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Abstract. Although flavonoids have been identified as a versa-
tile source of anticancer agents, to the best of our knowledge, 
no study has yet investigated their anticolon cancer activity 
in depth. Therefore, the aim of this study was to investigate 
the association between the structural characteristics of 
flavonoids and their anticolon cancer activity in the Caco‑2 
human colon cancer cell line. Our findings demonstrated 
that the hydroxylation of C5 and C7 in ring A significantly 
enhanced the anticolon cancer activity of flavonoids over that 
of 5‑fluorouracil, the classic reference cytotoxic agent. By 
contrast, the glycosylation or the presence of hydroxyl groups 
in ring B significantly decreased flavonoid anticancer activity. 
Collectively, these findings suggest a novel, rational design of 
flavonoid‑related compounds that may improve the treatment 
of colorectal cancer.

Introduction

Colorectal cancer (CRC) is the third most common type of 
cancer worldwide  (1). The treatment options for CRC are 
currently limited, with poor efficacy and marked variation in 
the therapeutic outcomes among patients. In the majority of 
cases, surgical resection remains the only curative treatment 
option; however, it involves costly and invasive procedures with 
considerable limitations. Therefore, the design of non‑invasive 
and effective therapies is of prime importance.

Over the last decade, extensive research has focused on 
multiple synthetic chemotherapeutic agents that are non‑inva-
sive, but display low selectivity and severe adverse effects (2). 

The cornerstone of adjuvant and palliative chemotherapy for 
CRC is currently 5‑fluorouracil (5‑FU) (3). However, 5‑FU has 
been associated with several side effects, including myelotox-
icity (4), gastrointestinal disturbances (5), cardiotoxicity (6) 
and hepatotoxicity (7). Those limitations prompted investi-
gators to design a more effective and safe drug, which may 
enhance the therapeutic benefits for CRC patients.

Epidemiological studies have consistently documented 
high incidence rates of CRC in Australia, New Zealand, 
Europe and North America. By contrast, low incidence rates 
of CRC have been reported in Africa and South‑Central Asia, 
where the intake of fruits and vegetables is high (8). These 
epidemiological findings suggest the possibility of a causal 
association between habitual dietary intake and the incidence 
of CRC. Furthermore, these observations were substantiated  
by the conclusion of the World Cancer Research Fund, which 
reported an inverse association between the dietary intake of 
fruits or vegetables, flavonoid‑rich diets and the incidence of 
CRC (9).

The basic chemical structure of flavonoids is based on a 
C6‑C3‑C6 system with a chromane ring bearing a second 
aromatic B ring in position 2, 3 or 4. Flavonoids are poly-
phenolic compounds present in a free state or as glycosides, 
usually O‑glycosides, with the sugar moiety generally bound 
to the aglycone hydroxyl (OH) group at C‑7 or, occasion-
ally, C‑3. The typical sugar moieties include D‑glucose 
and L‑rhamnose. Over 6,000  plant flavonoids have been 
described and classified into at least 10 chemical groups 
according to structural patterns (10). However, laboratory 
and epidemiological studies have focused mainly on biofla-
vonoids, including rutin, quercetin, chrysin, hesperetin and 
hesperidin, grouped under the following three flavonoid 
subgroups: flavonols, flavones and flavanones (Fig. 1). Flavo-
nols, such as quercetin and its glycoside, rutin, are the most 
abundant flavonoids in foods and are found in leafy vegeta-
bles, apples, onions and berries. Flavones, such as chrysin, 
are found in honey and propolis and in low concentrations in 
fruits, vegetables and certain beverages. Flavanones, such as 
hesperetin and its glycoside, hesperidin, also known as citrus 
flavonoids, are found in citrus fruits and their juices (11).

Although a broad spectrum of biological activities has 
been identified for these flavonoids, no study has yet investi-
gated their anticolon cancer activity in depth. The proposed 
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protective role of flavonoids against tumor development may 
prevail in the intestinal tract due to direct exposure to intes-
tinal epithelia. Therefore, this study aimed to investigate the 
potential anticolon cancer activity of these structurally diverse 
flavonoids in comparison to that of 5‑FU and delineate the 
association between structural characteristics and anticolon 
cancer activity. Such findings may simplify drug design to 
allow safer and more effective anticolon cancer pharmaceuti-
cals to be synthesized.

