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Abstract

Background Colorectal cancer (CRC) is one of the most common types of cancer worldwide and the second cause of
cancer-related deaths. It usually starts as an inflammation that progresses to adenocarcinoma. The goal of the present
study was to investigate the antitumor efficacy of a new thiophene derivative against CRC in mice and explore the pos-
sible associated molecular pathways. The potential of this thiophene derivative to sensitize the CRC tumor tissue to a
low dose of gamma irradiation was also investigated.

Methods Adult male mice were divided into seven groups; control, group treated with dimethylhydrazine (DMH) for
the induction of CRC. The DMH-group was further divided into six groups and treated with either cisplatin, thiophene
derivative, y-irradiation, cisplatin +y-irradiation, thiophene derivative + y-irradiation, or left untreated.

Results DMH induced CRC as evidenced by the macroscopic examination of colon tissues and histopathology, and
elevated the activities of cyclooxygenase2 (COX2) and nitric oxide synthase (iNOS). DMH also elevated kirsten rat sarcoma
(KRAS) and downregulated the peroxisome proliferator activated receptor (PPARy) as shown by RT-PCR and Western blot-
ting. DMH exerted anti-apoptotic activity by reducing the expression of phosphorylated p53 and cleaved caspase3 at the
gene and protein levels. The flow cytometry analysis showed that DMH elevated the necrosis and reduced the apoptosis
compared to the other groups. The colon tissue from DMH-treated mice showed hyperplasia, aberrant crypt foci, loss
of cell polarity, typical CRC of grade 4 with lymphocytes and macrophages infiltrating mucosa, muscularis mucosa, and
submucosa score 3. Treatment with thiophene derivative or y-irradiation ameliorated most of these deleterious effects
of DMH. The concomitant action of thiophene derivative + y-irradiation was typified by the better amelioration of tumor
incidence and multiplicity, iNOS, PPARYy, p53, caspase 3, and histopathology of colon.

Conclusion Taken together, the new thiophene derivative is a promising therapeutic candidate for treatment of colorectal
cancer in mice. It also sensitizes the CRC tumor to the ionizing radiation through anti-inflammatory and pro-apoptotic
pathways.
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1 Background

Colorectal cancer (CRC) is one of the most common types of cancer worldwide, with 1,931,590 new cases per year estimated
in 2020, resulting in significant patient comorbidities and high health-care expenditures [1]. Patients usually need frequent
colonoscopies and drastic changes in dietary habits [2]. The development of this cancer starts at the colon mucosa crypts
and usually involves inflammation of these crypts. Aberrant crypt foci (ACF) are formed as a result of their altered cellular
growth, progressing from microadenoma to adenoma, and finally to adenocarcinoma [3].

The CRCinduced by 1,2-dimethylhydrazine (DMH) in rodents is the most common model because this model retains many
similarities to human CRC [4]. DMH is metabolized in the liver forming active intermediates such as methylazoxy methanol
(MAM) and azoxymethane (AMO). These intermediates are transported with the bile reaching the colon epithelium. The
further decay of MAM results in the formation of methyl diazonium ions. These ions cause DNA methylation which is the
main inducer of colon polyps and malignant tumors [5].

Given the high prevalence and mortality of colorectal cancer patients, innovative therapeutic agents are desperately
needed to improve treatment outcomes in clinics. Depending on the stage, CRC could be treated with surgery only, or with
surgery along with chemotherapy, radiotherapy, or sometimes combined chemoradiation. Chemotherapy, which employs
cytotoxic substances to kill cancer cells, is still a viable treatment option for CRC patients. Chemotherapy is performed before
or after surgery, depending on the stage of colorectal cancer. Cisplatin (CP), 5-fluorouracil, oxaliplatin, leucovorin, irinotecan,
and capecitabine are some of the most regularly used anticancer drugs for CRC [6]. However, because of the low response
rate and development of drug resistance, safe and effective chemotherapeutic drugs are still in great demand for treating
CRC patients. CP causes DNA intercalation preventing the cell growth and metastasis [7]. However, the use of CP is usually
constrained because of its nephrotoxicity [8]. CP is accumulated in renal tubular cells causing oxidative stress and inflam-
matory cytokines burst [9].

