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in azoxymethane-induced experimental colon carcinogenesis
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Abstract

Objective Colon cancer is a common malignant neoplasm

causing huge morbidity and mortality worldwide. Current

therapeutic interventions are unsatisfying, which necessi-

tates novel chemopreventive strategies. The present study

was intended to elucidate the chemopreventive efficacy of

hesperidin against azoxymethane (AOM)-induced mouse

colon carcinogenesis.

Materials and methods Swiss albino mice were subjected

to intraperitoneal injections of AOM once a week for 3

consecutive weeks. Hesperidin treatments were provided in

the initiation or post-initiation phases. The number and

multiplicity of aberrant crypt foci (ACF), tumor incidence

and antioxidant status were determined. Histopathological

analyses, proliferating cell nuclear antigen (PCNA) index

and modulations in the expression of inflammatory markers

such as nuclear factor kappa B (NF-jB), inducible nitric

oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)

were studied.

Results Hesperidin treatments significantly inhibited the

number and multiplicities of AOM-induced ACF and

tumor incidence. Hesperidin reduced oxidative stress

parameters and enhanced antioxidant status. A marked

decrease in the PCNA index was evident on hesperidin

administration. Hesperidin treatments caused a prominent

downregulation of NF-jB and its target molecules iNOS

and COX-2, thereby combating inflammation.

Conclusion This study proves the chemopreventive effi-

cacy of hesperidin against the deleterious traits of colon

carcinogenesis including accelerated proliferation, inflam-

mation and persistent oxidative stress.
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Introduction

Colon cancer ranks third amongst the most common fatal

cancers in both men and women. Approximately 5 % of the

western population develops colon malignancy during their

lifetime. The statistics of colon cancer are sobering, with

101,340 new cases and 49,380 deaths in United States

during 2011 [1]. Alarmingly, the incidence rate in south

central Asia has been rising slowly during the last three

decades [2]. Despite treatment with chemotherapy and

surgery, death rates are high, together with adverse side

effects [3]. The etiology of colon cancer is multifactorial; it

occurs sporadically and is inherited in only 5 % of cases. A

close association between dietary factors and the risk of

colon cancer is apparent from many studies. Alcohol

consumption, western dietary habits, increased fat intake

and reduced carbohydrate are recognized as key contrib-

uting factors for colon cancer. Many studies have reported

the mitigating role of dietary molecules in curbing various

diseases including cancers. Interventions in the accelerated

events of colon carcinogenesis by plant-based agents seem

promising [4]. Fruits and vegetables remain a huge source

of polyphenolics possessing various biological properties,
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among which flavonoids play an indispensable role [5].

Flavonoids are an interesting class of polyphenols dis-

playing a wide range of antioxidant, anti-inflammatory and

anti-carcinogenic properties [6]. Several researchers have

documented the promising role of a diet rich in fruits and

vegetables in combating the risk of colon cancer [7, 8].

This prompted us to investigate the potential efficiacy of a

widely present citrus bioflavonoid, hesperidin, against

colon carcinogenesis.

The beneficial properties of citrus bioflavonoids against

various diseases including cancers have previously been

reported [9]. Hesperidin [30,5,7-trihydroxy-40-methoxy-

flavanone-7-(6-a-L-rhamnopyranosyl-b-D-glucopyranoside)]

(Fig. 1), a flavanone glycoside comprising an aglycone

hesperetin and an attached disaccharide rutinose, is found

abundantly in citrus fruits [10]. The antioxidant and radical

scavenging properties of hesperidin are widely documented

[11]. The potential of hesperidin to inhibit tumorigenesis in

various cancer systems has gained considerable interest

regarding its anticancer effectiveness [12, 13].

Oxidative stress is a consequence of cellular redox

changes due to imbalance between reactive oxygen species

(ROS) and the antioxidant defense. The harmful effects of

ROS are counteracted by the endogenous antioxidant sys-

tem comprising superoxide dismutase (SOD), catalase

(CAT), reduced glutathione (GSH), glutathione peroxidase

(GPx), glutathione reductase (GR), vitamin C and vitamin

E [14]. An effective rodent model of colon carcinogenesis

induced by azoxymethane (AOM) which mimics human

colon carcinogenesis was used in this study [15]. Previous

evidence proved the involvement of oxidative stress in

AOM-mediated colon carcinogenesis accompanied by

diminished antioxidants [16, 17]. Thus, appropriate anti-

oxidant interventions with ability to reduce the stress

parameters together with a significant restoration of the

altered antioxidant status in colon carcinogenic conditions

are needed.

Aberrant crypt foci (ACF) are putative preneoplastic

lesions of colonic neoplasia. They appear in the early

stages of colon cancer and subsequently develop into pol-

yps, adenomas and eventually to carcinomas. AOM-

induced ACF are considered to be a potent biomarker for

examining the chemopreventive potential of novel agents

[18]. Enhancement of colonic proliferation plays a early

role in the progression of colon carcinogenesis. Prolifer-

ating cell nuclear antigen (PCNA) is a cell cycle protein

actively involved in cell proliferation and expressed during

the G1 and S phases of the cell cycle, and is widely used as

a reliable proliferative marker to determine the anti-pro-

liferative efficacy of natural or synthetic agents. Highly

proliferating cancerous cells exhibit enhanced expressions

of PCNA. The immunoreactivity of PCNA is directly

related to the proliferative index of the cells, which makes

it an attractive and reliable proliferative marker [19].