Materials and methods

Materials and reagents. Dulbecco's modified Eagle's 
medium (DMEM) was obtained from Gibco‑BRL (Invitrogen 
Life Technologies Inc., Grand Island, NY, USA). Non‑essential 
amino acids and fetal calf serum (FCS) were purchased from 
Hyclone (Logan, UT, USA). Penicillin and streptomycin were 
purchased from Amresco (Solon, OH, USA). The flavonoids 
were previously isolated at the Department of Pharmacog-
nosy, Faculty of Pharmacy, Mansoura University (Mansoura, 
Egypt) and identified by ultraviolet, infrared, mass and nuclear 
magnetic resonance spectroscopy. The purity of flavonoids 
was >99%, assessed by high‑performance liquid chromatog-
raphy. Plates of 96 wells were purchased from Corning Inc. 
(Cambridge, MA, USA).

Cell culture. The Caco‑2 human colon adenocarcinoma cell 
line was purchased from American Type Culture Collec-
tion (HTB‑37; Rockville, MD, USA). The Caco‑2 cells 
were cultured in DMEM containing D‑glucose (4.5  g̸l), 
NaHCO3 (3.7 g̸l) and supplemented with 10% FCS, penicillin 
(100 U̸ml) and streptomycin (100 µg̸ml), in an atmosphere of 
5% CO2 and 95% relative humidity at 37˚C. All the cells used 
in this study were between passages 50 and 62.

Drug treatment. The concentration of the investigated 
flavonoids was 50‑250 µM. The flavonoids were dissolved in 

100% dimethylsulfoxide (DMSO; Sigma, St. Louis, MO, USA) 
and diluted to their final concentrations in serum‑free media. 
In all the experiments, the control cells were incubated with 
DMSO alone. The final concentration of DMSO was main-
tained at 0.2% w/v. The cells were incubated with flavonoids 
or 5‑FU for 24, 48 and 72 h.

Cytotoxicity assay. Cytotoxicity was assessed with the MTT 
assay, according to the manufacturer's recommendations 
(Roche Diagnostics GmbH, Mannheim, Germany). The 
experiments were repeated 3 times and data are expressed 
as means ± standard deviation  (SD). This assay relies on 
the ability of metabolically active viable cells to reduce a 
yellow tetrazolium salt (MTT; Sigma) to a purple formazan 
product. This reaction occurs when mitochondrial reductase 
enzymes are active. The cells were grown in 96‑well plates 
(1x104̸200 µl̸well). Following incubation with the reagents, 
the medium was removed and the cells were treated with 
20 µl of MTT (5 mg̸ml) for 3 h at 37˚C. Subsequently, 100 µl 
DMSO was added to each well. The solubilized formazan 
product was spectrophotometrically quantified using a 
PowerWave XS microplate reader (BioTek, Winooski, VT, 
USA) at 540 nm.

Statistical analysis. Data are presented as means ± SD. Statis-
tical comparisons between groups were performed by one‑way 
analysis of variance (ANOVA) followed by post hoc Tukey's 
test (Statistica; StatSoft Inc., Tulsa, OK, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Dose‑viability response of 5‑FU. The anticolon cancer activi-
ties of the selected flavonoids were evaluated in a cell‑based 
assay using Caco‑2 cells and compared to that of 5‑FU, a drug 
extensively used in adjuvant and palliative chemotherapy for 
CRC. The dose response and time course cytotoxicity of the 

Figure 1. Structural characteristics of the naturally‑derived flavonoids flavone, chrysin, 3‑hydroxyflavone, quercetin, rutin, hesperetin and hesperidin.
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standard agent, 5‑FU, were initially evaluated with the MTT 
assay. As shown in Fig. 2A‑C, the dose‑response effect of 
5‑FU was more evident after 72 h of incubation with an inhibi-
tory concentration (IC50) of 60 µM compared to that at 48 h 
of incubation with an IC50 of 158.5 µM, whereas at 24 h an 
IC50 was not reached with 5‑FU at any of the concentrations 
investigated (50‑250 µM). Therefore, 72 h was selected as the 
incubation period to assess the dose‑viability response of the 
investigated flavonoids (Figs. 3‑6).