Many anticancer drugs have been discovered and developed. Several cationic aromatic compounds, particularly thio-
phene-based molecules, have recently been found to attach to AT-rich locations in the DNA minor groove and exert antican-
cer activity [10-14]. These molecules bind to DNA and inhibit one or more of the enzymes required for replication of DNA
and thereby, hindering proliferation [13, 15, 16]. In the current study, the efficacy of 2-(4-amidinophenyl)-5-(4-chlorophenyl)
thiophene hydrochloride salt (from now on referred to as thiophene derivative, Fig. 1) against CRC was compared to cisplatin
(CP). This thiophene derivative (referred to as 4i compound in our previous publication [13]) has a potent antiproliferative
activity measured against 60 cancer cell lines at the National Cancer Institute with a median growth inhibition (Gls,) of 0.2 uM.
The Gl values measured against seven colon cancer cell lines; COLO 205, HCC-2998, HCT-116, HCT-15, HT29, KM12, and
SW-620 were 0.17 to 0.20 uM with selectivity index of 654 [13]. This means that this compound is very safe to the normal
cells. In addition, it caused a 98% inhibition of tyrosine kinase activity at 13 nM [13] presenting itself as a potential antitumor
candidate.

Low-dose y irradiation has been established as a promising supplementary technique for improving the immune adap-
tive response, and its application in cancer therapy strategies has shown a number of noteworthy outcomes [17]. Radiation
hormesis theory proposes that modest doses of ionizing radiation are advantageous by promoting the activation of disease-
fighting repair mechanisms that are not active in the absence of ionizing radiation. A low dose of ionizing radiation produces
reactive oxygen species that are sufficient to excite the defensive systems and cause observable health benefits. It is usually
is in the range of 0.01-0.50 Gy [18]. As a result, the radiation adaptive response directs DNA repair which appears to be the
key of the potential hormetic impact [19].

Therefore, the present study was launched to evaluate the antitumor activity and the possible associated molecular
pathways of a new thiophene derivative and low dose gamma irradiation. In addition, the possible augmentation of the
concomitant treatment with the thiophene derivative and low dose gamma irradiation was also investigated.

2 Material and methods
2.1 Animals

Adult male Swiss albino mice (4-month old) weighing 25-30 g were obtained from the National Center for Radiation
Research and Technology’s (NCRRT). Mice were acclimatized for laboratory conditions for 1 week, and kept in temperature
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Fig. 1 2-(4-Amidinophenyl)-
5-(4-chlorophenyl) thiophene
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(25 + 2 °C) and humidity (60 +5%) controlled rooms. During this time, the animals were fed on a commercial standard
pellet diet and had free access to water.

2.2 Ethics statement

The study was conducted in accordance with the recommendations in the Guide for the Use and Care of Laboratory
Animals of the National Institute of Health (NIH no. 85:23, revised 1996) and in compliance with the regulations of Ethi-
cal Committee (REC) of the NCRRT, Atomic Energy Authority, Cairo, Egypt (Approval No: 30A/21). REC has approved this
research protocol, following the 3Rs principles for animal experimentation (Replace, Reduce, and Refine) and is organized
and operated according to the CIOMS and ICLAS International Guiding Principles for Biomedical Research Involving Ani-
mals 2012. The Ethics committee allows tumor burden of 2 cm or about 20% of the body weight in mice. The maximum
tumor burden recorded in the current study did not exceed 20% of the body weight.

2.3 Drugs and chemicals

Dimethylhydrazine (DMH), cisplatin, and urethane were obtained from Sigma Aldrich (Sigma-Aldrich, St. Louis, MD, USA).
The thiophene derivative was synthesized and fully characterized as described in our previous publication where it was
designated as 4i [13].

2.4 Radiation facility and irradiation procedures

Mice were exposed to fractionated dose gamma irradiation of three fractions; 0.25 Gy/week up to a total of 0.75 Gy
starting after the induction of colon cancer and thiophene treatment, at the NCRRT utilizing a Canadian Gamma-cell-40
(Cs137) biological irradiator (Canada Ltd. in Ottawa, Ontario, Canada). The animals were placed in a plastic sample tray
with a lid and supports for use in the sample cavity. According to the Protection and Dosimetery Department’s require-
ments, the unit contains ventilation holes that align with ventilation sections through the main shield to give a means
for uniform irradiation of small animals at a dosage rate of 0.403 Gy/min at the time of experiment.

2.5 Induction of colorectal cancer

1,2-Dimethyl hydrazine (DMH) was dissolved in T mM EDTA just prior to use and the pH was adjusted to 6.5 with T mM
sodium bicarbonate to ensure the stability of the chemical. Animals were given a subcutaneous (s.c) injection of DMH
(20 mg/kg body weight) once a week for nine weeks [20, 21]. In addition, dextran sodium sulphate was given at the
concentration of 2% in drinking water (2 g/ 100 ml water) for one week starting at the second week of DMH administra-
tion. It acts as a promoter in the formation of CRC [22].