Nuclear factor kappa-B (NF-jB), a highly regulated tran-

scription factor, plays an indispensable role in mediating

inflammatory responses. NF-jB resists apoptosis and

becomes a good target for treating many inflammatory

diseases including cancers [20]. Furthermore, NF-jB

activates downstream molecules such as inducible nitric

oxide synthase (iNOS) and cyclooxygenase-2 (COX-2)

which favor tumor progression. iNOS-mediated production

of nitric oxide (NO) and COX-2-mediated prostaglandin

(PG) biosynthesis are actively involved in inflammation.

Over-expression of iNOS and COX-2 leads to DNA

damage, post-translational modifications, increased prolif-

eration and reduced apoptosis [21, 22]. Numerous studies

have reported the aberrant increase of iNOS and COX-2 in

colon malignancies, which makes them vital targets [23].

The present study was intended to explore the antici-

pated role of hesperidin against AOM-induced mouse

colon carcinogenesis. Briefly, effects of hesperidin on the

alterations in the oxidative stress parameters were esti-

mated. The potential of hesperidin in combating ACF and

tumor incidence was examined. Immunohistochemical

analysis of PCNA was carried out to determine the anti-

proliferative efficacy of hesperidin. Confocal microscopic

analysis of NF-jB and COX-2, along with immunohisto-

chemical analysis of iNOS and corresponding western

blotting analyses, were performed in order to determine the

inhibitory effect of hesperidin against NF-jB-mediated

inflammatory responses.

Materials and methods

Chemicals

Azoxymethane and hesperidin were purchased from Sigma

Chemicals Co., St. Louis, MO, USA. The rabbit polyclonal

primary antibodies for PCNA and iNOS were purchased

from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

The rabbit polyclonal antibody for NF-jB p65 was a

generous gift from Dr. Irfan Rahman, Rochester Univer-

sity, USA. The rabbit polyclonal antibody for COX-2 was a

generous gift from Dr. Asatara Kantasewi, Thailand.Fig. 1 Chemical structure of hesperidin
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Secondary antibodies of anti-rabbit origin with horseradish

peroxidase (HRP) or fluorescein isothiocyanate (FITC)

were purchased from Bangalore Genei, India, Ltd. All

other chemicals used were of high grade unless otherwise

specified.

Animals and maintenance condition

Male Swiss albino mice weighing 25–30 g were used in

this study. They were housed in separate cages and accli-

matized for a week before the start of the experiment. They

were maintained under standard temperature and humidity

on a 12-h light/dark cycle with access to food and water

ad libitum. The experiments were designed and conducted

according to the guidelines of the committee for the pur-

pose of control and supervision of experiments on animals

(CPCSEA). Approval from the institutional animal ethics

committee was obtained (IAEC Approval No. 02/09/2010).

Carcinogen and treatment drug administration

For the induction of colon cancer, Swiss albino mice

received intraperitoneal injections of AOM at a dose of

15 mg/kg body weight once a week for three consecutive

weeks. AOM was suspended in 0.9 % NaCl. Control mice

received intraperitoneal injections of saline. Hesperidin

(25 mg/kg body weight) was dissolved in 0.5 % carboxy-

methyl cellulose (CMC) and administered orally by gavage

daily.

Treatment regimen

To study the efficacy of hesperidin against AOM-induced

colon carcinogenesis, 50 mice were allocated into five

groups with ten animals each. The diagrammatic repre-

sentation of the experimental setup is shown in Fig. 2.

Group I animals received intraperitoneal injections of

physiological saline and served as control animals. Group

II animals were administered AOM (15 mg/kg body

weight) intraperitoneally once a week for 3 consecutive

weeks. Group III animals were administered AOM as in

group II and treated with hesperidin orally (25 mg/kg body

weight) from a week before the AOM induction and

continuing until the final dose of AOM, thus serving as the

initiation group. Group IV animals were administered

AOM as in group II and treated with hesperidin orally

(25 mg/kg body weight) starting from a week after the

AOM induction and continuing until the end of the

experimental period, thus serving as the post-initiation

group. Group V animals received the same dose of hes-

peridin alone for the entire period. The initial body weight

of all groups of animals was recorded. At the end of the

experimental period, the final body weight of all animals

was recorded. Blood was collected and used for the esti-

mation of biochemical parameters. All groups of animals

were sacrificed by cervical dislocation. The liver from each

animal was removed and weighed. The colon was excised

quickly, flushed with 0.9 % NaCl solution, slit open lon-

gitudinally and examined for tumors. Homogenates of

colon tissues were prepared in appropriate homogenizing

buffer and were used for further assays.

Determination of aberrant crypt foci

The analysis of ACF was performed by the method of Bird

[24]. The colon was slit open longitudinally and placed on

a strip of filter paper with its luminal surface open and

exposed. Another filter paper was placed on the top of the

luminal surface. This setup was fixed in 10 % formalin

overnight. The fixed colonic sections were stained with

0.2 % methylene blue for 5 min. The sections were placed

on a slide with the mucosal surface facing upwards and

observed under a light microscope at 409 magnification.

The number of ACF observed per colon and the number of

aberrant crypts observed in each focus were recorded.

Biochemical parameters

The protein concentration was determined by the method

of Lowry et al. [25] using bovine serum albumin (BSA) as

standard. The level of lipid peroxidation (LPO) was mea-

sured in colon and plasma by the method of Ohkawa et al.

[26] and the level of hydroxyl radicals (OH�) was estimated

by the method of Cederbaum and Cohen [27]. Enzymic

antioxidants such as SOD [28], CAT [29], GPx [30] and

GR [31] and non-enzymic antioxidants including GSH

[32], vitamin C [33] and vitamin E [34] were estimated as

described.