Anticancer potency of f lavonoids. Among the investi-
gated flavonoids in this cell‑based assay, flavone, chrysin 
(Fig. 3A and B) and 3‑hydroxyflavonol (Fig. 4A) exhibited 
the highest anticancer potencies, which were superior or 

comparable to that of 5‑FU. By contrast, quercetin was not 
active, even at concentrations up to 100 µM (Fig. 4B). Notably, 
hesperetin (Fig.  5A) exhibited a moderate IC50 that was 
significantly lower compared to that of quercetin, but higher 
compared to those of flavone and chrysin.

Cytotoxicity of flavone. The dose‑viability response (counted 
as percentage of control, 0 µM) in Caco‑2 cells during 72 h of 
incubation with different concentrations of flavone, the form 
commonly found in fresh plants, which is then converted to 
different flavonoid derivatives by benzopyrene hydroxylases, 
is shown in Fig. 1. Flavone exerted a strong cytotoxic effect 
against Caco‑2 cells in a dose‑dependent manner, with an 
IC50 of 21.01±1.3 µM.

Figure 2. IC50 of 5‑FU following incubation for (A) 24, (B) 48 and (C) 72 h at different concentrations (50, 100 and 250 µM) (counted as a percentage of 
untreated control, 0 µM). Data shown are the means ± SD of 3 experiments. 5‑FU, 5‑fluorouracil; IC50, 50% inhibitory concentration.

Figure 3. IC50 of flavone flavonoids. IC50 of (A) flavone and (B) chrysin following incubation for 72 h at different concentrations (50, 100 and 250 µM) (counted 
as a percentage of untreated control, 0 µM). Data shown are the means ± SD of 3 experiments. IC50, 50% inhibitory concentration.

Figure 4. IC50 of flavonol flavonoids. IC50 of (A) 3‑hydroxyflavone, (B) quercetin and (C) rutin following incubation for 72 h at different concentrations (50, 
100 and 250 µM) (counted as a percentage of untreated control, 0 µM). Data shown are the means ± SD of 3 experiments. IC50, 50% inhibitory concentration.
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Association between structural characteristics of flavonoids 
and anticancer activity. In light of the anticancer effects 
of flavone, we sought to determine whether the addition 
of functional  groups modifies its anticancer activity. The 
addition of OH groups in ring A significantly enhanced the 
anticolon cancer activity of flavone, as shown in Fig. 3B for 
chrysin. Chrysin, which has 2 OH groups in ring A, caused 
50% inhibition of colon cancer cell proliferation at a concen-
tration of 9.5±2.2 µM, which was significantly (P<0.01) lower 
compared to that of flavone. However, introducing a OH group 
in ring  C caused a significant decrease in the anticancer 
activity of flavone, as shown in Fig. 4A for 3‑hydroxyflavone. 
Furthermore, the addition of a OH group in ring B resulted in 
a marked decrease in the anticancer activity of flavonoids, as 
shown in Figs. 4B and 5A for quercetin and hesperetin, respec-
tively. Hesperetin, which has a OH group in ring B, caused 
a 50% reduction in the viability of Caco‑2 cells after 72 h 
of incubation at a concentration of 66.67±1.5 µM (Fig. 5A). 
The addition of the second OH group in ring B resulted in a 
significant decrease in anticolon cancer activity, as illustrated 
by quercetin, which caused a 50% inhibition of cell viability 
after 72 h of incubation at a concentration of 195±2.5 µM 
(Fig. 4B). Furthermore, the addition of sugar moieties at posi-
tion 3 exerted a greater effect on the anticolon cancer activity 
of quercetin. This is clearly manifested in rutin, in which the 

cytotoxic activity was significantly diminished over the applied 
concentration range (Fig. 4C). The addition of sugar moieties 
at position 7 in ring A distinctly reduced the anticolon cancer 
effect of hesperitin over the concentration range, as manifested 
in hesperidin (Fig. 5B).

One‑way ANOVA was used to evaluate the statistical 
significance of the difference in the anticolon cancer effect at 
IC50 for each flavonoid after an incubation period of 72 h and 
the means were found to be significantly different across the 
samples (Fig. 6).