2.6 Experimental design

A total number of 130 male albino mice were randomly allocated into seven groups as follows; Group 1 (C): Normal
control mice (10 mice received intraperitoneal (i.p.) injection of isotonic saline twice a week over a period of 30 weeks).
Group 2 (DMH): 20 mice received DMH (20 mg/kg, s.c. once a week for 9 weeks. Group 3 (DMH + Cis): 20 mice received
DMH then cisplatin (5 equal doses of 2.5 mg/kg i.p. over a period of 21 weeks. Group 4 (DMH +T): 20 mice received
DMH then the thiophene derivative (2 mg/kg, i.p., 3 doses/week for 21 weeks based on a preliminary study calculating
the LDs(). Group 5 (DMH +R): 20 mice received DMH then whole body was exposed to a fractionated low dose gamma
radiation (0.25 Gy) three times over 21 day with a total of 0.75 Gy. Group 6 (DMH + Cis +R): 20 mice received DMH then
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cisplatin and then exposed to fractionated low dose gamma radiation. Group 7 (DMH+T + R): 20 mice received DMH then
thiophene derivative and then exposed to fractionated low dose gamma radiation. At the end of experimental period
(30 weeks), animals were scarified using urethane for anesthesia. Colon tissues were collected for biochemical analyses
and molecular investigations. Colon sections were prepared for histopathological study. At the end of the experiment,
the tumor incidence, multiplicity, and numbers were all calculated and recorded. Tumor incidence = (number of tumor
bearing mice/total number of mice) x 100. Multiplicity = total number of tumors / total number of mice bearing tumors.

2.7 Quantification of inflammatory cytokines

Colonic inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX2) activities were determined using mouse
specific antibody ELISA kit (abcam, USA; CAT # ab253219 and ab210574, respectively) according to the manufacturer’s
instructions.

2.8 Estimation of cleaved caspase-3 and phosphorylated p53 levels

Colonic tissue content of cleaved caspase was determined utilizing mouse active caspase-3 (A-CASP3) ELISA kit (MyBio-
source Inc., San Diego, CA, USA; CAT # MBS7210856) according to the manufacturer’s instructions. Phosphorylated p53
was detected using mouse specific antibody ELISA kit (RayBiotech Life, Inc. Code # PEL-P53-515-1), according to the
manufacturer’s instructions.

2.9 Quantitative real-time PCR

RNA was extracted from the colon tissue homogenate using the RNeasy plus mini kit (Qiagen, Venlo, The Netherlands),
according to the manufacturer’s instructions. mRNA was reverse transcribed by First Strand cDNA Synthesis Kit (Thermo
Scientific co., USA) according to manufacturer’s instructions. The gRT-PCR was performed using RNA-direct SYBR Green
Real Time PCR master mix (Invitrogen™) on Mx3000P gPCR system (Agilent Technologies, California, USA). The sequences
of the forward and reverse primers for murine p53, caspase-3, peroxisome proliferator activated receptor (PPARy), and
kirsten rat sarcoma (KRAS) genes were quoted from previous studies [23, 24] as shown in Table 1. The CT values were
obtained and normalized to the house keeping gene (GAPDH). Fold changes were calculated using 2722 method.

2.10 Western blot analysis

Colonic PPARy and KRAS were analyzed by Western immunoblotting. Colon tissue was homogenized using radioimmu-
noprecipitation assay (RIPA) lysis buffer (Sigma-Aldrich, St. Louis, MD, USA) and protein levels were determined with a
BCA protein assay kit (Thermo Fisher Scientific). After extracting the protein, an aliquot of 30 mg protein was denatured,
and each sample was loaded onto 8% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a nitrocellulose membrane (Amersham Bioscience, Piscataway, New Jersey, USA) using a semidry transfer
apparatus (Bio- Rad, Hercules, CA, USA). To ensure homogenous protein transfer, the nitrocellulose membrane was dyed
in a Ponceau solution (Sigma-Aldrich, St. Louis, MO, USA) for 30 s. At 4 °C overnight, the membranes were blocked with
5% non-fat milk blocking buffer containing 10 mM Tris—HCI (pH 7.4), 150 mM NaCl, and Tris-buffered saline with 0.05%

Table 1 Primer sequences of

. . Primer Sequence
investigated genes
GAPDH 5-CAGGAGCGAGACCCCACTAACAT-3’
5'-GTCAGATCCACGACGGACACATT-3’
p53 5'-GGCAACTATGGCTTCCACCT-3’
5'-AACTGCACAGGGCACGTCTT- 3’
Caspase-3 5'-CAAGTCAGTGGACTCTGGGA-3'
5-CGAGATGACATTCCAGTGCT-3'
PPARy 5-GTCCAACAGGAGCATGTGCA-3'
5'-CCAGCGGTCAATCATACCCA-3’
KRAS 5-GGCCAGGAGTGCATTAAGAC-3’

5'-GCACGTCAGATAGTCTCCAAA-3'
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Tween-20 (TBST). The membranes were then washed with TBST and incubated overnight on a roller shaker at 4 °C with
a 1:1000 dilution of anti- PPARYy, and anti-KRAS antibodies. After washing, the filter was probed with the appropriate
horseradish peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin (Amersham, Life Science Inc., USA). Detection
of chemiluminescence was performed with the Amersham detection kit following the instructions of the manufacturer
and then exposed to X-ray film. Quantification of studied protein amount was performed by densitometric analysis of
the autoradiograms using a scanning laser densitometer (Biomed Instrument Inc., USA). Finally, the results were normal-
ized against B-actin protein [25].

