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Abstract: Prevention of colon cancer among high-risk group has been long lasting research goal. Emerging data 
have evidenced the anticancer activities of Vitamin D3 (Vit.D) and Thymoquinone (TQ). The aim of the current study 
was to evaluate the synergistic potential of Thymoquinone and Vitamin D3 in the control of colon cancer progres-
sion using azoxymethane-induced rat model. Vit.D and TQ were given individually or in combination 4 week prior 
to induction and continued for a total of 20 week. At the end of the study, all animals were euthanized and their 
resected colons were examined macroscopically and microscopically for tumor growth. Colonic tissue preparations 
were used for measuring gene expression and/or protein levels of selected pro and anti-tumor biomarkers using 
quantitative RT-PCR, ELISA and immunohistochemistry. Compared with their individual supplementation, combined 
Vit.D/TQ showed prominent anti-tumor effect manifested by significant reduction (P < 0.05) of the numbers of 
grown tumors and large aberrant crypts foci. Mechanistically, gene expression and/or protein quantification studies 
revealed that combined Vit.D/TQ supplementation induced significant reduction (P < 0.01 and P < 0.05) of pro-
cancerous molecules (Wnt, β-catenin, NF-κB, COX-2, iNOS, VEGF and HSP-90) as well as significant increase (P < 
0.01 and P < 0.05, respectively) of anti-tumorigenesis biomarkers (DKK-1, CDNK-1A, TGF-β1, TGF-β/RII and smad4) 
as compared to un-supplemented or individually supplemented groups, respectively. In conclusion, TQ augmented 
the chemopreventive effect of Vit.D during the initiation phase of colon cancer in rat model, with the potential to 
suppress progression of pre-neoplastic lesions in colon carcinogenesis.
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Introduction

Colon cancer is a common malignancy in both 
developed and developing countries. It is one 
of the leading causes of deaths among cancer 
patients worldwide [1]. Surgical removal of co- 
lon cancer during the early stages is the most 
effective therapeutic approach but it requires 
early diagnosis, otherwise chemotherapy and 
radiotherapy are the approach of choice during 
the advanced stages [2, 3].

Understating the cancer biology and its related 
pathophysiological mechanisms is necessary 
not only for describing new biomarkers that 
allow for early diagnosis, but also for the devel-
opment of alternative preventative and/or ther-

apeutic strategies. Colon cancer, as most solid 
tumors, is characterized by uncontrolled cell 
proliferation, ablation of apoptosis, enhanced 
inflammation and tumor angiogenesis with sub-
sequent poor prognosis [4]. Multiple molecular 
pathways underlay the pathological alterations 
associated with colon cancer tumorigenesis. 
Several molecules including, but not limited to, 
transforming growth factor beta (TGF-β), TGF-β 
type II receptor (TGF-β/RII), Wnt, β-catenin, 
Dickkopf WNT signaling pathway inhibitor 1 
(DKK-1), inducible nitric oxide synthase (iNOS), 
heat shock protein (HSP)-90, cyclooxygenase 
(COX)-2, vascular endothelial growth factor 
(VEGF), nuclear factor kappa-B (NF-kβ) and 
cyclin-dependent kinase inhibitor (CDKN1-A) 
are among the important elements of the multi-
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mechanistic pathways of colon cancer and ser- 
ve as valuable biomarkers for the evaluation of 
the disease stages and outcomes [5, 6]. 

According to the WHO, prevention is the most 
effective long-term strategy for the control of 
cancer especially among those at high risk of 
developing progressive cancer. Patients with 
long-standing inflammatory bowel disease in- 
cluding ulcerative colitis and Crohn’s disease 
have an increased risk of developing colorectal 
cancer. In other words, prophylactic prevention 
is an intensely beneficial method to combat 
cancer in high-risk population [7-9]. 

Chemoprevention is one of the effective pro-
phylactic strategies to manage and control can-
cer in high-risk population. It is refer to the use 
of natural or synthetic chemical agents that can 
interfere with the process of carcinogenesis by 
inducing a variety of biological mechanisms 
[10]. Micronutrients as well as phytochemicals 
have received great attention lately for their 
propitious anticancer properties. In term of 
cancer management, these products could ha- 
ve serve dual purposes. In addition to providing 
chemoprotection against development of pro-
gressive cancer, they can also enhance the 
therapeutic effect of currently used chemother-
apeutics with the subsequent diminution of 
their inescapable toxicity via reducing the dose 
and time required for treatment. From the pro-
phylactic point of view, several micronutrients 
and phytochemicals were shown to counteract 
the onset of carcinogenesis especially among 
high-risk population, by inhibiting initiation of 
carcinogenesis or by arresting or reversing later 
stages of cancer progression [11-13]. Recently, 
significant numbers of observational and epi-
demiological studies have illustrated an inverse 
association between intake of vitamin D3 
(Vit.D) and the risk of CRC and have suggested 
a pro-active role of Vit.D in colorectal cancers. 
The protective role of Vit.D against cancer has 
been attributed to its influence on underlying 
mechanisms of carcinogenesis including cell 
proliferation, differentiation, apoptosis, DNA 
repair mechanisms, inflammation, and immune 
function [14-16]. Evidenced anti- proliferative 
effect of Vit.D and its analogs via inducing G1 
cell-cycle arrest. This effect is mediated by up-
regulation of cell-cycle inhibitors, such as 
p21WAF1/CIP and p27KIP [17, 18]. Initiation of 
apoptosis is another anti- cancer activity of 

Vit.D, which is mediated by up-regulation of 
pro-apoptotic proteins and down-regulation of 
the anti-apoptotic proteins [19]. In addition to 
the direct inhibition of endothelial cells prolif-
eration, Vit.D and its analogs also inhibit the 
vascular endothelial growth factor (VEGF), lead-
ing to the inhibition of angiogenesis [20]. 