Histopathological examination

The colonic tissues with tumors were grossly located and

harvested from experimental mice. The tissues were fixed

in 10 % formalin, routinely processed and embedded in

paraffin. Sections of 4 lm thickness were prepared. The

sections were stained with hematoxylin and eosin and

viewed under light microscopy to document the histologi-

cal changes.

Immunohistochemical analysis of PCNA and iNOS

Immunohistochemical analyses of PCNA and iNOS were

performed in the paraffin-embedded colon tissue sections

of 4 lm thickness. The tissue sections were rehydrated first

in xylene followed by graded ethanol solutions. The slides

were blocked with 5 % BSA in TBS (Tris-buffered saline)
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for 2 h. The sections were then immunostained with rabbit

polyclonal primary antibodies for PCNA and iNOS, diluted

(1:500) as recommended with 5 % BSA in TBS. The slides

were incubated overnight at 4 �C. After washing the slides

three times with TBS, the sections were incubated with

HRP-conjugated anti-rabbit secondary antibody, diluted

1:2,000 with 5 % BSA in TBS, and incubated for 2 h at

room temperature. Sections were then washed with TBS

and incubated for 5–10 min in a solution of 0.02 % di-

aminobenzidine containing 0.01 % hydrogen peroxide. The

sections were counter-stained with hematoxylin, dehy-

drated and mounted. The slides were visualized under a

light microscope.

Confocal microscope analysis of NF-jB and COX-2

Paraffin-embedded tissue sections were processed and

immunostained with rabbit polyclonal primary antibodies

for NF-jB and COX-2, diluted (1:500) as recommended

with 5 % BSA in TBS. The slides were incubated over-

night at 4 �C. After washing the slides three times with

TBS, the sections were incubated with FITC-conjugated

anti-rabbit secondary antibody, diluted 1:40 with 5 % BSA

in TBS, and incubated for 2 h at room temperature. The

sections were washed with TBS and incubated with

nucleus-specific counter-stain propidium iodide (Sigma,

St. Louis, MO, USA) to highlight cell nuclei. Slides were

visualized under a confocal microscope (Leica TCS-SP2

XL) using excitation/emission wavelengths of 529 nm/

620 nm for PI and 494 nm/525 nm for FITC.

Protein extraction and Western blotting

The colonic tissues of the control and experimental groups

of animals were homogenized in homogenizing buffer

(135 mM NaCl, 20 mM Tris, 2 mM EDTA and 1 mM

PMSF, pH 7.4). The homogenates were centrifuged at

10,000 rpm for 15 min at 4 �C. The supernatants were

recovered and protein concentration was estimated. Equal

amounts of protein samples were separated on 12 %

sodium dodecyl sulfate–polyacrylamide gel electrophore-

sis. Separated proteins were electrophoretically transferred

to polyvinylidene fluoride membrane (Millipore, USA).

The membrane was blocked with 5 % BSA in Tris–Tween

buffered saline for 1 h at room temperature, and incubated

with respective primary antibodies (rabbit polyclonal-NF-

jB, rabbit polyclonal-iNOS and rabbit polyclonal-COX-2)

overnight at 4 �C. The membrane was then incubated with

anti-rabbit horseradish peroxidase-conjugated secondary

antibody (Bangalore Genei, India) for 2 h at room tem-

perature. Protein antibody complexes were detected by the

addition of diaminobenzidine as a substrate.

Fig. 2 Diagrammatic representation of the experimental protocol.

Mice were allocated into five groups with ten animals in each group.

Animals in Group I served as control animals. Animals in Group II

received intraperitoneal injections of AOM once weekly for three

consecutive weeks. Animals in Group III received AOM injections as

in Group II and were administered hesperidin 1 week before the start

of the first AOM injection and continued until the final exposure of

AOM; this served as the initiation group. Animals in Group IV

received AOM injections as in Group II and were administered

hesperidin 1 week after the end of last AOM injection and continued

until the end; this served as the post-initiation group. Animals in

Group V served as drug control and were administered hesperidin

alone for the entire experimental period
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Statistical analysis

All the data were evaluated using SPSS v.16.0 software.

Hypothesis testing methods included one-way analysis of

variance (ANOVA) followed by least significant difference

(LSD) test. P \ 0.05 was considered to indicate statistical

significance. All the results were expressed as mean ± SD

for 10 mice in each group.

Results

Effect of hesperidin on body weight, liver weight

and tumor incidence

The AOM induction resulted in a prominent decrease in the

body weight gain percentage (%) of Group II animals

compared to the control animals (Group I). Hesperidin

treatments (Group III and IV) significantly increased the

body weight gain percentage as compared to Group II

animals. Concurrently, the AOM induction increased the

liver weights of Group II animals compared to Group I

animals. The liver weights of hesperidin-supplemented

animals (Group III and IV) were lower than those of Group

II animals. No marked variations were observed between

the body and liver weight profiles of Group V and Group I

animals (Table 1). The AOM challenges elicited colonic

tumors in Group II animals. The anti-tumorigenic potential

of hesperidin was evident by the reduction in the incidence

and number of tumors in Group III and IV animals. No

tumors were found in the control animals (Group I) and

those administered hesperidin alone (Group V) (Table 2).

Hesperidin prevents AOM-induced ACF formations

Strong incidence of ACF along with visible tumors was seen

in the colon of AOM-induced animals (Group II). The fre-

quency and crypt multiplicity of the colonic ACF were

markedly decreased on hesperidin supplementation (Group

III and IV) compared with Group II animals. With the two

different hesperidin treatment protocols, the inhibition of

ACF was more pronounced in the protocol comprising

hesperidin treatment at the initiation phase (Group III) rather

than at the post-initiation phase (Group IV). No incidence of

ACF was found in control animals (Group I) and those

administered hesperidin alone (Group V) (Table 3).