Discussion

Effective therapies for colon cancer, which is considered to 
be a disease of the civilization, have long been the focus of 
investigation. Despite the clinical success of several newly 
developed anticolon cancer agents, there are certain limita-
tions, such as high peripheral neurotoxicity, complicated 
synthesis procedures and drug resistance conferred by multi-
drug resistance transporters. Therefore, there has been an 
increasing interest in identifying novel anticolon cancer agents 
with alternative modes of action and improved pharmaco-
logical profiles, particularly reduced toxicity. The re‑emphasis 
on natural products in drug discovery was the subject of recent 
cancer research and development and was shown to be a valu-
able, effective and inexpensive approach (12,13). In the present 
study, the use of naturally‑derived Free‑B‑Ring flavonoids as 
potential anticolon cancer agents was investigated.

Free‑B‑Ring flavonoids are benzo‑γ‑pyrone derivatives 
found in a number of medicinal plant species and possess a 
plethora of biological and pharmacological properties. Over 
several years, the development and use of these flavonoids 
and their derivatives for the prevention and treatment of 
cancer has been a focus of investigation. Chrysin, the most 
abundant Free‑B‑Ring flavonoid in honey, was found to poten-
tiate the antiproliferative effect of various chemotherapeutic 
agents (14). Furthermore, chrysin was found to be capable of 
inhibiting cell proliferation and inducing apoptosis in human 
cervical carcinoma (15), leukemia (16), esophageal squamous 
cell carcinoma (17), malignant glioma, breast carcinoma (18) 
and prostate cancer cell lines (19). To extend our knowledge 
of the antineoplastic role of chrysin, the present study demon-
strated the ability of chrysin to induce colon cancer cell death 
more efficiently compared to 5‑FU.

Figure 5. IC50 of flavanone flavonoids. IC50 of (A) hesperetin and (B) hesperidin following incubation for 72 h at different concentrations (50, 100, and 250 µM) 
(counted as a percentage of untreated control, 0 µM). Data shown are the means ± SD of 3 experiments. IC50, 50% inhibitory concentration.

Figure 6. Statistical differences in anticolon cancer effect at IC50 for each 
flavonoid after 72 h of incubation. The means were significantly different 
across the samples. Data shown are the means ± SD of 3 experiments.
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Additionally, flavones and 3‑hydroxyflavone are among the 
Free‑B‑Ring flavonoid derivatives that were investigated in this 
study and exhibited more efficient anticolon cancer activities 
compared to that of 5‑FU. Given these properties, Free‑B‑Ring 
flavonoids may be promising anticolon cancer agents, a hypoth-
esis originating partly from a previous study demonstrating 
that baicalein (5,6,7‑trihydroxyflavone) exerted an antiprolifer-
ative effect on Caco‑2 cells (20). That initial study was further 
supported by the observation that flavone increased early and 
late apoptosis parameters in Caco‑2 cells (21). Additionally, 
those findings were reinforced by more recent studies, demon-
strating that 5,7‑dihydroxy‑3,6,8‑trimethoxy flavone displayed 
a potent activity against the more differentiated carcinomas of 
the colon compared to its flavonol isomer, 5‑hydroxy‑6,7,8‑tri-
methoxy‑3‑flavonol (22). Taken together, those findings have 
formed the concept of Free‑B‑Ring flavonoids as potential 
anticolon cancer agents and several mechanisms have been 
proposed regarding their anticancer activity. One such 
mechanism refers to the ability of these agents to inhibit DNA 
topoisomerase II (23), whereas another refers to their ability 
to produce free radicals and, consequently, cleave DNA (24).

In concordance with previous findings, the potent cyto-
toxicity of three Free‑B‑Ring flavonoids against Caco‑2 cells 
was observed in our study. However, to the best of our 
knowledge, our study is the first to report that, although the 
basic chemical structures of various flavonoids are similar, 
the specific functional groups attached at specific positions, 
particularly the OH group, may confer significantly different 
bioactivities to the resulting compounds. Chrysin, which has 
2 OH groups in the A ring, was the most active compound 
to arrest Caco‑2 cell survival followed by flavone, 3‑hydroxy-
flavone, hesperitin, quercetin, hesperidin and finally rutin. In 
addition, we demonstrated the causal association between the 
structural characteristics and the activity of these flavonoids, 
as the acquisition of the OH group in the B ring significantly 
decreased their anticancer activity; in a similar manner, 
glycosylation was also associated with a marked decrease in 
anticancer activity.

In conclusion, with the ongoing demand for novel drug‑like 
lead compounds against CRC, the significant anticancer 
activity of Free‑B‑Ring flavonoids compared to standard 
therapy renders them potential leads to future anticolon cancer 
agents.
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