fragmentation assay. The untreated cells (control) and 
treated cells (1x106) were harvested for the DNA fragmenta‑
tion assay. Cells were washed with PBS and lysed in lysis 
buffer (10 mmol/l Tris, 10 mmol/l EDTA, 0.5% Triton X‑100) 
supplemented with proteinase K (1 mg/ml; SERVA 
Electrophoresis GmbH). Samples were then incubated at 37˚C 
for 1 h and heated at 70˚C for 10 min. RNase A (100 µg/ml; 
HiMedia Laboratories, LLC) was added, followed by repeated 
incubation at 37˚C for 1 h. The samples were treated with 
phenol:chloroform:isoamyl alcohol (25:24:1) and centrifuged 
at 7,000 x g for 15 min at 4˚C. The upper layer was collected 
in fresh tubes, and an equal volume of isopropanol and 3 M 
sodium acetate was added. The samples were incubated at 
‑20˚C for 2 h, and then centrifuged at 14,000 x g for 5 min 
at 4˚C in a refrigerated centrifuge tube (Eppendorf). The 
extracted DNA was washed with 70% ethanol and dissolved 
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in 1X TE buffer. DNA was electrophoresed on 1.8% (w/v) 
agarose gels containing ethidium bromide. The separated 
DNA fragments were visualized using a UV transilluminator 
(254 nm, Ultra‑Lum Electronic UV Transilluminator) (32).

Cell cycle analysis. In 6‑well plates, 1x106 HCT116 and 
SW480 cells were seeded. After 24 h of adhesion, cells were 
treated with NR, DS and DiNar for 48 h. After 48 h, cells 
were harvested, fixed in 70% chilled ethanol, and incubated 
for 2 h at ‑20˚C. Then, cells were washed twice with PBS and 
suspended in propidium iodide (PI; 50 µg/ml) and RNase A 
(100 µg/ml). Cells in different cell cycle phases, G0/G1, S and 
G2/M, were analyzed by flow cytometry (BD FACSAria III; 
BD Biosciences) with BD FACSDiva 8.0.2 software 
(BD Biosciences).

Annexin V‑fluorescein isothiocyanate (FITC)/PI apoptosis 
assay. Early and late apoptotic cells were analyzed according 
to the protocol of the Annexin V‑FITC apoptosis detection 
kit (BD Biosciences). In 6‑well plates, 2x105 HCT116 and 
SW480 cells were seeded and treated with NR, DS and DiNar. 
After 48 h of treatment, cells were harvested and washed 
twice with PBS. Later, the cells were suspended in 100 µl 
binding buffer mixed with 5 µl Annexin V‑FITC and 5 µl PI 
stain. Then, the cells were incubated for 15 min in the dark. 
Finally, 400 µl binding buffer was added to each sample. The 
stained cells were analyzed for 15 min by flow cytometry 
(BD FACSAria III; BD Biosciences). The data were analyzed 
using FACSDiva 8.0.2 software (33).

Western blotting. After 48 h of treatment, 2x106 cells were 
collected. The cells were lysed in radioimmune precipitation 
assay (RIPA) buffer containing protease inhibitor (Geno 
Technology, Inc.). Proteins were quantified using a BCA assay 
kit (Thermo Fisher Scientific, Inc.). Protein samples (20 µg) 
were loaded in each well, and electrophoresis was performed 
via SDS‑PAGE on a 12% gel. The proteins were then 

transferred onto the PVDF membrane (Bio‑Rad Laboratories, 
Inc.). The membrane was blocked with 5% bovine serum 
albumin (Bio‑Rad Laboratories, Inc.) for 1 h at room tempera‑
ture before being incubated overnight at 4˚C with the following 
primary antibodies: Bcl‑2 (1:1,000; cat. no. 138800; Thermo 
Fisher Scientific, Inc.), Bax (1:1,000; cat. no. 336400; Thermo 
Fisher Scientific, Inc.), caspase‑3 (1:1,000; cat. no. MA511521; 
Thermo Fisher Scientific, Inc.), caspase‑8 (1:1,000; 
cat. no. PA520118; Thermo Fisher Scientific, Inc.), caspase‑9 
(1:1,000; cat. no. PA519904; Thermo Fisher Scientific, Inc.), 
p53 (1:1,500; cat. no. MCA1703; Bio‑Rad Laboratories, Inc.), 
NF‑κB (1:1,000; cat. no. 513500; Thermo Fisher Scientific, 
Inc.), IKK‑β (1:1,000; cat. no. LFMA0192; Thermo Fisher 
Scientific, Inc.) and IKK‑α (1:1,000; cat. no. PA517803; 
Thermo Fisher Scientific, Inc.). Then, membranes were 
incubated for 2 h at room temperature with the following 
HRP‑conjugated secondary antibodies: Anti mouse (1:10,000; 
cat no. 1706516; Bio‑Rad Laboratories, Inc.) or anti‑rabbit 
(1:10,000; cat. no. 1706515; Bio‑Rad Laboratories, Inc.). 
Membranes were developed with enhanced chemilumines‑
cence solution (Merck KGaA). β‑actin was used as an internal 
control (34).