Phytochemicals are non-nutritive plant chemi-
cals that have protective or disease preventive 
properties. Multiple epidemiological and exper-
imental studies have demonstrated the medi-
cal importance of certain active compounds 
derived from medicinal plants in inhibiting the 
development and reducing the risk of cancer 
[21, 22]. Thymoquinone (TQ), a component de- 
rived from the medical plant Nigella sativa, is 
one of the promising compounds of plant origin 
that exhibited multiple pharmacotherapeutic 
properties [23]. Several studies have docu-
mented the inhibitory effect of TQ on cell prolif-
eration of many types of cancer cell lines, 
including breast and ovarian adenocarcinoma, 
colorectal cancer, human pancreatic adenocar-
cinoma, uterine sarcoma, neoplastic keratino-
cytes, human osteosarcoma, fibrosarcoma and 
lung carcinoma [24-26]. Interestingly, acute 
and chronic toxicity studies on laboratory ani-
mals have showed high therapeutic index and 
safety margin of TQ, particularly when given 
orally [23, 27]. Moreover, incorporation of TQ 
with conventional chemotherapeutic regimens 
has augmented the therapeutic effect and 
reduced the toxicity of the latter [28, 29]. In 
addition, In vivo anti-tumor effects of TQ have 
also been investigated in tumor xenograft mice 
models for colon, prostate, pancreatic and lung 
cancer. Different modes of actions were pro-
posed for the anticancer effects of TQ, includ-
ing anti-proliferation, apoptosis induction, cell 
cycle arrest, inhibition of reactive oxygen spe-
cies (ROS) generation and anti-metastasis/
anti-angiogenesis [30-32].

Based on these collective data, calcitriol (the 
hormonal form of Vitamin D3) and TQ show 
promising role in the modern medicine of can-
cer control. However, to the best of our knowl-
edge, there is no published report on the pos-
sible beneficial anti-cancer interactions betw- 
een TQ and vitamin D3 or its new analogue(s). 
Therefore, the aim of the current study was to 
investigate the synergistic potential of TQ when 
used in combination with vitamin D in providing 
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chemopreventive or chemoprotective effect 
against colon carcinogenesis using azoxymeth-
ane-induced colon cancer rat models.

Materials and methods

Azoxymethane induction of colon cancer 
model in rat 

The current experimental animal study was car-
ried out in strict accordance with the recom-
mendations of the EU Directive 2010/63/EU 
for animal experiments. The Ethical Committee 
for the Care and Use of Laboratory Animals, 
Collage of Applied Medical Sciences, Umm 
Al-Qura University has approved used experi-
mental animal protocols (Approval # AMSEC 
8/07-10-2014]. All animals received human 
handling during the experiment and all effort 
were made to minimize suffering. Euthanasia 
and collection of samples were made under 
complete anesthesia. Morbidity-based humane 
endpoint protocol was adopted and approved 
during the initial animal study proposal. Azoxy- 
methane (AOM) was used in the current study 
for induction of colon cancer model in rats. 
AOM is a known carcinogenic chemical com-
monly used to induce an experimental model of 
colon cancer in rodents that mimics human 
cancer sporadic phenotype with prohibitive 
resemblances at clinical, histopathological and 
molecular levels. AOM has been extensively 
used in the prevention and treatment studies 
of colon cancer with 14 weeks required dura-
tion for cancer development in rodents [33, 
34]. Briefly, AOM (Sigma-Aldrich, St. Louis, MO, 
USA) was dissolved in normal saline and inject-
ed subcutaneously to the animals at a dose of 
15 mg/kg body weight, once weekly for a total 
of 2 weeks to induce tumorigenesis in the colon 
as previously described [35].

Treatment preparation and regimens

Oral drops of vitamin D3 (cholecalciferol 4500 
IU/ mL) were purchased and used for the study 
(Novartis International AG, Basel, Switzerland). 
Cholecalciferol and its dose were chosen over 
calcitriol, the hormonal form of vitamin D, to 
achieve the therapeutic properties of calcitriol 
but preclude the risk of soft tissue calcification 
[36, 37]. Cholecalciferol (Vit.D) was prepared 
by adding 4 ml to 16 ml saline every morning to 
form a final concentration of 1000 IU/mL. 
Treated rats received 0.5 ml/day (500 IU/day; 3 

days/week) by oral gavage. Thymoquinone (2- 
isopropyl-5-methyl-1,4-benzoquinone) was ob- 
tained from Sigma USA. TQ solution was weekly 
freshly prepared by dissolving it in 0.5% dimeth-
yl sulphoxide (DMSO) followed by dilution using 
olive oil, and then given orally by gastric gavage 
at the following dosage regimen: 35 mg/kg/
day, three days/week. The dissolving process 
and dose of TQ were chosen on the basis of our 
tested pilot experiments and previously pub-
lished reports [38, 39].

Experimental design

A total of 75 male Wistar rats weighing 200-
250 g. were purchased from the Animal house 
facility, King Abdul-Aziz University (Jeddah, 
KSA). The animals were housed in clean and 
sterile polyvinyl cages (5 rats/cage), maintain- 
ed on standard laboratory pellet diet and water 
ad libitum and kept in a temperature-controlled 
air-conditioned (22°C) and 12 h dark/light cy- 
cle. Animals were daily monitored during the 
weekdays by the investigators during adminis-
tration of different treatments. In addition, a 
properly trained and qualified personnel was 
hired to monitor the animals’ health signs, sur-
vivability, eating and drinking behavior espe-
cially during the weekend days. All animals 
received humane care during the study proto-
col and during euthanasia. After acclimation, 
the rats were randomly categorized into 5 
groups (15 rats/group). The first group served 
as ‘Control group’, which received saline only 
throughout the whole experiment without AOM 
injection. All the rest of the groups received 
AOM injection for induction of colon cancer 
model. The 2nd group received only saline and 
designated as ‘AOM group’, the 3rd group 
received Vit.D and designated as ‘Vit.D group’, 
the 4th group received TQ and designated as 
‘TQ group’ and the 5th group received Vit.D +TQ 
and designated as ‘Vit.D/TQ group’. Treatments 
started 4 weeks before AOM induction and  
continued during the 2 weeks induction period 
and extended for additional 14 weeks after 
induction. 