2.11 AnnexinV detection of apoptosis by flow cytometry analysis

For flow cytometry, colonic tissues were dissected and minced to small clumps, followed by enzymatic dissociation with
0.5 mg collagenase IV (Sigma) in PBS for 25 min at 37° C on a shaker, and centrifuged at 500xg for 10 min. The supernatant
containing debris was discarded, and the pelleted cells were washed twice with PBS and filtered through a 100 pm cell
strainer to obtain a single-cell suspension. cells were washed with cell staining buffer, centrifuged at 400 xg for 5 min at
4°C, and the supernatant was discarded. The pellet was then resuspended in cell staining buffer, a cell count and viability
analysis were performed using trypan blue and the bright line haemocytometer where the suspension was adjusted
to a concentration of 1 x 10° cells/mL. Phosphatidylserine exposure on the outer leaflet of the plasma membrane was
detected using the Annexin V-FITC/PI Apoptosis Detection Kit (BD pharmingin TM, BD Biosciences Co., USA; Number
#51-66121E), where cells were then resuspended in 1X Binding Buffer at a concentration of 1x 10° cells/ml. To a 5 ml
culture tube, 5 pl of FITC Annexin V and 5 ul Pl were added to 100 pl of the solution (1x 10° cells). The cells were gently
vortexed and incubated for 15 min at 25 °C in the dark. Finally, 400 pl of 1X Binding Buffer was added to each tube and
10,000 cells were analyzed by flow cytometry within an hour on a FACSC-LSR (Becton and Dickinson Company) equipped
with Cell Quest software. Three specimens were analyzed from each group.

2.12 Histopathological examination

Tissue specimens were collected from colon fixed in formalin 10% and trimmed off, washed, and dehydrated in ascending
concentrations of ethanol. The specimens were then cleared in xylene, embedded in paraffin blocks and sectioned at 5 um
thick. The sections were deparaffinized using xylol and stained with hematoxylin and eosin (H&E) for histopathological
examination [26]. The following morphological characteristics were assessed using the standard definitions of the World
Health Organization’s and the American Joint Committee on Cancer. The tumor cell architectural complexity (arbitrarily
graded 1-5; 1=simple or well differentiated, 2 =some complexity with glands containing apparent secondary structure,
3 =more complexity with glands containing tertiary structures, 4=complex glands with some areas of solid growth,
5=solid growth; tumor infiltrating lymphocytes, referring to lymphocytes within tumor cells and tumor nests, exclusive
of stromal lymphocytes). Based on the number of lymphocytes, grade 5 has a score range of 0 to 3 (0=none, 1=less
than 10 per medium power field, 2=10-20 per medium power field, 3=more than 20 per medium power field) [27].

2.13 Statistical analysis

The distribution of data was examined using the Kolmogorov-Smirnov test. Statistical analysis was carried out using
ANOVA by GraphPad Prism® version 8.00 (San Diego, CA, USA) software followed by Tukey-HSD test for multiple com-
parisons. The significant differences were considered statistically at p <0.05. Data were presented as mean + SEM.

3 Results

3.1 Macroscopic examination of colon, mortality, tumor incidence and multiplicity

There were no spontaneous tumors in the control group after 30 weeks. DMH resulted in a 70% mortality and this percent-
age was reduced to 60% in the monotherapy groups, and to 65% in the groups treated with thiophene derivative +irradia-
tion and cisplatin +irradiation. As shown in the Kaplan Meier analysis, most of the mortalities (45-60%) occurred during

the administration of DMH (9 weeks). Over the course of 21 weeks after the administration of DMH, all the treated groups
lost one or two animals and had a mortality rate at 5-10% (Fig. 2). DMH resulted in 100% tumor incidence. Cisplatin and
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Fig.2 The Kaplan Meier analysis of survival
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irradiation equally reduced the incidence to 50%. Thiophene derivative alone reduced the incidence to 37.5%. Concomi-
tant treatment with thiophene derivative and radiation resulted in the best reported incidence (28.5%). This last group
also showed the best therapeutic effect on the tumor multiplicity. Monotherapy with thiophene derivative, radiation,
or cisplatin reduced the multiplicity by ~35-46%. The combined treatment with thiophene derivative +irradiation and
cisplatin+irradiation reduced the multiplicity by ~77% and 70%, respectively (Table 2, Fig. 3).