Reverse transcription‑quantitative (RT‑q)PCR. The treated 
and untreated cells were harvested, washed with PBS and 
RNA was extracted using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). A total of 1 µg RNA was used to 
synthesize cDNA according to the manufacturer's instruc‑
tion using a cDNA synthesis kit (Bio‑Rad Laboratories, Inc.). 
Subsequently, qPCR was performed using SYBR‑Green 
(Bio‑Rad Laboratories, Inc.) in ABI 7900HT detection 
system (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
Thermocycling conditions were as follows: 95˚C for 5 min; 
followed by 40 cycles at 95˚C for 30 sec, 58˚C for 30 sec and 
60˚C for 30 sec. GAPDH was used as an internal control 
for RT‑qPCR. The results were analyzed using the 2‑ΔΔCq 

method (35). The primers used are listed in Table II.

Table I. Dose reduction index values for NR and DS combination.

A, HCT116 cells

 Fa
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Treatment groups 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

NR 3.69 3.31 3.08 2.90 2.75 2.60 2.46 2.28 2.05
DS 0.92 1.18 1.40 1.60 1.82 2.07 2.37 2.81 3.61

B, SW480 cells

 Fa
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Treatment groups 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

NR 3.58 3.44 3.36 3.29 3.23 3.17 3.10 3.02 2.91
DS 1.19 1.97 1.18 2.19 2.52 2.89 3.36 4.05 5.34

DS, diosmin; NR, naringenin; Fa, fraction affected.
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Statistical analysis. Each experiment was repeated in 
triplicate. Statistical analysis was performed using GraphPad 
Prism version 8 (GraphPad Software, Inc.) and data are 
expressed as the mean ± standard deviation. Results were 
analyzed using ANOVA followed by Tukey's multiple compar‑
ison test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Antiproliferative efficacy of DiNar on HCT116 and SW480 
cells. The cytotoxic activity of NR, DS and DiNar on colon 
cancer cell lines HCT116 and SW480 was evaluated by 
MTT assay. Cells were treated with increasing concentra‑
tions of NR, DS and DiNar for 48 h. Results showed that 
NR, DS and DiNar dose‑dependently inhibited the growth 
of cells, as shown in Fig. 1A and B. The IC50 of NR and DS 
on HCT116 cells were 169 and 160 µM, while on SW480 
cells it was 210 and 152 µM, respectively. Furthermore, 
the data revealed that the cytotoxic effect was significantly 
higher in DiNar‑treated cells compared with NR or DS 
treatments alone. The significant difference was more 
evident at higher concentrations. Moreover, the IC50 value 
of DiNar was lower. In HCT116 cells, the combination 
of 70 µM NR and 70 µM DS showed 50% death of cells. 
Similarly, in SW480, the combination of 60 µM NR and 
60 µM DS resulted in 50% death of cells (data not shown). 
In subsequent experiments, the IC50 value of drugs was used 
to treat cells.

Combination of DS and NR exhibits a synergistic effect on 
the cytotoxicity of colon cancer cells. The combinatorial effect 
of DS and NR on colon cancer cell lines was evaluated by 
MTT assay. The data of the MTT assay were processed by 
CompuSyn software to measure the synergistic effect of the 
drugs. The CI‑fa curve revealed that DiNar exerted a syner‑
gistic effect on cell growth inhibition in both HCT116 and 
SW480 cells, as shown in Fig. 2. In the case of HCT116 cells, 
CI values ranged from 0.96 to 0.76 at different effect levels 
from IC40 to IC90. Similarly, SW480 showed CI values ranging 
from 0.76 to 0.53 at various effect levels (IC40 to IC90). The CI 
values in both cell lines were <1, indicating the synergistic 
effect of DiNar. Furthermore, the values of DRI>1 in both 
cell lines indicated a decrease in drug dosage, resulting in less 
toxicity by these drugs, as mentioned in Table I.