Blood and tissue sampling

At the end of the experiment (14 weeks after 
AOM induction and 20weeks from the start of 
treatment), rats of all groups were fasted over-
night and subsequently euthanized under com-
plete anesthesia. Three ml of whole blood were 
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collected from each rat in a plain tube after cut-
ting the vena cava. The samples were centri-
fuged and the serum was stored in -20°C till 
used. In addition, immediately after collection 
of blood, whole colon from rectum to caecum 
was gently resected, flushed with cold potassi-
um phosphate buffer (0.1 M, pH 7.2) to remove 
residual bowel contents and slit opened longi-
tudinally. The length and width of the isolated 
colons were measured to calculate the colon 
surface area. The opened colons were then 
submerged overnight in 10% (v/v) neutralized 
formalin with the mucosa on the upper side 
between layers of filter papers. All colon speci-
mens were then processed for gross and histo-
pathological examination and later for immuno-
histochemistry, ELISA and quantitative gene 
expression.

Biochemical analysis

Serum samples were used to measure the se- 
rum levels of liver enzymes (ALP, ALT and AST), 
renal function parameters (creatinine, BUN and 
urea) and serum concentrations of 25-OH vita-
min D using Cobas e411 (Roche Diagnostics 
International Ltd, Switzerland) according to the 
manufacturer’s protocol.

Counting and sampling of tumors

Numbers of expected tumors were evaluated at 
2 levels by 2 different observers blind to the 
source group. First, grown tumors on colon 
mucosa were counted by naked eye. Then, in 
order to locate small tumors and large Aberrant 
Crypts Foci (ACF) that were undetected by 
naked eye counting, formalin-fixed tissues were 
cut into proximal, middle and distal segments 
of the same length. Each segment was stained 
with 0.2% methylene blue solution for 1.5-2 
min, placed on a microscope slide with the 
mucosal side upward, and then observed un- 
der a dissecting microscope (× 20). ACF were 
reported as foci containing 4 or more aberrant 
crypts as previously described [40]. Using a 
micro-feather scalpel blade, tumors of interest 
were excised from the surrounding normal tis-
sues under the dissecting microscopy to be 
used for histopathological, immunohistochemi-
cal and molecular examinations. Two speci-
mens were processed for histopathology, 2 
specimens for immunohistochemistry and the 
remaining were distributed equally either in 
RIPA buffer (Santa-Cruz Biotechnology Inc, Bur- 
lingame, CA) for protein extraction or RNALater 

(Ambion, Thermo Fisher Scientific, USA) for 
preservation in -80°C till processed for quanti-
tative real time-polymerase chain reaction 
(Q-RT-PCR).

Histopathological examination

Following de-staining from methylene blue with 
80% ethanol, the tissue specimens were em- 
bedded in paraffin and sectioned at 4-5 μm, 
and stained by haematoxylin and eosin (H&E) 
as previously described [41]. An expert histo- 
pathologistexamined aberrant crypt foci (ACF) 
and glandular epithelial morphologyblind to 
specimen groups. ACF were microscopically 
classified into hyperplastic ACF (no dysplasia) 
or dysplastic ACF (elongated, crowded and 
pseudo-stratified nuclei; increased nucleus-to-
cytoplasm ratio; reduced number of goblet 
cells; back-to-back glands and markedly decre- 
ased inter-glandular stroma) as established 
and described previously [42]. Colonic adeno-
ma was characterized as being consisted of 
proliferative/hyperplastic colonic glands, and 
colonic adenocarcinoma was characterized by 
observingdysplastic glands that invaded the 
sub-mucosal muscle layer [34].

Evaluation of selected biomarkers associating 
colon carcinogenesis 

In the current study, gene expression and/or 
protein levels of selected biomarkers were in- 
vestigated using Q-RT-PCR, immunohistochem-
istry and/or ELISA. Selected molecules includ-
ed canonical Wnt, B-catenin, DKK-1, TGF-B, 
TGF receptor, smad 4 and HSP-90 as selected 
biomarkers of cancer proliferation and progres-
sion. The study also included VEGF, iNOS and 
COX-2 as selected biomarkers of cancer angio-
genesis. In addition, NF-KB and CDKN1-A mol-
ecules were also studies as apoptotic biomar- 
kers. 

Immunohistochemistry

Polyclonal goat IgG antibodies to detect TGF- 
β1 (C-16), smad4 (C-20), β-catenin (C-18), and 
polyclonal rabbit IgG antibodies against TGF-β/
RII receptor (L-21), iNOS (N-20) and HSP-90-
α/β (N-17) were obtained from Santa-Cruz 
Biotechnology Inc. (Burlingame, CA) and used 
for evaluation of their corresponding molecules 
in tissues of investigated groups. An avidin-bio-
tin horseradish peroxidase technique was used 
to localize the proteins of interest as previously 
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described. Evaluation and scoring of immuno-
histochemical staining were carried out as pre-
viously described [36], using Labor Lux micro-
scope (Leitz, Wetzlar, Germany), at a magnifica-
tion of × 100, × 200 and × 400. In case of wide 
disagreement between the two observers, the 
slides were re-analyzed by a third independent 
reviewer. The final result was obtained by aver-
aging the individual observer results. Repre- 
sentative sections were photographed using an 
Olympus digital camera at × 200 magnifica- 
tion.