Hesperidin restored the AOM-induced antioxidant

status

The AOM inductions elevated the levels of LPO and OH�

in Group II animals. Hesperidin treatments (Group III and

IV) produced significant reductions in both LPO and OH�,

as shown in Figs. 3 and 4, respectively. Treatment with

hesperidin at the initiation phase (Group III) showed higher

inhibitions than at the post-initiation phase (Group IV). No

significant changes in the levels of LPO and OH� were

observed between Group I animals and Group V animals.

The status of enzymic (SOD, CAT, GPx and GR) and

non-enzymic (GSH, vitamins C and E) antioxidants in

control and experimental groups of animals are shown in

Tables 4 and 5. The AOM induction (Group II) resulted in

marked decreases in the enzymic activities of SOD, CAT,

GPx and GR in colonic tissues as compared to Group I

animals. The same scenario was observed with the non-

enzymic antioxidant status, comprising GSH, vitamin C

and vitamin E. In marked contrast, hesperidin administra-

tions (Group III and IV) elevated the antioxidant status

compared to Group II animals. The antioxidant efficacy of

hesperidin was more pronounced when administered at the

initiation phase than at the post-initiation phase. The Group

I and V animals showed optimal levels of antioxidants,

with no significant difference between them.

Hesperidin ameliorated AOM-induced

histopathological changes

The hematoxylin and eosin stained colonic tissue sections

were subjected to histopathological examination. Group I

animals possessed normal mucosal and submucosal layers

Table 1 Effect of hesperidin on the body and liver weight profiles of control and experimental groups of animals

Parameters Group I Group II Group III Group IV Group V

Initial body weight (g) 26.33 ± 1.18 27.48 ± 2.06 28.03 ± 2.46 26.66 ± 1.98 26.60 ± 0.90

Final body weight (g) 34.66 ± 1.38 33.32 ± 2.29 35.31 ± 3.17 33.27 ± 2.19 35.02 ± 0.91

Body weight gain percentage (%) 31.63 ± 1.13 21.25 ± 2.04a 25.97 ± 2.57b 24.79 ± 2.20c 31.65 ± 1.01ns

Liver weight (g) 1.43 ± 0.03 2.30 ± 0.22a 1.79 ± 0.16b 1.93 ± 0.19c 1.46 ± 0.02ns

Relative liver weight (g/100 g body weight) 4.14 ± 0.16 6.90 ± 0.64a 5.06 ± 0.43b 5.80 ± 0.46c 4.16 ± 0.11ns

Values are given as mean ± SD for 10 mice in each group. Values with superscript letters are statistically significant at P \ 0.05

Comparisons: aGroup II versus Group I; bGroup III versus Group II; cGroup IV versus Group II; nsnon-significant

AOM azoxymethane, HES hesperidin, Group I control, Group II AOM, Group III HES ? AOM, Group IV AOM ? HES, Group V HES

Hesperidin in colon carcinogenesis 429

123



with no signs of abnormalities (Fig. 5a, f). The AOM

induction caused severe deteriorations with colonic tumors

in Group II animals. The mucosal layers of Group II ani-

mals were highly thickened and densely packed with

inflammatory cell infiltrates with enlarged nuclei and

hyperchromatism. They possessed disintegrated cryptal

structures with aberrant crypts together with massive

necrotic destructions of epithelium (Fig. 5b, g). Supple-

mentation with hesperidin at the initiation and post-initiation

phases (Group III and IV animals) displayed normal crypts

(Fig. 5c, d) with a notable decrease in the mucosal thicken-

ing with scattered infiltration of cells (Fig. 5h, i). Group V

animals showed normal architecture of cryptal cells and

mucosa similar to Group I animals (Fig. 5e, j).

Table 2 Effect of hesperidin on colonic tumor incidence

Groups Total number of mice Number of tumor-bearing mice Tumor incidence (%) Total number of tumors

Group I 10 0 0 0

Group II 10 10 100 12 ± 0.82a

Group III 10 5 50 4 ± 0.52b

Group IV 10 7 70 6 ± 0.53c

Group V 10 0 0 0

Values are given as mean ± SD for 10 mice in each group. Values with superscript letters are statistically significant at P \ 0.05

Comparisons: aGroup II versus Group I; bGroup III versus Group II; cGroup IV versus Group II

AOM azoxymethane, HES hesperidin, Group I control, Group II AOM, Group III HES ? AOM, Group IV AOM ? HES, Group V HES

Table 3 Effect of hesperidin on AOM-induced ACF incidence and multiplicities in mice colon

Groups Incidence of ACF Number of ACF/colon 1 crypt 2 crypts 3 crypts C4 crypts

Group I 0/10 0 0 0 0 0

Group II 10/10 38.2 ± 3.4a 10.2 ± 0.99a 18.5 ± 1.83a 6.3 ± 0.55a 3.2 ± 0.30a

Group III 10/10 15.6 ± 1.54b 3.8 ± 0.36b 8.9 ± 0.80b 1.7 ± 0.15b 1.2 ± 0.11b

Group IV 10/10 16.2 ± 1.6c 5.3 ± 0.52c 7.4 ± 0.59c 2.1 ± 0.20c 1.4 ± 0.12c

Group V 0/10 0 0 0 0 0

Values are given as mean ± SD for 10 mice in each group. Values are statistically significant at P \ 0.05

Comparisons: aGroup II versus Group I; bGroup III versus Group II; cGroup IV versus Group II