Evaluation of DiNar‑induced apoptosis using DAPI staining 
and DNA fragmentation. Both HCT116 and SW480 cells 
treated with NR, DS and DiNar were stained with DAPI 
(a nuclear dye that binds to DNA). Untreated HCT116 and 
SW480 cells were used as controls. Nuclear fragmentation, 
chromatin condensation and the formation of apoptotic bodies 
are hallmarks of apoptosis (36). NR, DS and DiNar treatments 
induced chromatin condensation in both HCT116 and SW480 
cells, as shown in Fig. 3A and B, respectively. However, DiNar 
showed striking chromatin condensation compared with NR 
and DS alone.

Apoptosis was also assessed by analyzing DNA fragmen‑
tation. Fragments of DNA were observed in treated HCT116 
and SW480 cells, while controls showed a single band. The 
DNA fragments were more extensively observed in the DiNar 
group as compared with the NR and DS groups. The results 
showed that the induction of apoptosis was enhanced in cells 
treated with DiNar (Fig. 4A and B).

Combined treatment of DiNar induces cell cycle arrest at the 
G1 phase. Cell cycle distribution in the NR, DS and DiNar 
groups was assessed by flow cytometry. Untreated HCT116 
and SW480 cells were used as controls. In the control HCT116 
cells, 28.35% of the cell population was in the G0/G1 phase, 
while NR‑treated cells showed 55.30%, DS showed 55.75% 
and DiNar showed 65.35% cells in the G0/G1 phase of the 
cell cycle. The population of cells in G0/G1 was significantly 
higher in the DiNar group than NR and DS alone, as shown in 
Fig. 5A and B. Similar results were observed in SW480 cells 
as well. The control cells exhibited 71.95% cell population in 
the G0/G1 phase, whereas NR, DS, and DiNar showed 82.65, 
84.75 and 89.25% population in the G0/G1 phase of the cell 
cycle, respectively. Thus, the percentage of cell population in 
the G0/G1 phase was greater in the DiNar group compared 
with the NR and DS alone, as shown in Fig. 5C and D. Thus, 
these findings illustrated that the treated cells were arrested 
in the G0/G1 phase of the cell cycle, and the effect was more 
pronounced in the case of DiNar. 

Evaluation of DiNar‑induced apoptosis via Annexin V‑FITC 
labeling. To further investigate apoptosis, an Annexin V assay 
was performed. The flow cytometry analysis detected the 
percentage of viable cells, cells in early apoptosis, late apop‑
tosis and necrosis stages. HCT116 cells treated with NR, DS 

Table II. List of primers used for reverse transcription‑ 
quantitative PCR.

Primer name Primer sequences (5'→3')

Bax F: GCCCTTTTGCTTCAGGGGATG
 R: CAGCTGCCACTCGGAAAAAG
Bcl‑2 F: CTGCACCTGACGCCCTTCACC
 R: CACATGACCCCACCGAACTCAAAGA
Caspase‑3 F: ACTCCACAGCACCTGGTTATT
 R: TTCTGTTGCCACCTTTCGGT
Caspase‑8 F: AGAGTCTGTGCCCAAATCAAC
 R: GCTGCTTCTCTCTTTGCTGAA
Caspase‑9 F: TTCCCAGGTTTTGTTTCCTG
 R: CCTTTCACCGAAACAGCATT
p53 F: CCAGCAGCTCCTACACCGGC
 R: AAACCGTAGCTGCCCTG
NF‑κB F: CTGGACCGCTTGGGTAACTC
 R: CCTGCCAATGAGATGTTGTC
IKK‑α F: CATGCAGGGAAAAAGGCAGA
 R: TGAGAGGAGTTACCACACATGACAG
IKK‑β F: GGGGCCTGGGAAATGAAAGA
 R: GGTCAGCCTGATTGTGCCAT
GAPDH F: GACAGTCAGCCGCATCTTCT
 R: TTAAAAGCAGCCCTGGTGAC

F, forward; R, reverse.
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and DiNar induced apoptosis rates of 34.5, 32.2 and 48.4%, 
respectively, while SW480 cells demonstrated apoptosis 
rates of 46.7, 36.3 and 55.0%, respectively. As shown in 
Fig. 6A‑D, the results indicated that both NR and DS signifi‑
cantly increased cell apoptosis in HCT116 and SW480 cells 
compared with the respective controls. It was also evident that 
the apoptotic rate in the DiNar group was significantly higher 
than in the single treatment groups.