3.2 Anti-inflammatory effects of different treatments

The higher activities of iNOS and COX2 in colon homogenates of mice treated with DMH indicated the induction of
inflammation compared with healthy control mice. Treating the DMH-mice with cisplatin, thiophene derivative, or

Table 2 Effect of thiophene

derivative and radiation on Groups Mortality (%) No. ofanimals No. qftumprs Tumor inci- Total no. of Tumgr .
‘ examined bearing mice dence% tumors multiplic-

Fhe. mortality ra_te,_a_nd tumor ity

incidence, multiplicity, and

count Control 10 9 0 0 0 0
DMH 70 6 6 100 26 4.3
DMH+T 60 8 3 375 7 2.3
DMH+Cis 60 8 4 50 1 2.8
DMH+R 60 8 4 50 10 2.5
DMH+T+R 65 7 2 28.5 2 1.0
DMH+Cis+R 65 7 3 42.8 4 1.3

Tumor incidence% = (number of tumor bearing mice/total number of mice)*100. Multiplicity =total num-
ber of tumors/total number of mice bearing tumors. Abbreviations; DMH: dimethylhydrazine, T: thiophene

derivative, Cis: cisplatin, R: radiation
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!

Fig. 3 Macroscopic examination of colorectal tissue from A Control, B DMH, C DMH+Cis, D, E DMH+T, F DMH+R, G DMH+Cis+R, H
DMH +T+ R groups, The arrows refer to polyps of colorectal cancer

radiation resulted in significant (p <0.05) reductions in the iNOS and COX2 activities compared with the mice treated
with DMH alone. Interestingly, exposure of mice treated with DMH to low dose y-irradiation in combination with
thiophene derivative or cisplatin produced a further suppression in iNOS and COX2 activities (Fig. 4). However, this
further suppression achieved a statistical significance only in the group treated with the combined thiophene deriva-
tive and radiation and only in the iNOS activity. Adding radiation to the therapeutic regimens along with thiophene
derivative or cisplatin brought the COX2 activity to the normal control levels.

Fig.4 Anti-inflammatory
effect of thiophene derivative
and low dose y-irradiation in
colorectal tumors in mice. C:
control, DMH: dimethyl hydra-
zine, Cis: cisplatin, T: thio-
phene derivative, R: radiation.
Values are the mean + SEM
(n=6). *Significant change
compared to the control
group. PSignificant change
compared to DMH group.
dSignificant change compared
to DMH+T
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3.3 Effect of thiophene derivative and y-irradiation on KRAS and PPARy expression

RT-PCR analysis showed a pronounced increase (p <0.05) in KRAS mRNA level and a significant decrease (p <0.05) in
PPARy transcript level in DMH-treated animals as compared to the healthy control group. In DMH + T, DMH +cis, or
DMH + R-treated animals, PPARy gene expression was partially increased and KRAS gene expression was significantly
reduced compared to the DMH group. Moreover, combined treatment with thiophene derivative or cisplatin and low
dose y-irradiation restored PPARy and KRAS to levels comparable with those of the normal healthy controls (Fig. 5).

3.4 Effect of thiophene derivative and low dose y-irradiation on KRAS and PPARYy protein levels

As compared to healthy control group, there was a noteworthy over-expression of KRAS (p <0.05) and a remarkable
down regulation in PPARy protein expression in DMH-treated animals. Treatment of DMH-mice with thiophene derivative,
cisplatin, or radiation was associated with a significant amelioration in PPARy and KRAS protein expression. Exposure of
tumor bearing mice to y-irradiation in combination with thiophene derivative or cisplatin significantly augmented the
effect of thiophene derivative on PPARy (Fig. 6).

3.5 Effect of thiophene derivative and low dose y-irradiation on p53 and caspase-3 expression

RT-PCR analysis showed a pronounced decrease (p <0.05) in p53 and caspase-3 mRNA levels in DMH-treated animals
compared to the healthy control group. In the groups treated with DMH +T, DMH + cis, or DMH + R, the expression of
caspase-3 was significantly increased. Moreover, combined treatment with thiophene derivative or cisplatin and low
dose y-irradiation restored the expression of caspase-3 to levels comparable with those of the normal healthy controls
(Fig. 7). Treating the DMH-mice with thiophene derivative, cisplatin, or radiation caused ~ 3—fourfold-induction in the
p53 expression. The combined treatment with thiophene derivative or cisplatin, with radiation resulted in a significant
augmentation in the p53 transcript level with ~ 6-eightfold-induction.