Enzyme linked immunosorbant assay (ELISA)

Two specimens, 1 cm each, including tumors 
(except for the control group) were excised 
under dissecting microscope and were used 
immediately for protein extraction. The concen-
trations of total proteins extracted from the 
colon tissue homogenates were measured 
using the BioSpec-nano (Shimadzu Corporation, 
Japan) at 280 OD. All protein samples were 
diluted using normal sterile saline to make a 
final concentration of 500 μg/ml of total pro-
tein. Concentrations of TGF-β1, HSP-90α pro-
teins and COX-2 enzyme in the tissue homoge-
nates were measured using commercial ELISA 

kits: HSP-90 and COX-2 kit (Cusabio, Hubei, 
China) and TGF-β1 kit (R&D systems, Minnea- 
polis, USA. All samples were processed in dupli-
cate on a fully automated ELISA system (Human 
Diagnostics, Germany) according to the manu-
facturers’ instructions and as previously des- 
cribed [36]. 

Quantitative RT-PCR

Total RNA was isolated from the stored colonic 
specimens in RNALater following homogeniza-
tion of the specimens and by using the Purelink 
RNA mini kit from Life Technologies (Thermo 
Fisher Scientific, CA, USA) according to the 
manufacturer’s instructions. RNA was treated 
with RNAse-free DNAse during the extraction 
protocol to avoid the collection of genomic DNA 
and the concentrations and quality of the 
extracted total RNA were measured using the 
BioSpec-nano (Shimadzu Corporation, Japan), 
and its quality and integrity were concluded 
through the A260/A280 ratio. cDNA synthesis 
was conducted using a high capacity RNA-to-
cDNA Reverse Transcription Kit from Applied 
Biosystems, (Thermo Fisher Scientific, Warring- 
ton, UK) following the manufacturer’s protocol. 
Following cDNA synthesis, quantitative RT-PCR 

Table 1. The sequences of PCR primers used for the detection of β-actin, Wnt, β-catenin, DKK-1, 
CDNK-1A, COX-2 and NF-κB including the corresponding genes accession numbers

Forwards Reverse
β-actin (NM_031144.3) 5’ CGG TCA GGT CAT CAC TAT CG 3’ 5’ TTC CAT ACC CAG GAA GGA AG 3’
Wnt (NM_001105714.1) 5’ AGC TGG GTT TCT GCT ACG TT 3’ 5’ AAT CTG TCA GCA GGT TCG TG 3’
β-Catenin (AF397179.1) 5’ TTC CTG AGC TGA CCA AAC TG 3’ 5’ GCA CTA TGG CAG ACA CCA TC 3’
DKK-1 (NM_001106350.1) 5’ ATT CCA GCG CTG TTA CTG TG 3’ 5’ GAA TTG CTG GTT TGA TGG TG 3’
CDNK-1A (NM_080782.3) 5’ AGA AGG GAA CGG GTA CAC AG 3’ 5’ ACC CAT AAG AAG GGC AGT TG 3’
COX-2 (AF233596.1) 5’ AAT CGC TGT ACA AGC AGT GG 3’ 5’ GCA GCC ATT TCT TTC TCT CC 3’
NF-κB (NM_001008349.1) 5’ CAG AGC TGG CAG AGA GAC TG 3’ 5’ TAC GAA GGA GAC TGC CAC TG 3’

Table 2. Mean ± SD of colon surface area (length X width in cm), count of colonic tumours by gross 
and dissecting microscope, number of tumour/colon surface area ratio (NT/CS) and number of large 
apparent crypts (ACF) in the different study groups
Animal 
groups

Colon surface 
area (cm2)

Tumour count
NT/SC Ratio Large ACF  

(≥ 4 crypts/focus)Gross Dissecting Microscope Total
Control 19.1 ± 2.2 N/A N/A N/A N/A 0
AOM 18.89 ± 3.43 12.5 ± 3.21 17.36 ± 4.6 29.16 ± 2.92 1.5 ± 0.14 41.3 ± 8.0
Vit.D 21.5 ± 2.29 8.3 ± 2.7a 10.2 ± 3.8a 17.5 ± 3.7a 0.83 ± 0.14 22.1 ± 6.2a

TQ 20.7 ± 2.72 9.1 ± 2.5a 8.5 ± 2.3a 17.6 ± 2.2a 0.9 ± 0.1 21.7 ± 7.1a

Vit.D/TQ 21.1 ± 2.8 6.9 ± 1.5a,c 5.9 ± 2.1b,c,d 12.2 ± 3.9b,c,d 0.5 ± 0.2a,b,c 10.3 ± 5.4b,c,d

a = P < 0.05 compared with AOM group; b = P < 0.05 compared with Vit.D group, c = P < 0.05 compared with TQ group and d 
= P < 0.01 compared with AOM group.
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was used to quantify Wnt (NM_001105714.1), 
β-Catenin (AF397179.1), DKK-1 (NM_001106- 
350.1), CDKN1-A (NM_080782.3), COX-2 (AF- 
233596.1) and NF-κB (NM_001008349.1) ge- 

out the study. Gross examination of tumorous 
growth on mucosal surface by naked eye and 
dissecting microscope revealed significant 
decrease in gross tumor count in Vit.D, TQ and 

Figure 1. Appearance of colon mucosa by dissecting microscopyfollowing 
staining with 0.2% methylene blue (left column) and by light microscopy at 
magnifications X100 and X200 following staining with H&E (right column)
in control group (A and B), AOM group (C and D), VitD group (E and F), TQ 
group (G and H) and VitD/TQ group (I and J). (Yellow star = large ACF [> 4 
crypts/focus]; light blue arrow = hyperplasia and red arrow = dysplasia).

nes with primer sets listed in 
Table 1 using a step one Real 
Time PCR system (Applied Bio- 
systems, USA) in triplicate we- 
lls. Power SYBR green master 
mix from Applied Biosystems, 
(Thermo Fisher Scientific, War- 
rington, UK) was used for the 
reactions and the results were 
normalized against the Ct val-
ues of β-actin (NM_031144.3) 
and expressed as fold-change 
compared with the normal con-
trol group as previously descri- 
bed [36].  