Evaluation of apoptotic markers via western blotting and 
RT‑qPCR. The expression levels of apoptotic proteins were 
investigated via western blotting. The results showed that the 
expression levels of Bax, caspase‑3, caspase‑8, caspase‑9 and 
p53 were increased in both HCT116 and SW480 cells after 
treatment with NR and DS compared with the control cells 
(Fig. 7A‑D). Moreover, the expression levels of these proteins 

were markedly increased in the DiNar group compared with 
the single treatment groups (Fig. 7A and C). The anti‑apoptotic 
protein, Bcl‑2, demonstrated the opposite trend. Its expression 
was reduced in both HCT116 and SW480 cells after NR and 
DS treatments compared with respective controls. The expres‑
sion was further suppressed in cells treated with DiNar in both 
HCT116 and SW480 cells compared with the single treatment 
groups (Fig. 7A and C). 

In addition to the protein expression, the mRNA expression 
levels of apoptosis‑related genes were analyzed via RT‑qPCR. 
DiNar significantly reduced Bcl‑2 expression in HCT116 and 
SW480 cells by 0.066‑fold and 0.7‑fold, respectively, when 
compared with the controls (Fig. 7B and D). On the other hand, 
the expression of Bax, caspase‑3, caspase‑8, caspase‑9 and p53 
mRNA levels in DiNar‑treated HCT116 cells were increased by 
1.85, 3.26, 5.18, 4.18 and 5.73‑folds compared with the control 
group, respectively. Similarly, DiNar treatment enhanced the 
expression of Bax, caspase‑3, caspase‑8, caspase‑9 and p53 
mRNA in SW480 cells by 1.84, 1.79, 5.35, 3.47 and 5.37‑folds, 
respectively. The expression of these mRNAs in DiNar‑treated 
cells was significantly higher compared with the NR and DS 
treatments alone, as presented in Fig. 7B and D.

Evaluation of inflammatory marker expression. The expres‑
sion levels of inflammatory marker proteins, NF‑κB, IKK‑α 
and IKK‑β, were detected via western blotting. As shown in 
Fig. 8A and C, the expression levels of these inflammatory 
marker proteins were downregulated in NR‑ and DS‑treated 
HCT116 and SW480 cells compared with the control group. 
However, DiNar showed remarkable suppression of these 
proteins in both HCT116 and SW480 cells.

The mRNA expression levels of inflammatory marker 
genes, NF‑κB, IKK‑α and IKK‑β, were investigated via 
RT‑qPCR. The mRNA expression results were similar to the 
corresponding protein expression. The results indicated that 
DiNar significantly decreased the mRNA expression levels of 
NF‑κB, IKK‑α and IKK‑β in HCT116 cells by 0.21, 0.068 and 
0.169‑folds, respectively, when compared with the control. 
In SW480 cells, DiNar treatment reduced mRNA expression 
levels of NF‑κB, IKK‑α and IKK‑β by 0.2, 0.11 and 0.14‑folds 

Figure 1. MTT assay. (A) HCT116 and (B) SW480 cells were cultured and treated with increasing concentrations of NR (10, 20. 40, 80, 100, 150, 250 and 320 µM) 
and/or DS (10, 20, 40, 80, 100, 150, 250 and 320 µM) for 48 h. Cell cytotoxicity was measured by MTT assay. *P<0.05, **P<0.01 and ****P<0.0001. DS, diosmin; 
NR, naringenin; DiNar, combined treatment of DS and NR.

Figure 2. CI of DiNar. CI of DiNar on HCT116 and SW480 cells was 
calculated. Fa indicates fraction affected (fa=0.4 indicates 40% of cell 
death). CI, combination index; DiNar, combined treatment of diosmin and 
naringenin; Fa, fraction affected.
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compared with the control. Moreover, DiNar treatment led to 
a significant decrease in mRNA expression in both HCT116 
and SW480 cells compared with the NR and DS treatments 
alone, as shown in Fig. 8B and D. 