AOM azoxymethane, HES hesperidin, Group I control, Group II AOM, Group III HES ? AOM, Group IV AOM ? HES, Group V HES

Fig. 3 Levels of lipid peroxidation (LPO) in colonic tissues and

plasma of control and experimental groups of animals. The values are

expressed as mean ± SD. Comparisons: aAOM versus control;
bHES ? AOM versus AOM; cAOM ? HES versus AOM; nsnon-

significant. The values are statistically significant at P \ 0.05. LPO:

lmoles of MDA released/mg of protein. Plasma: nmol/ml of MDA

released per mg protein (AOM azoxymethane, HES hesperidin; Group

I: control, Group II: AOM, Group III: HES ? AOM, Group IV:

AOM ? HES, Group V: HES)

Fig. 4 Levels of hydroxyl radicals (OH�) in colonic tissues and

plasma of control and experimental groups of animals. The values are

expressed as mean ± SD. Comparisons: aAOM versus control;
bHES ? AOM versus AOM; cAOM ? HES versus AOM; nsnon-

significant. The values are statistically significant at P \ 0.05. OH:

ng/mg protein (AOM azoxymethane, HES hesperidin; Group I:

control, Group II: AOM, Group III: HES ? AOM, Group IV:

AOM ? HES, Group V: HES)
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Hesperidin inhibits colonic cell proliferation

Representative microscope images of colonic tissue sec-

tions probed for the proliferative marker PCNA are

presented in Fig. 6. A clear increase in PCNA-positive

cells in the colonic tissue sections of Group II animals was

observed (Fig. 6b) compared to Group I animals (Fig. 6a).

Hesperidin administration markedly decreased PCNA-

positive cells in the colonic tissues of Group III and IV

animals. Hesperidin administration at the initiation phase

showed higher efficacy (Fig. 6c) than at the post-initiation

phase (Fig. 6d). Group V animals showed normal expres-

sions of PCNA, the same as Group I animals (Fig. 6e). The

average number of PCNA-positive cells across 20 random

fields in each group of animals is represented in the bar

graph (Fig. 6f).

Hesperidin attenuates AOM-induced inflammation

As inflammation plays a vital role in enhancing colon

carcinogenesis, the ability of hesperidin to inhibit the key

inflammatory mediators NF-jB, iNOS and COX-2 was

studied. Representative confocal images of colon tissues

probed for NF-jB are shown in Fig. 7. A substantial

increase in NF-jB-positive cells in AOM-induced animals

was evidenced by enhanced fluorescence compared to the

control animals. The expression of NF-jB was signifi-

cantly decreased in animals which received hesperidin

either at the initiation or at post-initiation phases compared

with the AOM-induced animals. NF-jB-positive cells were

almost absent in control groups of animals. The colon

tissues were further probed for other inflammatory markers

such as iNOS and COX-2. Representative photographs of

immunohistochemical staining showed a clear increase in

iNOS-positive cells in Group II animals compared to

Group I animals (Fig. 8b). Hesperidin treatments (Groups

III and IV) significantly inhibited the expressions of iNOS

in the colonic tissues (Fig. 8c, d) compared to Group II

animals. Both Group I and V animals showed negligible

expressions of iNOS (Fig. 8a, e). The iNOS-positive cells

across 20 random fields in each group of animals are pre-

sented in the bar graph (Fig. 8f). AOM induction also

increased COX-2 expressions in Group II animals com-

pared to Group I animals. COX-2 immunoreactivity was

almost absent in Group I and V animals. COX-2-positive

cells were significantly decreased in the hesperidin-treated

groups of animals (Groups III and IV) (Fig. 9). To further

validate the expressions of NF-jB, iNOS and COX-2 in

control and experimental groups of animals, Western blot-

ting analysis was carried out. Representative immunoblots

Table 4 Effect of hesperidin on enzymic and non-enzymic antioxidant status in colon tissues

Parameters Group I Group II Group III Group IV Group V

SOD 6.32 ± 0.18 3.38 ± 0.31a 5.24 ± 0.46b 5.15 ± 0.46c 6.30 ± 0.21ns

CAT 21.57 ± 0.64 12.17 ± 1.11a 18.90 ± 1.83b 17.30 ± 1.55c 21.4 ± 0.55ns

GPx 5.45 ± 0.15 2.76 ± 0.27a 4.94 ± 0.48b 4.89 ± 0.44c 5.45 ± 0.16ns

GR 5.99 ± 0.16 2.68 ± 0.23a 5.06 ± 0.45b 4.93 ± 0.46c 5.85 ± 0.23ns

GSH 11.56 ± 0.46 7.21 ± 0.71a 9.42 ± 0.84b 8.91 ± 0.71c 11.58 ± 0.48ns

Vitamin C 11.36 ± 0.36 7.62 ± 0.70a 9.36 ± 0.91b 8.96 ± 0.80c 11.37 ± 0.4ns

Vitamin E 6.42 ± 0.19 2.25 ± 0.22a 4.70 ± 0.41b 4.58 ± 0.37c 6.43 ± 0.23ns

Values are given as mean ± SD for 10 mice in each group. Values with superscript letters are statistically significant at P \ 0.05

Comparisons: aGroup II versus Group I; bGroup III versus Group II; cGroup IV versus Group II; nsnon-significant