Statistical analysis

Results were expressed as me- 
an ± standard deviation (SD). 
Normality and homogeneity of 
data were assessed with the 
Kolmogorov-Smirnov test and 
Levene test, respectively. Com- 
parisons of data between gro- 
ups were made using one-way 
ANOVA, with post-hoc compari-
sons using Dunnett’s multiple 
comparison test. The differen- 
ce between data were consid-
ered statistically significant wh- 
en P < 0.05, and highly signifi-
cant when P < 0.01. Statistical 
analysis was performed with 
SPSS 15.0 for Windows (SPSS 
Inc., Chicago, USA).

Results

Effects of mono- and com-
bined therapy of Vit.D and TQ 
on colon tumor growth and 
large aberrant crypts foci (ACF) 
formation

Although morbidity-based hu- 
mane endpoint protocol was 
adopted during the experiment, 
no cases of severe illness/mor-
ibundity were recorded through-
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Vit.D/TQ treated groups as compared to AOM 
group. Interestingly, Vit.D/TQ combined treat-
ment group showed the lowest count of tumors 
compared to other individually treated group 
(Table 2). Moreover, the number of tumors/
colon surface area ratio (NT/CS) was also sig-
nificantly lower in Vit.D/TQ combined treatment 
group as compared to both AOM group and 
other individually treated groups (Table 2).

Examination by dissecting microscope follow-
ing methylene blue staining showed several 
micro-tumors and significant alteration of the 
mucosal surface of the AOM group compared 
to normal mucosal and crypt appearance in the 
control group (Table 2 and Figure 1A and 1C). 
While Vit.D and TQ monotherapy significantly 

decreased the numbers of tumors as compared 
to AOM group, distortion of colonic mucosal 
architecture was still evident (Figure 1E and 
1G). However, combined Vit.D/TQ treatment 
significantly decreased the number of tumors 
and preserved/restored the mucosal architec-
ture compared with AOM and monotherapy 
groups (Table 2 and Figure 1I). On the other 
hand, histopathological examination of colon 
mucosa from AOM-induced colon cancer group 
revealed multiple tubular adenomas and many 
large ACF (> 4 crypt/focus) with hyperplastic 
and dysplastic glandular epithelium (Figure 
1D). Monotherapy with either Vit.D or TQ 
showed a significant reduction in the numbers 
of large ACF and the thickness of the colon 
mucosa compared with AOM group. However, 

Figure 2. Relative messenger RNA expression of (A) Wnt; (B) β-catenin; (C) DKK-1; (D) CDKN1A; (E) COX-2 and (F) 
NF-kB. a = P < 0.05 compared with control group; b = P < 0.05 compared with AOM group; c = P < 0.05 compared 
with Vit.D group; d = P < 0.05 compared with TQ group; e = P < 0.01 compared with control group and f = P < 0.01 
compared with AOM group.
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hyperplasia and low-grade dysplasia of the 
glandular epithelial cells were still evident des- 
pite the observed decrease in the quantities of 
large ACF (Figure 1F and 1H). Combined Vit.D/
TQ treatment showed the lowest number of 
large ACF compared with AOM and monothera-
py groups (Table 2). Furthermore, glandular 
dysplasia was less frequently observed and it 
was characterized of being of low grade in the 
groups treated with Vit.D/TQ compared with 
the other groups (Figure 1J). Nevertheless, 
Vit.D/TQ combined treatment did not prevent/
restore glandular epithelial hyperplasia.

Effects of mono- and combined therapy of Vit.D 
and TQ on target genes and molecules associ-
ated with colon carcinogenesis. 

Expression of selected genes by quantitative 
RT-PCR:

Investigation of gene expression of Wnt, β- 
catenin, NF-κB, COX-2, DKK-1 and CDNK-1A 
were conducted based on their relative mRNA 
expression patterns by Q-RT-PCR. Current find-
ings revealed a significant up-regulation of Wnt 
(Figure 2A), β-catenin (Figure 2B), COX-2 (Fig- 
ure 2E) and NF-κB genes (Figure 2F), and a sig-
nificant down regulation of the expression of 

DKK-1 (Figure 2C) and CDKN1-A (Figure 2D) in 
AOM group as compared to normal control 
group. On the other hand, monotherapy with 
either Vit.D or TQ significantly down regulated 
the expression of canonical Wnt, β-catenin, 
NF-κB and COX-2 genes, while up regulated the 
expression of the DKK-1 and CDKN1-A genes 
as compared to the untreated AOM group. 
Interestingly, these corrective alterations of 
selected genes expression were significantly 
enhanced by the Vit.D/TQ combined therapy 
(Figure 2).  

ELISA findings of selected proteins in affected 
colon tissues

Quantitative measurement of TGF-β1, COX-2, 
HSP-90 and VEGF protein concentrations by 
ELISA in the colon tissue homogenates of the 
different groups revealed significant reduction 
in the concentrations of TGF-β1 (Figure 3A) and 
significant elevation of HSP-90α (Figure 3B), 
COX-2 (Figure 3C), and VEGF (Figure 3D) in the 
colon tissue homogenates of AOM group as 
compared to control group. On the other hand, 
the concentrations of these selected molecules 
were significantly reduced in affected groups 
treated with either Vit.D or TQ monotherapy. 
However, it is worth to be mentioned that com-

Figure 3. Mean ± SD of ELISA findings of tissue homogenate concentrations of (A) TGF-β1, (B) HSP-90, (C) COX-2 
and (D) VEGF molecules in the different study groups. a = P < 0.05 compared with control group; b = P < 0.05 com-
pared with AOM group; c = P < 0.05 compared with VitD group; d = P < 0.05 compared with TQ group; e = P < 0.01 
compared with control group and f = P < 0.01 compared with AOM group.
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Figure 4. Immunohistochemistry localization of TGF-β1 (left column), TGF-β/RII (middle column) and smad4 (right 
column) in control (A, F, K), AOM (B, G, L), vitamin D (C, H, M), TQ (D, I, N) and D/TQ (E, J, O) groups. (×200 magnifica-
tion, scale bar = 8 µm).
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Figure 5. Immunohistochemistry localization of β-catenin (left column), iNOS (middle column) and HSP-90 (right 
column) in control (A, F, K), AOM (B, G, L), vitamin D (C, H, M), TQ (D, I, N) and D/TQ (E, J, O) groups. (×200 
magnification, scale bar = 8 µm).
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bined Vit.D/TQ therapy induced even more 
reduction in the level of these proteins in the 
colon tissues of affected groups as compared 
to both AOM untreated group and monotherapy 
treated group (Vit.D group and TQ group) as 
well (Figure 3). 