Discussion

Flavonoids are a group of natural substances with varying 
phenolic structures. They are mainly found in fruits, vegeta‑
bles, tea, flowers, roots and stems (37). They have a number 
of health benefits due to their anti‑inflammatory, anticarcino‑
genic, antioxidant and antiproliferative properties (38). These 
characteristics make them potential anticancer candidates. 
Conventional therapies employed for treating colon cancer 
cause severe side effects in patients (39). There is a dire need for 
alternative therapeutic options with fewer side effects. Fruits 
and vegetables high in flavonoids are often recommended to 
reduce the risk of cancer (40). Some of these flavonoids are 
being considered as potential cancer therapeutic agents (38). 
In the present study, it was revealed that the flavonoids used 

in combination could synergistically act against the colon 
cancer cells and inhibit proliferation.

Multiple studies have shown that NR, a flavanone, has 
a significant effect on various cancer cell lines (9,41). It has 
an ER‑dependent antiproliferative effect on cancer cells (42). 
Similarly, DS, a flavone glycoside, has also been reported for 
anti‑inflammatory, antimutagenic and antioxidant proper‑
ties (12). It induces apoptosis, senescence and autophagy in 
breast cancer cells (43). Furthermore, apoptosis induction via 
genotoxicity and apoptosis has been described in prostate 
cancer cells (44). Considering the numerous promising charac‑
teristics of flavonoids, it was hypothesized in the present study 
that they would have high therapeutic potential when used in 
combination.

The current study evaluated the combined effect of DS and 
NR on colon cancer cell lines HCT116 and SW480. According 
to these findings, DiNar had a greater inhibitory effect on both 
the colon cancer cell lines than NR and DS alone. The data 
showed that the IC50 values of NR were 169 and 210 µM for 
HCT116 and SW480 cells, respectively. Likewise, DS was 

Figure 3. DAPI assay. (A) HCT116 and (B) SW480 cells treated with NR, DS and DiNar for 48 h showed altered nuclear morphology. Control group showed 
normal morphology, whereas NR‑, DS‑ and DiNar‑treated cells showed increased nuclear condensation, cell shrinkage and staining intensity. Scale bar, 100 µM. 
DS, diosmin; NR, naringenin; DiNar, combined treatment of DS and NR.

Figure 4. Fragmentation of DNA. DNA fragmentation was observed in (A) HCT116 and (B) SW480 cells treated with NR, DS and DiNar. The control group 
showed no fragments, while the DiNar group showed more intense fragmentation as compared with NR and DS individually. DS, diosmin; NR, naringenin; 
DiNar, combined treatment of DS and NR.
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found to have IC50 values of 160 and 152 µM on HCT116 
and SW480 cell lines, respectively. The combination DiNar 
showed lower IC50 values when tested in different permuta‑
tions and combinations. In the equimolar drug combination, 

IC50 values of 70 µM NR + 70 µM DS for HCT116 and 60 µM 
NR + 60 µM DS for SW480 were observed.

Furthermore, CI analysis was performed to investigate the 
synergistic effect of DS and NR on colon cancer cells. DiNar 

Figure 5. Cell cycle analysis. NR, DS and DiNar induced cell cycle arrest in the G1 phase in (A) HCT116 and (C) SW480 cells. Cells were treated with IC50 

values for 48 h. (B and D) Bar graphs represent the percentage of cells in G0/G1, S and G2/M phase of the cell cycle. The cell cycle arrest was evaluated by 
flow cytometry using PI staining. **P<0.01 and ****P<0.0001. DS, diosmin; NR, naringenin; DiNar, combined treatment of DS and NR.

Figure 6. Apoptosis assay by flow cytometry. NR, DS and DiNar induced apoptosis in HCT116 and SW480 cells as determined via Annexin V‑FITC/PI 
staining assay. Cells were treated with IC50 concentration of NR, DS and DiNar for 48 h. Flow cytometry assay shows population of viable, early apoptotic, late 
apoptotic and necrotic (A) HCT116 and (B) SW480 cells. Bar graphs of (C) HCT116 and (D) SW480 cells showing increased apoptotic cells in the DiNar group. 
###P<0.001 and ####P<0.0001 vs. control; **P<0.01 and ***P<0.001 vs. NR; ψψP<0.01 and ψψψψP<0.0001 vs. DS. DS, diosmin; NR, naringenin; DiNar, combined 
treatment of DS and NR.
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demonstrated a wide range of synergism, with CI values 
ranging from 0.96 to 0.76 for IC40 to IC90 in HCT116 cells and 
0.93 to 0.53 for IC20 to IC90 in SW480 cells. This suggested 
that DiNar offered a beneficial effect on cytotoxicity in colon 
cancer cells. Besides, DiNar also yielded DRI values ranging 
from 3.6 to 5.3 in HCT116 and SW480 cells, indicating that 
the combination was more effective as an anticancer therapy 
with fewer side effects. Hence, this study demonstrated that 
the combination DiNar treatment inhibited cell proliferation 
in a synergistic manner.