SOD activity is expressed as SD-50 % auto-oxidation of epinephrine/min/mg of protein, CAT activity is expressed as lg of H2O2 consumed/min/

mg of protein, GPx activity is expressed as lg of glutathione consumed/min/mg of protein, GR activity is expressed as lg of NADP? formed per

min/mg of protein, GSH activity is expressed as lg/mg protein, vitamin C activity is expressed as lg/mg protein, vitamin E activity is expressed

as lg/mg protein. AOM azoxymethane, HES hesperidin; Group I control, Group II AOM, Group III HES ? AOM, Group IV AOM ? HES,

Group V HES

Table 5 Effect of hesperidin on non-enzymic antioxidant status in the plasma of control and experimental groups of animals

Parameters Group I Group II Group III Group IV Group V

GSH (lg/dl) 6.54 ± 0.20 2.95 ± 0.27a 3.92 ± 0.37b 3.75 ± 0.33c 6.56 ± 0.31ns

Vitamin C (lg/dl) 3.29 ± 0.09 1.99 ± 0.15a 2.76 ± 0.25b 2.53 ± 0.24c 3.29 ± 0.11ns

Vitamin E (lg/dl) 2.15 ± 0.08 1.23 ± 0.11a 1.84 ± 0.16b 1.56 ± 0.14c 2.16 ± 0.05ns

Values are given as mean ± SD for 10 mice in each group. Values with superscript letters are statistically significant at P \ 0.05

Comparisons: aGroup II vs Group I; bGroup III vs Group II; cGroup IV vs Group II; nsnon-significant

AOM azoxymethane, HES hesperidin, Group I control, Group II AOM, Group III HES ? AOM, Group IV AOM ? HES, Group V HES
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Fig. 5 Histopathological

observations of colon tissues of

control and experimental groups

of animals stained with

hematoxylin and eosin (scale
bar 50 lm). Series a–e shows

the colonic cryptal architecture

and series f–j shows the

mucosal and submucosal layers.

a Colon of Group I animals

showing normal crypts. f Group

I animals possess normal

mucosal and submucosal layers.

b Colon of Group II animals

showing disintegrated cryptal

structures, with loss of epithelial

integrity (encircled area
pinpointed by solid arrow).

g Group II animals possess

densely packed inflammatory

infiltrates in mucosal layer

(encircled area pinpointed by

solid arrow). c Colon of Group

III animals showing restored

cryptal morphology (solid
arrows). h Mucosa of Group III

animals showing scattered

inflammatory infiltrates with

normal mucosal folds (solid
arrows). d Colon of Group IV

animals showing normal crypts

(solid arrows). i Mucosa of

Group IV showing thickened

and scattered inflammatory

infiltrates. e Group V animals

showing normal colonic

architecture. j Mucosa of Group

V animals has normal folds with

no inflammatory cell infiltrates.

(CR crypts, M mucosa, SM
submucosa)
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for NF-jB (65 kDa), iNOS (130 kDa) and COX-2

(70 kDa) expressions are shown in Fig. 10a. The protein

expression pattern clearly showed overexpressions of NF-

jB, iNOS and COX-2 in AOM-induced animals (Fig. 10a,

lane 2). Hesperidin treatments significantly decreased the

expressions of these inflammatory mediators (Fig. 10a,

lanes 3 and 4). No significant differences were observed in

the protein expression patterns of NF-jB, iNOS and COX-

2 between animals administered hesperidin alone and

control groups (Fig. 10a, lanes 5 and 1). The quantitative

analysis of NF-jB, iNOS and COX-2 expressions in each

lane is depicted in Fig. 10b. b-Actin was used as internal

control.

Discussion

Our current study demonstrated for the first time the

extensive role of hesperidin in suppressing AOM-mediated

colon carcinogenesis. Hesperidin exhibited promising

inhibitions against AOM-induced oxidative stress param-

eters. Hesperidin treatments significantly downregulated

Fig. 6 Representative

photographs of

immunohistochemical staining

of PCNA in colonic sections of

control and experimental groups

of animals (scale bar 50 lm).

a Group I animals showing

normal PCNA index. b Group II

animals showing increased

PCNA-positive cells (encircled
area pinpointed by solid arrow).

c and d Group III and IV

animals showing decreased

PCNA-positive cells as

indicated by the solid arrows.

e Group V animals showing

normal expressions of PCNA.

f PCNA-positive cells were

quantified by averaging positive

cells across 20 randomly

selected fields in a blinded

manner. The values are

expressed as mean ± SD.

Comparisons: aAOM versus

control; bHES ? AOM versus

AOM; cAOM ? HES versus

AOM; nsnon-significant. The

values are statistically

significant at P \ 0.05 (AOM
azoxymethane, HES hesperidin;

Group I: control, Group II:

AOM, Group III: HES ? AOM,

Group IV: AOM ? HES, Group

V: HES)
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the NF-jB-dependent inflammatory responses comprising

iNOS and COX-2 activation. Concomitantly, a visible

decline in the proliferative marker PCNA on hesperidin

treatments further proved the anti-carcinogenic efficacy of

hesperidin against AOM-induced colon carcinogenesis.

The AOM induction resulted in ACF incidence in the

colon of experimental animals. The AOM-induced ACF

are the precursors for microadenomas, adenomas and

adenocarcinomas. Though ACF may further develop into

tumors, not all of the ACF will do so [35]. At the end of

Fig. 7 Confocal microscope analysis of NF-jB expressions in

colonic sections of control and experimental groups of animals.

Tissue sections were immunostained with the anti-NF-jB antibody

and a FITC-conjugated secondary antibody (green). Tissue sections

were counter-stained with PI (red) to stain nuclei (scale bar 50 lm).