Immunohistochemistry findings of selected 
proteins in affected colon tissues

In correlation with ELISA findings, immunohisto-
chemical study revealed similar pattern of TGF-
β1 expression along with its TGF-β/RII (Figure 
4A-J, respectively) as well as the HSP-90 mole-
cule (Figure 5K-O) in the colon tissues of inves-
tigated animal groups. Immunohistochemical 
study also revealed compatible expression pat-
terns of β-catenin protein in correlation with 
gene expression findings (Figure 5A-E). In addi-
tion, immunohistochemical investigations dem-
onstrated significant low-expression of smad4 
and over expression of iNOS molecules in the 
colon tissues, particularly in the glandular epi-
thelium, of AOM groupas compared to the con-
trol group (Figure 4K, 4L) and (Figure 5F, 5G), 
respectively. Interestingly, both mono and com-
bined therapy with Vit.D and or TQ significantly 
countered the expression pattern of these 2 
molecules in the affected tissues. However, 
combined Vit.D/TQ therapy demonstrated 
more significant counter effect (Figures 4L-O 
and 5G-J), respectively. Immunohistochemical 
scores of all investigation molecules are shown 
in Table 3.

Discussion

Emerging data of cancer prevention have pro-
vided growing evidences of the anticancer 
activities of both Vit.D and TQ not only in vitro 
but also in vivo [26, 30, 43, 44]. In the present 

study, the synergistic effect of TQ on the pre-
ventive anticancer activity of Vit.D in compari-
son to their monotherapy were investigated 
during early stages of colon carcinogenesis in 
rat model. To the best of our knowledge, this 
report is the first to elaborate on the potential 
synergistic preventive/therapeutic anti-cancer 
effect of Vit.D/TQ combination therapy in AOM-
induced rat model of colon cancer.

In agreement with previous studies [36-39], 
biochemical analyses of serum levels of calci-
um as well as liver function enzymes and renal 
function parameters revealed non-significant 
alteration in all treated groups with cholecalcif-
erol (Vit.D) and/or TQ as compared to non-treat-
ed groups (data not shown). These findings con-
firm the non-calcemic property of the applied 
cholecalciferol dosage regimen and also pre-
clude any hepatic/renal toxicity of mono and 
combined therapy with vit.D and/or TQ.

Gross and histopathological study of colon tis-
sues from all investigated groups revealed 
apparent anti-cancer effect of both Vit.D and 
TQ manifested by significant reduction of gross 
tumor counts, NT/CS and quantities of large 
ACF formation in monotherapy groups as com-
pared to the AOM untreated group. Interestingly, 
the recorded anticancer effects were signifi-
cantly enhanced at using Vit.D/TQ combination 
therapy with less frequent, low-grade cellular 
dysplasia in the glandular epithelium of treated 
group as compared to both AOM and monother-
apy groups. Our results correlate with previous 
studies, which have reported significant reduc-
tion in the number of colon tumors following 
treatment with Vit.D. or its analogues in rodent 
models of cancer [43-45]. Therapeutic poten-
tial of TQ against colon cancer, manifested by 
reduction in the numbers and sizes of ACF in 

Table 3. Mean ± SD of immunohistochemistry scores for TGF-β1, TGF-β/RII, smad 4, β-catenin, iNOS 
and HSP-90 proteins in colon specimens

Normal group AOM group D group TQ group D/TQ group
TGF-β1 315.5 ± 31.2 136.4 ± 23.4a 323.9 ± 38.5b 345.3 ± 37.2b 381.7 ± 24.1a,c,f

TGF-β/RII 333.7 ± 28.7 121.4 ± 19.2a 289.3 ± 31.9a,b 211.6 ± 33.2a,b,c 378.4 ± 36.8c,d,f

Smad 4 301.1 ± 26 147.2 ± 20.3e 258.7 ± 31.6a,b 248.4 ± 27.7a,b 362.7 ± 37.1a,c,d,f

β-catenin 61 ± 16.7 370.6 ± 28.7e 259.6 ± 30.1b,e 251.6 ± 35.1b,e 92.7 ± 31.4c,d,f

iNOS 39.4 ± 9.5 373.1 ± 26.8e 188.1 ± 33.6a,b 117.5 ± 41.1a,b,c 41.3 ± 13.1c,d.f

HSP-90 112.7 ± 27.6 376.5 ± 22.6e 174.7 ± 28.6a,b 238.7 ± 34.5a,b,c 89.4 ± 27.6a,c,d.f

a = P < 0.05 compared with control group; b = P < 0.05 compared with AOM group; c = P < 0.05 compared with VitD group; d 
= P < 0.05 compared with TQ group; e = P < 0.01 compared with control group and f = P < 0.01 compared with AOM group.
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DMH-induced colon cancer model, was also 
reported [46].

To provide mechanistic insights into the ob- 
served anti-cancer effects of both mono and 
combined therapy with Vit.D and/or TQ in the 
early stages of colon cancer, gene expression 
pattern of selected pro-oncogenes (canonical 
β-catenin pathway of Wnt, NF-κB, and COX-2) 
as well as some of the well-established colon 
cancer suppressive genes (DKK-1 and CDNK-
1A) were investigated in colon tissues using 
Q-RT-PCR. Moreover, protein levels of selected 
carcinogenesis biomarkers (β-catenin, TGF-β, 
TGF-β/RII, Smad4, HSP-90, VEGF, iNOS and 
COX2) were also evaluated in the colon tissues 
of investigated rats using ELISA and/or immu- 
nohistochemistry. 