The cell cycle regulates the machinery of cellular prolif‑
eration with a cascade of events that bring about cell division 
and duplication (45). Dysregulation of cell cycle results 
in abnormal and unchecked cell proliferation leading to 
cancer (46). A number of therapeutic agents act by inducing 
cell cycle arrest at a specific checkpoint. It is the most 
common mechanism of anticancer drugs (47).Various agents 
have been reported to cause cell cycle arrest at the G0/G1, S 
or G2/M phase (34). In the HepG2 cell line, NR was reported 
to inhibit cell proliferation by accumulating cells in the 
G0/G1 and G2/M phases of the cell cycle (48). The present 

study confirmed that DiNar caused greater cell population 
arrest in the G0/G1 phase of the cell cycle than either NR 
or DS. This observation was consistent in both HCT116 and 
SW480 cell lines.

Apoptosis, programmed cell death, is an essential 
physiological process for the development and homeostasis 
of tissues (49). Suppression of apoptosis is one of the 
hallmarks of cancer (50). It is associated with a series of 
changes in cellular morphology, such as chromatin conden‑
sation, DNA fragmentation and nuclear blebbing (51). 
DAPI is a fluorescent dye reported to enter the pores of the 
damaged cells and stains fragmented nuclear DNA (52). 
The intensity of the DAPI stain represents the amount of 
chromatin condensation. The light and uniform DAPI 
stain represent normal and healthy cells with no chromatin 
condensation, while the brighter stain indicates condensed 
chromatin (52). Condensed chromatin is one of the features 
of apoptosis (36). In the current study, these morphological 
changes, such as chromatin condensation, were observed 
in HCT116 and SW480 cells after treatment with NR, DS 
and DiNar. However, the morphological changes were more 

Figure 7. Expression of apoptotic markers. NR‑, DS‑ and DiNar‑induced apoptosis was confirmed by detecting the upregulation of apoptotic protein Bax, 
caspase‑3, caspase‑8, caspase‑9 and p53, and the downregulation of Bcl‑2, in both (A) HCT116 and (C) SW480 cells, as determined via western blotting. β‑actin 
acted as the reference protein. The fold‑changes in the mRNA expression of these genes in (B) HCT116 and (D) SW480 cells were determined via reverse 
transcription‑quantitative PCR using gene‑specific primers. GAPDH was used as a control. #P<0.05, ##P<0.01, ###P<0.001 and ####P<0.0001 vs. control; **P<0.01, 
***P<0.001 and ****P<0.0001 vs. NR; ψP<0.05, ψψψP<0.001 and ψψψψP<0.0001 vs. DS. DS, diosmin; NR, naringenin; DiNar, combined treatment of DS and NR.
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distinct in the cells treated with DiNar compared with NR 
and DS treatments alone. A DNA fragmentation assay 
further confirmed these results. Fragmentation of DNA is 
one of the features of cell apoptosis (36). This phenom‑
enon generates fragments with varying base pairs size 
on agarose gel electrophoresis. In epidermoid carcinoma 
cells, NR has been shown to induce nuclear condensation, 
DNA fragmentation and cell cycle arrest in the G0/G1 
phase (53). The current study observed that apoptotic DNA 
appeared more extensively in ladder form on an agarose 
gel in DiNar‑treated cells compared with NR and DS treat‑
ments alone. Thus, these results further confirmed that the 
cytotoxic effect of NR, DS and DiNar was mediated by an 
apoptotic mechanism.

The present study also demonstrated the induction of 
nuclear apoptosis by fluorochrome‑labeled Annexin V/PI 
using flow cytometry. Phosphatidylserine (PS) is found in 
the inner membrane of viable cells and is translocated to the 
outer membrane upon apoptosis induction. Annexin V has 
a high affinity for PS, and thereby flow cytometry analysis 
helps detect the quantity of viable and apoptotic cells (54). It 
is also an important tool in the evaluation of cancer drugs. 
In the current study, the untreated cells showed maximum 
viable cells, while NR, DS and DiNar treatments exhibited 
fewer viable cells and more apoptotic cells. The percentage of 
apoptotic cells was higher in DiNar treatment group than in 
the case of NR and DS treatments.