Slides were visualized under a confocal microscope (Leica TCS-SP2

XL) using excitation/emission wavelengths of 529 nm/620 nm for PI

and 494 nm/525 nm for FITC. Expressions of NF-jB in colonic

tissues of Group II, III and IV animals are indicated by white arrows
(AOM azoxymethane, HES hesperidin; Group I: control, Group II:

AOM, Group III: HES ? AOM, Group IV: AOM ? HES, Group V:

HES)

b

Fig. 8 Representative

photographs of

immunohistochemical staining

of iNOS in colonic sections of

control and experimental groups

of animals (scale bar 50 lm).

a Group I animals showing

negligible expression of iNOS.

b Group II animals showing an

aberrant increase in iNOS-

positive cells (encircled area
pinpointed by solid arrow).

c and d Group III and IV

animals showing decreased

iNOS-positive cells as indicated

by the solid arrows. e Group V

showing negligible expression

of iNOS similar to that of

control. f iNOS-positive cells

were quantified by averaging

positive cells across 20

randomly selected fields in a

blinded manner. The values are

expressed as mean ± SD.

Comparisons: aAOM versus

control; bHES ? AOM versus

AOM; cAOM ? HES versus

AOM; nsnon-significant. The

values are statistically

significant at P \ 0.05 (AOM
azoxymethane, HES hesperidin;

Group I: control, Group II:

AOM, Group III: HES ? AOM,

Group IV: AOM ? HES, Group

V: HES)
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experimental protocol, the colon of AOM-induced animals

showed a mixed scenario of early and advanced ACF along

with visible tumors. Hesperidin administration, both at

initiation and at post-initiation phases, inhibited AOM-

induced ACF formations. Hesperidin actively reduced the

incidence and crypt multiplicities of aberrant crypts. The

inhibitory effect of hesperidin against AOM-induced ACF

is consistent with several reports addressing the potential of

bioflavonoids to inhibit AOM-mediated ACF formation

[36, 37]. In line with previous studies addressing the anti-

tumor potential of flavonoids, hesperidin, being a biofl-

avonoid, was found to possess anti-tumor efficacy when

administered either at the initiation phase or the post-ini-

tiation phase [38, 39]. Hesperidin supplementation did not

show any apparent signs of toxicity to animals in terms of

body weight gain profiles.

Free-radical-mediated oxidative stress is known to play

crucial roles in carcinogenesis. It causes extensive damage

to cell structures, lipids, proteins and nucleic acids. In cases

of severe oxidative stress, ROS such as OH� are released in

plasma and tissues. LPO is one such consequence of ROS

responsible for causing extensive cellular damage. It can be

determined by the estimation of its byproduct malondial-

dehyde (MDA) in plasma and tissues [40]. An aberrant

increase in MDA along with OH� in colon carcinogenic

conditions has been previously reported [41]. The cell

defends itself against ROS by the induction of antioxidants,

which include enzymic antioxidants such as SOD, CAT,

GPx and non-enzymic antioxidants such as GSH, vitamin

C and vitamin E [42]. Physiologically, SOD eliminates the

superoxide radicals by converting them into hydrogen

peroxide (H2O2) and molecular oxygen (O2). The H2O2 so

formed is converted to water by CAT and peroxidases, and

thus SOD and CAT work together to eliminate ROS [43].

GSH is a major non-enzymic antioxidant which can

directly scavenge free radicals or can act as a substrate for

GPx and GST during the detoxification of H2O2 [44].

Together, vitamin C and vitamin E are involved in the cell

defense process; the former is a natural free radical scav-

enger which prevents free radical chain sequence, and

vitamin E, a major membrane-bound antioxidant, protects

the cell against LPO [45, 46]. In the current study, AOM

induction resulted in increased LPO and OH� in both

plasma and colon tissues which were considerably

decreased by hesperidin supplementation during the initi-

ation phase as well as at the post-initiation phase. This

effect may be due to the free radical quenching properties

of hesperidin. Furthermore, there were extensive altera-

tions in the overall antioxidant status among the AOM-

induced group of animals. The activities of enzymic and

non-enzymic antioxidants were significantly lowered in the

AOM-induced animals compared to the control group. The

decline in the levels of antioxidants might be due to

insufficient antioxidants against increased LPO and OH�.

Hesperidin supplementation was found to substantially

increase the antioxidant status thereby arresting the pro-

duction of ROS. The antioxidant potential of hesperidin

was more pronounced when hesperidin was given during

Fig. 9 Confocal microscope analysis of COX-2 expression in colonic

sections of control and experimental groups of animals. Tissue

sections were immunostained with the anti-COX-2 antibody and a

FITC-conjugated secondary antibody (green). Tissue sections were

counter-stained with PI (red) to stain nuclei (scale bar 50 lm). Slides

were visualized under a confocal microscope (Leica TCS-SP2 XL)

using excitation/emission wavelengths of 529 nm/620 nm for PI and

494 nm/525 nm for FITC. Expressions of COX-2 in colonic tissues

of Group II, III and IV animals are indicated by white arrows (AOM
azoxymethane, HES hesperidin; Group I: control, Group II: AOM,

Group III: HES ? AOM, Group IV: AOM ? HES, Group V: HES)

b

Fig. 10 Immunoblot analysis of NF-jB, iNOS and COX-2 in colonic

tissues of control and experimental groups of animals. b-Actin served

as internal control. a Lane 1 control, Lane 2 AOM-induced group,

Lane 3 hesperidin-treated group (initiation phase), Lane 4 hesperidin-

treated group (post-initiation phase), Lane 5 group administered

hesperidin alone . b Quantitative data representing the corresponding

protein levels assessed using densitometry. Y axis represents relative

intensity (arbitrary units). Each column represents the mean ± SD.