Multiple molecular pathways underlay the path-
ological alterations associated with colon can-
cer tumorigenesis. Abnormal proliferation and 
un-differentiation of epithelial cells is one of 
the main features of any carcinogenesis includ-
ing colon cancer. Activation of the Wnt/β-catenin 
pathway is one of the major known pathways 
associated with cell differentiation and prolif-
eration in colon cancer and other cancers. It 
has been shown that abnormal expression of 
Wnt molecule during early stages of tumorigen-
esis results in the stabilization of β-catenin with 
eventual translocation into the nucleus to act 
as a transcriptional co-activator of transcrip-
tion factors belonging to the TCF/LEF family 
with subsequent development and progression 
of cancer [6]. In consistency, significant up-reg-
ulation of Wnt and β-catenin expression were 
observed in the current study among AOM-
induced colon cancer group as compared to 
normal control group. Remarkably, corrective 
alterations manifested by significant down reg-
ulation of these genes were recorded in both 
Vit.D and TQ monotherapy groups. Vitamin D 
has been shown to inhibit the expression of 
Wnt, β-catenin and their target genes in normal 
colon cells, an action that was attributed to the 
modulation of the expression of Vit.D receptor 
in target tissues [47, 48]. With regard to TQ, its 
interference with tumor growth and progres-
sion was recently recorded in ApcMin mice colon 
cancer model. It has been shown that TQ exert 
its inhibition effect on tumor growth by modu-
lating Wnt signaling pathway through activation 
of GSK-3β [49]. Noteworthy, down regulation of 
the expression of these genes were even more 

significant in Vit.D/TQ combined therapy as 
compared to Vit.D or TQ monotherapy. 

On the other hand, DKK-1 is a known inhibitor 
of the Wnt/β-catenin pathway and its low 
expression is usually associated with poor clini-
cal outcome and is considered a therapeutic 
resistance sign [5]. In agreement, current study 
revealed significant down regulation of DKK-1 
in AOM group as compared to control group. It 
was reported that Dkk-1 inhibits Wnt/β-catenin 
pathway not only by blocking Wnt signaling 
receptor complexes but it also has additional 
β-catenin-independent tumor-suppressor effe- 
ct [50, 51]. Moreover, previous studies have 
reported the association between the differen-
tiation colon cancer cells and the Vit.D-induced 
DKK-1 gene expression [52, 53]. In the light of 
this, the significant increase in DKK-1 expres-
sion, as revealed in the current study among 
Vit.D and TQ treated groups with higher signifi-
cant elevation in combined therapy as com-
pared to monotherapy, affirm the anti-prolifera-
tive effect of Vit.D and TQ especially when used 
in combination. 

Another major pathway that promotes cell pro-
liferation is the resistance of affected cells to 
TGF-β, a known growth inhibitor of normal epi-
thelial cells. In early stages of carcinogenesis, 
reduction of TGF-β expression and its type-2 
receptor and mutation of its intracellular medi-
ators (smad2 and smad4) were reported as 
possible mechanisms of resistance in both 
human patients and rodent model of colon can-
cer [52, 53]. In the current study, contrary to its 
significantly low level in AOM untreated group, 
significant elevations of TGF-β were recorded in 
colon tissue homogenate, particularly in the 
glandular epithelium in monotherapy groups. In 
addition, immunohistochemical investigations 
demonstrated significant high-expression of 
TGF-β, TGF-β/RII and the intracellular mediator 
smad4 in the colon tissues of the same groups. 
In agreement with our findings, several previ-
ous studies have shown that Vit.D promote the 
expression of TGF-β and its signaling molecules 
via increasing the expression of vitamin D 
receptor (VDR) [54, 55]. In addition, a study in 
human colonic epithelial cells has reported the 
up-regulation of TGF-β/RII expression after 
treatment with vitamin D, which was attributed 
to the increasing the levels of calcium sensing 
receptor (CaSR) [56]. Recently, we have record-
ed positive influence of Vit.D3 treatment either 
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alone or in combination with 5-Fluorouracil on 
the expression of TGF-β and its related type II 
receptor and intracellular mediator smad4 
[36]. With regard to TQ, scarce reports on its in 
vivo influence on TGF-β in colon cancer are 
available. However, TGF-β restoring ability of TQ 
was recently demonstrated in radiation-driven 
migration and invasion associating chemota-
diotherapy of breast cancer [57]. Remarkably, 
the up regulation of these growth inhibition bio-
markers were significantly higher in Vit.D/TQ 
combined therapy group as compared to mono-
therapy groups which suggest a synergistic 
negative influence of the two drugs on tumor 
growth and progression.

Heat Shock protein-90, a known chaperon pro-
tein that regulates protein folding and traffick-
ing in normal cells, is another molecule involved 
in the pathogenic mechanisms of colon cancer. 
Blocking of HSP-90 activities has been shown 
to delay the progression of colon cancer both in 
vitro and in vivo by several mechanisms [58-
60]. In accordance, current study revealed sig-
nificant increase of HSP-90 in colon tissues of 
AOM untreated group as compared to control 
group. However, this effect was reversed in 
Vit.D and TQ treated groups. Likewise, more 
significant reduction of HSP-90 concentration 
was evident with combined therapy rather than 
monotherapy. 