Various stress signals, such as DNA damage and cell 
cycle aberration, activate the intrinsic pathway of apoptosis. 
It is regulated by pro‑apoptotic and anti‑apoptotic genes and 
stimulates the cascade of caspases leading to the destruction of 
such cells (49). The pathway is a paramount marker and a key 
event that should be tested to underscore the mechanism of any 
anticancer drug. The present study showed an upregulation of 
pro‑apoptotic proteins and downregulation of anti‑apoptotic 
proteins. DiNar treatment demonstrated higher expression 
of pro‑apoptotic protein Bax compared with the individual 
treatments of NR and DS. The anti‑apoptotic protein Bcl‑2 
expression was observed to be downregulated in all of the 
treated cells, but the combined treatment DiNar showed the 
most significant downregulation in both HCT116 and SW480 
cells. The expression of the tumor suppressor protein p53 was 
also found to be higher in DiNar treatment when compared 
with NR and DS. Furthermore, caspase‑3, caspase‑8 and 
caspase‑9 expression were also higher in DiNar‑treated 
HCT116 and SW480 cells.

RT‑qPCR analysis of the expression of the key apop‑
tosis‑related genes was performed to strengthen the findings 
of the present study. Similar to other results of this study, 
RT‑qPCR also demonstrated that the combined treatment 
DiNar enhanced the ability of cells to undergo apoptosis. 
The expression of the anti‑apoptotic gene Bcl‑2 was observed 
to be downregulated in treated cells, and DiNar showed 
higher downregulation of this gene. The expression levels 

Figure 8. Expression of inflammatory markers. NR‑, DS‑ and DiNar‑treated cells showed downregulation of inflammatory proteins, NF‑κB, IKK‑α and IKK‑β, 
in both (A) HCT116 and (C) SW480 cells, as determined via western blotting. The lower band in NF‑κB blot in part (C) represents NF‑κB protein expression. 
β‑actin acted as the reference protein. mRNA expression levels (fold‑change vs. control) of these genes in (B) HCT116 and (D) SW480 cells were deter‑
mined via reverse transcription‑quantitative PCR using gene‑specific primers. GAPDH was used as a control. #P<0.05, ##P<0.01 and ####P<0.0001 vs. control; 
****P<0.0001 vs. NR; ψP<0.05, ψψP<0.01, ψψψP<0.001 and ψψψψP<0.0001 vs. DS. DS, diosmin; NR, naringenin; DiNar, combined treatment of DS and NR.
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of pro‑apoptotic gene Bax, tumor suppressor gene p53, and 
caspase cascade genes, such as caspase‑3, caspase‑8 and 
caspase‑9, were found to be significantly upregulated in the 
DiNar group. Thus, these results implied that apoptosis was 
notably higher in the cells treated with DiNar in both HCT116 
and SW480 cell lines. 

NF‑κB plays a critical role in colon cancer as it activates 
most tumor‑promoting cytokines. The activation of NF‑κB has 
been found in almost half of all colon cancers (55). NF‑κB acti‑
vation promotes cell proliferation and instigates anti‑apoptotic 
factors and inflammation (56). The present findings revealed 
that the expression levels of NF‑κB, IKK‑α and IKK‑β were 
downregulated under NR, DS and DiNar treatments in both 
HCT116 and SW480 cell lines, but the downregulation was 
more pronounced in the case of DiNar. This effect was observed 
at both the protein and mRNA levels. Thus, the current study 
demonstrated that DiNar had a stronger anti‑inflammatory 
effect and could prevent cell proliferation.

All the data taken together suggested that DiNar may 
inhibit cell proliferation, induce apoptosis and reduce inflam‑
mation of colon cancer cells more effectively than NR and DS. 
Thus, in conclusion, these findings indicted that DiNar can act 
as a more effective drug than the two compounds NR and DS 
taken individually. DiNar may also be able to serve as a safe 
chemotherapeutic option with fewer or no side effects when 
compared with the presently available drug options for colon 
cancer. Therefore, the combination has potential to be explored 
as the drug of choice against colon cancer.
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