3.6 Effect of thiophene derivative and low dose y-irradiation on p53 and caspase-3 levels

As compared to the healthy control group, colonic tissue contents of cleaved caspase 3 and phosphorylated p53 were
significantly (p <0.05) decreased in (DMH) group in agreement with the qPCR results. Treatment of DMH-mice with
thiophene derivative, cisplatin, or radiation enhanced apoptosis as revealed by the significant elevation in the phospho-
rylated p53 and cleaved caspase-3 levels by ~ 4-sixfold compared to untreated tumor bearing mice. Exposure of tumor
bearing mice to y-irradiation in combination with thiophene or cisplatin was associated with a sharp further increase
(~7-eightfold) in the cleaved caspase-3 and phosphorylated p53 levels in tumor tissue (Fig. 8).

Fig.5 Effect of concomitant 15 8-
treatment with thiophene
derivative and low dose
y-irradiation on PPARy and
KRAS expression. C: control,
DMH: dimethyl hydrazine, Cis:
cisplatin, T: thiophene deriva-
tive, R: radiation. Values are
the mean + SEM (n=6). ®Sig-
nificant change compared to
the control group. "Significant
change compared to DMH
group. SSignificant change
compared to DMH +Cis.
dSignificant change compared 0.0 T 0-
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Fig. 6 Effect of thiophene derivative and low dose y-irradiation on PPARy and KRAS protein levels. C: control, DMH: dimethyl hydrazine, Cis:
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3.7 Evaluation of apoptosis by flow cytometry

As can be seen from Fig. 9, apoptosis in the DMH group was significantly decreased compared to all other groups.
Figure 9A shows the results of one representative from each group, while Fig. 9B shows the results of means of three
samples from each group. The early apoptotic cells% increased from 4% in the DMH group to 8.8, 7.9, and 5.2% in
the DMH groups treated with radiation, thiophene derivative, or cisplatin, respectively. Concomitant treatment
with cisplatin + radiation elevated that percentage to 6.5%. The late apoptotic cells% increased from 45.9% in the
DMH group to 55.8, 63.0, and 66.7% upon treatment with radiation, thiophene derivative, or cisplatin, respectively.
Concomitant treatment with thiophene derivative + radiation or cisplatin + radiation elevated the late apoptotic
cells percentage to 78.7 and 75.1%, respectively as shown in Fig. 9A. It is noteworthy that the highest percentage of
late apoptotic cells and the lowest percentage of viable cells were all reported in the group treated with thiophene
derivative + radiation.

3.8 Histopathological findings

The colon of control mice revealed normal histological architecture of intestinal mucosa. The villi lined by a single layer
of tall columnar cells with oval basal nuclei and numerous goblet cells dispersed between the columnar cells. The intes-
tinal crypts were regularly arranged and lined by columnar cells. The intestinal glands appeared intact and lined by high
cuboidal epithelial cells without any pathological alterations. Inflammatory reaction and hemorrhage were not detected
(Fig. 10A). On the other side, mice treated with DMH showed dysplastic changes, aberrant crypt foci (ACF) and intestinal
glands with elongated nuclei, loss of cell polarity, increased mitotic activity, absence of goblet cells, and narrow lumens
in epithelial cells of aberrant crypt foci. Cell dysplasia with various degrees were seen, with more packed glands that
were uneven in shape and size. Complex glands with some areas of solid growth were detected (grade 4). Inflammatory
cells, mainly lymphocytes and macrophages, infiltrating more than 20 per medium power field were noticed in lamina
propria of the mucosa, muscularis mucosa, and submucosa score 3 (Fig. 10B, C). Colon specimens from tumor bearing-
mice treated with thiophene derivative or exposed to y-radiation showed significant mild and moderate dysplasia and
anaplasia with irregular shape and size with some complexity of glands which contained apparent secondary structure
(grade 2). Few goblet cells were detected with decreased number of inflammatory cells (10-20) per medium power
field score 2 (Fig. 10D, E, respectively). Animals treated with cisplatin showed significant changes from untreated group
(DMH). The intestinal glands and ACF showed loss of goblet cells, dysplasia of epithelial lining with pleomorphic nuclei,
and reduction of mitotic activity. Some complexity glands contained apparent secondary structure (grade 2). More than
20 inflammatory cells permeated the mucosa’s lamina propria, muscularis mucosa, and submucosa (score 3) (Fig. 10F).
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Fig.9 Apoptosis detected by flow cytometry with Annexin V-FITC conjugated with PI staining. A. a representative from each group, B. the
means of three samples from each group. C: control, DMH: dimethyl hydrazine, Cis: cisplatin, T: thiophene derivative, R: radiation. Values
are the mean +SEM (n=3). Significant change compared to the control group. PSignificant change compared to DMH group. “Significant
change compared to DMH +Cis. %Significant change compared to DMH+T. The upper right and upper left quadrants represent the late
apoptotic and necrotic cells, respectively. The lower left and lower right quadrants represent the viable and early apoptotic cells, respec-
tively in percent of the total gated cells