Hypothesis testing methods included one-way analysis of variance

(ANOVA) followed by least significant difference (LSD). Compar-

isons: aAOM versus control; bHES ? AOM versus AOM; cAOM ?

HES versus AOM; nsnon-significant. The values are statistically

significant at P \ 0.05 (AOM azoxymethane, HES hesperidin)
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the initiation phase than at the post-initiation phase. These

data illustrate the potential of hesperidin to act as an

effective antioxidant to combat free-radical-mediated oxi-

dative stress.

Increased proliferation and suppressed apoptosis are the

common denominators for enhanced tumorigenesis [47].

The disturbance in normal colonocyte homeostasis leading

to uncontrolled proliferation of colonic epithelial cells has

been documented previously [48]. Naturally occurring

polyphenols are known to reverse these abnormal balances

between cell proliferation and apoptosis in cancerous

conditions [49]. In this regard, the anti-proliferative effi-

cacy of hesperidin against AOM-induced colonic

proliferation was determined by examining the expressions

of PCNA, a well-known cell cycle marker protein. The

enhanced expressions of PCNA and its significant role as a

proliferative marker in colon carcinogenesis has been

reported previously [50]. The immunohistochemical anal-

ysis showed enhanced expressions of PCNA in AOM-

induced animals compared to control animals. This is due

to the disturbed proliferation of colonocytes caused by

AOM induction. Hesperidin supplementation at both ini-

tiation and post-initiation phases caused significant

reductions in the PCNA index. The anticipated role of

hesperidin in inhibiting cellular proliferation by reducing

PCNA expression is in line with previous studies which

reported the inhibitory role of flavonoids against PCNA

activity [51, 52]. Thus the chemopreventive activity of

hesperidin can be attributed to its anti-proliferative

potential.

Overwhelming evidence proves chronic inflammation

to be a major contributor to the establishment of cancers.

Many studies underline the involvement of inflammation

and its associated molecules during various stages of colon

cancer [53]. NF-jB, a major transcriptional factor, plays a

central role in many biological processes including cell

proliferation and survival [54]. Furthermore, the constitu-

tive activation of NF-jB aids in the progression of cancers

by activating multiple anti-apoptotic and inflammatory

signaling pathways [55]. Considering the pivotal role of

NF-jB in tumor promotion, progression and maintenance,

agents that inhibit its activities are gaining much impor-

tance. The abrupt increase in the immunoreactivity of NF-

jB is well reported in the case of colon malignancies [56].

In accordance with the previous observations, the present

study showed an increased expression of NF-jB in AOM-

induced colonic tissues. The hesperidin supplementation

inhibited NF-jB expression when administered at the

initiation as well as the post-initiation phases. Enhanced

NF-jB expression activates downstream inflammatory

molecules such as iNOS and COX-2 [57]. The iNOS-

mediated production of nitric oxide acts as a key pro-

inflammatory molecule accelerating the early stages of

tumorigenesis, and the enhanced expression of iNOS is

well evidenced in colonic tumors [58]. Cyclooxygenases

are the other set of molecules playing pro-inflammatory

roles in cancerous conditions. They exist in two isoforms,

COX-1 and COX-2, which are involved in prostaglandin

(PGE2) synthesis. While COX-1 is constitutive, COX-2 is

found to be enhanced in inflammatory conditions. The

active role of COX-2 in carcinogenesis, including colon

cancer, is been well documented [59]. The inhibition of

iNOS and COX-2 could therefore be plausible for the

chemoprevention of colon carcinogenesis. Similar to

AOM

PCNA
COX-2

iNOS

NF-κB

Oxidative stress Lipid peroxidation

Proliferation
Inflammation

Colon carcinogenesis

Hesperidin 
inhibition

AOM 
activation

Antioxidants

Fig. 11 Simplified illustration

showing the chemopreventive

efficacy of hesperidin against

AOM-induced colon

carcinogenesis. The AOM

induction leads to the depletion

of cellular antioxidants due to

enhanced oxidative stress. AOM

induction further leads to

enhanced proliferation and

inflammation via increased

expressions of PCNA, NF-jB,

iNOS and COX-2 in the colonic

tissues. Treatment with

hesperidin attenuates the

expressions of these key

proteins, thereby suppressing

colon carcinogenesis
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previous studies, AOM-induced colonic tissues clearly

exhibited increased iNOS and COX-2 expressions com-

pared to controls. Expression levels of iNOS and COX-2

were negligible in the control group of animals. The

hesperidin treatments significantly contributed to the

reduction of these inflammatory markers. These data

substantiate the anti-inflammatory potential of hesperidin

against colon carcinogenesis. Since the underlying causes

for colon cancer progression are basically associated with

abnormal proliferation and inflammation, modulation of

proliferative and inflammatory markers by hesperidin

seems a promising chemopreventive approach in combat-

ing colon carcinogenesis.

From the above findings, we report the chemopreventive

efficacy of hesperidin against AOM-induced mouse colon

carcinogenesis. Briefly, hesperidin reduced oxidative stress

by enhancing antioxidants and inhibiting ROS. The anti-

proliferative role of hesperidin was shown by the reduction

of the proliferative marker PCNA. Furthermore, the

expressions of inflammatory markers such as NF-jB, iNOS

and COX-2 were reduced by hesperidin treatment. In a

nutshell, we postulate that the primary mechanism of

action of hesperidin occurs through the reduction of colo-

nic cellular proliferation and inhibition of inflammation,

along with its antioxidant effects (Fig. 11). Further studies

will be required to explore the potential of hesperidin to

modulate the key signaling cascades which play active

roles in colon carcinogenesis.
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