Angiogenesis is a crucial step for development 
and progression of solid tumors. VEGF is a very 
well known angiogenic factor that plays an 
essential role in tumor neovascularization [61]. 
Moreover, iNos and COX-2 are among the pro-
angiogenic molecules that promote tumor an- 
giogenesis. These molecules have been shown 
to play an important role in the progression of 
colon cancer in human and rat model [62, 63]. 
Current study, and in harmony with this, reve- 
aled significant reduction of VEGF concentra-
tion in colon tissue homogenates and signifi-
cant low expression of COX2 molecule at both 
gene expression and protein concentration lev-
els as well as significant reduction of iNOS 
expression in the colon tissues, particularly in 
the glandular epithelium, of monotherapy gro- 
ups as compared to AOM group. Little informa-
tion is available on the direct influence of vita-
min D on the expression of the pro-angiogenic 
molecules, VEGF, iNOS and COX-2. However, 
our previous finding [36], in addition to the cur-
rent ones revealed significant down regulation 

of these molecules, which support the hypoth-
esis that Vit.D inhibit the processes of angio-
genesis and hence the progression of the colon 
cancer by inhibiting the AOM-induced up-regu-
lation of these molecules in affected tissues. In 
other study, VSL#3 (a probiotic that increases 
VDR expression in colon cancer cells) were 
found to increase the expression of angiostatin, 
a known anti-angiogenic factor, in the colon tis-
sue of colitis-associated cancer [64]. With 
regard to TQ, a recent study recorded its sup-
pression of neoplastic progression in DMH-
induced colon cancer, which was attributed to 
the down-regulation of VEGF expression in af- 
fected tissues [27]. Interestingly, Vit.D/TQ com-
bined therapy induced even more significant 
reduction of the level of these pro-angiogenic 
proteins in the colon tissues of affected groups 
as compared to both AOM untreated group and 
monotherapy treated groups as well. 

Inhibition of apoptosis is another mechanism  
of tumorigenesis. In this regard, NF-kB is an im- 
portant molecule that have anti-apoptotic role 
during cell cycle. NF-kB mediates the transcrip-
tion of downstream targets that belong to anti-
apoptotic genes [59]. In consistency, our results 
revealed over expression of the gene coding for 
NF-kB molecule in the colon tissue homoge-
nate of AOM untreated group as compared to 
control group. However, the pattern of expres-
sion was reversed in Vit.D and TQ treated gro- 
ups with the maximum increase being recorded 
in Vit.D/TQ combined therapy group. On the 
other hand, CDKN1-A, also known as p21, is 
another molecule that has a known pro-apop-
totic role during cell cycle. It is a potent cyclin-
dependent kinase (CDK) inhibitor that act as 
regulator of cell cycle progression at G1 via 
binding and inhibiting the activity of cyclin-
cyclin-dependent kinase2 or -cyclin-dependent 
kinase4 complexes [65, 66]. The expression of 
the gene coding for this protein is tightly con-
trolled by the tumor suppressor protein p53, 
through which this protein mediates the p53- 
dependent cell cycle G1 phase arrest in res- 
ponse to a variety of stress stimuli [67, 68]. In 
agreement with previous studies that demon-
strated down regulation of p21 coding gene in 
colon cancer and other inflammatory diseases 
[69, 70], current study revealed significant low 
expression of CDKN1-A gene in colon tissue 
homogenate of AOM-induced CRD group as 
compared to control group. However, Vit.D and 
TQ treatment were associated with variable 
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degrees of significant over expression of CD- 
KN1-A gene, an effect that is greatly enhanced 
using combined Vit.D/TQ therapy. These find-
ings are in agreement with the recently demon-
strated pro-apoptotic effect of both Vit.D and 
TQ, which reported to be attained by up-regula-
tion of cell cycle inhibitors including P21, P27, 
CDKs and P53 with subsequent induction of G1 
cell-cycle arrest [71-73]. These reports, in addi-
tion to the currently revealed augmented apop-
totic effect of Vit.D/TQ combined therapy as 
compared to monotherapy clearly emphasizing 
the potential synergistic effect of Vit.D/TQ com-
bination in combating the development of colon 
cancer. 

In conclusion, tumor growth-associated cellular 
proliferation and un-differentiation, as asses- 
sed in the current study by expression of Wnt, 
β-catenin and DKK-1 molecules as well as other 
tumor growth factors namely TGF-β along with 
its type 2 receptor and intracellular mediator 
(Smad4), were shown to be significantly dimin-
ished in Vit.D/TQ treated groups of AOM-in- 
duced colon cancer rats. Moreover, evaluation 
of the expression of VEGF, iNOS and COX2 mol-
ecules as known biomarkers of angiogenesis 
as well as NF-kB and CDKN1-A as known anti- 
and pro-apoptotic molecules, respectively, reve- 
aled an obvious anti-angiogenic and pro-apop-
totic influence of Vit.D and TQ. Conceivably, the 
current study revealed synergistic and/or po- 
tentiating anticancer effects of Vit.D and TQ 
when used in combination. It is plausible to pro-
pose that Vit.D/TQ combination has a pro-
nounced chemopreventive effect in the initia-
tion phase of colon cancer, with the potential to 
diminish tumor burden, suppress progression 
of pre-neoplastic lesions in colon carcinogene-
sis. Hence, dietary co-supplementation with 
Vit.D plus TQ could provide a promising appro- 
ach in the primary prevention of colon cancer in 
high-risk individuals such as those with suppu-
rative colitis, uncontrolled irritable bowel dis-
eases or those with family history or germ line 
APC mutation. Moreover, in addition to the pre-
ventive/protective potentials of the proposed 
combination, enhancement of the therapeutic 
effect of currently used chemotherapeutic 
agents is another potential approach that need 
to be investigated in future studies not only for 
the possible improving of therapeutic outcome, 
but also for reducing the toxicity of convention-
al chemotherapy via reducing the dose and 

time required for treatment. In deed this could 
have represented a promising horizon to com-
bat and manage colon cancer in human. Never- 
theless, further investigations are required to 
reveal the underlying mechanism of the con-
spicuously demonstrated synergistic effect of 
TQ, when used in combination with Vit.D, at the 
molecular level using colon cancer cell lines 
and to evaluate the pharmacokinetics of using 
this combination with other conventional che-
motherapy to reach more effective, yet saver 
treatment of colon cancer in human.
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