In the group treated with DMH +T + R, mucosal glands showed mild hyperplasia, mild degree of dysplastic changes
and well differentiated intestinal glands (grade 1). Mild changes of absorptive and goblet cells. The lamina propria
of the mucosa, muscularis mucosa, and submucosa was infiltrated with few inflammatory cells (less than 10, score
1) (Fig. 10G). Colon sections from the group treated with DMH + cis + R showed moderate changes of absorptive and
goblet cells with moderate degree glandular epithelial dysplasia with more crowded glands and some complexity
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Fig. 10 Photomicrographs of
mouse colon sections stained
with hematoxylin and eosin
showing A Normal control,
the arrow refers to intestinal
glands lined by high cuboidal
epithelial cells with numer-
ous numbers of goblet cells,
B, C Dysplasia of the mucosal
lining epithelium as well as
glandular structure with lose
of goblet cells formation,
pleomorphism in the cells as
well as hyperchromatic nuclei
of DMH treated animals. The
arrow in (B) indicates crowded
glands with irregularity in
shape and size, and in C
indicates intestinal glands
with elongated nuclei, loss

of cell polarity, increased
mitotic activity and lack of
goblet cells D Dysplasia in
lining glandular mucosal
epithelium with goblet cells
formation in the thiophene
derivative treated group. The
arrow refers to few numbers
of goblet cells with decreased
number of inflammatory cells
E Dysplasia of the mucosal
lining epithelium with
pleomorphic nuclei (arrow)
with goblet cells formation

in the y-irradiated group. F
Massive inflammatory cells
permeation in the lamina
propria of the mucosa, muscu-
laris mucosa and submucosa
(arrow) in colon from cisplatin
treated group. G Mild degree
of dysplastic changes and
well differentiated intestinal
glands (arrow) in DMH+T+R
group. H Moderate degree
glandular epithelia dysplasia
and more crowded glands
(arrow) in DMH +cis+R group.
(H&E % 200)

with glands containing apparent secondary structure grade 2. The lamina propria of the mucosa, muscularis mucosa,
and submucosa was infiltrated with very few (less than 10, score 1) inflammatory cells (Fig. 10H).
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4 Discussion

The high incidence of cancer and the high cost of its treatment are driving the search for new, selective, and effec-
tive chemotherapeutic agents. Thiophene-containing molecules have been proven as promising anticancer agents
[13]. The earliest identifiable lesions in the progression of colon cancer are ACF. The hypothesis that ACF are truly
preneoplastic lesions and that the quantity of ACF is indicative of later tumor growth is backed up by considerable
evidence [28]. The presence of a variety of immune cells in the tumor microenvironment shows that inflammation is
an important event in multiple features of CRC [29]. Therefore, we evaluated the effects of the thiophene derivative
and radiation on the inflammatory markers, COX2 and iNOS in colon tissue. DMH in the current study induced CRC
in mice and increased the activities of COX2 and iNOS in colon tissues in accordance with previous studies [4, 30, 31].
COX2 is the rate-limiting enzyme for prostaglandin synthesis and is one of the main players of inflammation, was
shown to have a major role in cancer progression, apoptosis, invasion, angiogenesis and metastases [4]. High levels
of COX2 have been noticed in about 50% of adenoma and more than 80% of adenocarcinomas [32]. More important,
inhibitors of this enzyme significantly reduce the incidence of CRC [33]. Our results revealed that, thiophene derivative
or radiation significantly decreased COX2 activity, which could be due to their anti-inflammatory potential. Thiophene
derivative along with radiation exposure was more efficient than each of them alone in reducing COX2 activity. In
human tumors, a combination of radiotherapy with COX2 inhibitors has been found to boost the therapeutic out-
come. COX2 inhibitors can lower inflammatory factors, thereby modulating macrophage recruitment and activation
of the anticancer immune milieu; restrict tumor angiogenesis by downregulating vascular endothelial growth fac-
tor; and promote tumor cell apoptosis by inhibiting the PI3K/Akt signaling pathway [34]. The probability that such
combination can enhance radiosensitivity of tumors could not be ruled out. COX2 inhibitors have been shown in
clinical trials to affect the development and progression of cancer. Reduction of COX2 activity is linked to increased
tumor radiosensitivity without harming normal tissue in animal models. Preclinical research suggests that the main
mechanism is a direct increase in cellular radiation sensitivity and inhibition of tumor neovascularization. [35, 36].
Disubstituted thiophene derivatives were found to inhibit COX2 that is upregulated in many types of cancers. The
inhibition of this enzyme is essential for the suppression of tumor development and metastasis [37].

Under normal settings, inducible nitric oxide synthase (iNOS), which produces nitric oxide (NO), is not present in most
cells. This depends on the availability of substrate, cofactors, and oxygen tension. However, in many types of cancer, these
regulation systems are disrupted resulting in the continuous production and activation of iNOS [38]. INOS has been shown
to play a role in the development of human CRC. iNOS is highly expressed in 60% of human colon adenomas, whereas it
is undetectable in normal intestinal tissues [31, 39]. These findings show that iINOS could be used as an early indicator of
inflammation and possible subsequent colon cancer. It is well established that INOS and COX2 are linked to a poor prog-
nosis and high tumor aggressiveness. In colorectal cancer, the proangiogenic action of nitric oxide is mediated by COX2
[40]. In our study, thiophene derivative and gamma radiation significantly attenuated the iNOS activity and again, the
combination of thiophene derivative + radiation was more efficient than each treatment alone. Altogether, we conclude
that thiophene derivative is an efficient chemotherapy for CRC by modulating iNOS/COX2 system and can sensitize the
tumor tissue to radiation. Thus, we confirm that iNOS/COX2 is an attractive biomarker diagnosis and prognosis of CRC.

Cancer is a complex multifactorial disease, therefore, many molecular targets and pathways should be investigated.
DMH caused an over-expression of KRAS and a down regulation in PPARy at the genomic and proteomic levels. Thio-
phene derivative or radiation ameliorated the changes in the expression of KRAS and PPARy. Concomitant treatment
with thiophene derivative and radiation augmented the elevation in the PPARy and KRAS expression, but the latter did
not achieve a statistical significance. The changes at the genomic levels were reflected by parallel change at the protein
levels. ACF has mutations in the adenomatous polyposis coli (APC) and the KRAS oncogenes that promote abnormal
cell proliferation [41]. KRAS is a commonly mutated oncogene in approximately 40% of all CRC cases. KRAS mutations
result in constitutive activation of the KRAS protein, which persistently stimulate PI3K-Akt and RAS-RAF-MAPK pathways
leading to cell proliferation and survival, and ultimately to tumorigenesis [42, 43]. KRAS also promotes cancer metastasis
and increases resistance to chemotherapy in many cancer types including CRC [42, 44].
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Peroxisome proliferator activated receptor gamma (PPARy) have emerged as essential regulators of inflammation. In
a variety of malignancies, PPARy ligands have been found to have an anti-proliferative impact. These ligands have the
ability to cause apoptosis through the tumor protein p53 (TP53) pathway [45]. Decreased expression of PPARy has been
observed in many tumor types and is usually associated with poor prognosis in cancer patients. COX2 and PPARy signaling
pathways are intertwined. PPARy ligands suppress COX2 expression induced by LPS in macrophages and epithelial cells
[46]. The COX2 metabolite 15d-PGJ2 is a PPARy ligand, and increased 15d-PGJ2 synthesis during inflammation resolution
downregulates COX2 via a negative feedback loop involving PPARy and NF-kB [47].

The major effects seen after DMH were the elevations in the late apoptotic and necrotic cells. This could be attributed
to the toxicity of DMH and the continuous genomic modification and genomic instability induced by DMH [48]. There
is a growing body of evidence demonstrating a disruption in the balance of cell proliferation and apoptosis during CRC
formation. The proliferation exceeds the apoptosis and finally apoptosis is inhibited. Apoptosis failure and inhibition
can lead to an imbalance in intestinal epithelial cell homeostasis, which can lead to the development of CRC and a poor
response to radiotherapy and/or chemotherapy [49]. The mutation or reduction in the tumor suppressor genes (TP53)
and oncogenes (KRAS) will result in an inefficient apoptosis. This was typified in the current study by the reductions in
the phosphorylated p53 and cleaved caspase levels after DMH injections at the genomic and proteomic levels. Failure to
eliminate altered colonic cells while maintaining a high rate of proliferation is an early indicator of CRC carcinogenesis.
The accumulation of continuously modified colonocytes will result in the creation of early adenoma, which will subse-
quently proceed to adenocarcinoma, and then to late stage CRC [50]. The reason behind the elevation of late apoptosis
caused by DMH in the current study is not clear.

The present results revealed that the expression level of p53 and caspase-3 were upregulated after the treatment with
thiophene, cisplatin, or radiation. Cisplatin was previously shown to have similar effects [51, 52]. Our study displayed
that thiophene derivative when combined with radiation, induced apoptosis which was manifested by ameliorative
decrease in KRAS expression associated with a significant increase in PPARYy, cleaved caspase3, and phosphorylated p53
indicating the proapoptotic activity of thiophene derivative, radiation, and their combination. This was also confirmed by
Annexin V assay. The "guardian of the genome" is the tumor-suppressor gene TP53, which encodes the protein p53 [53].
In reaction to DNA damage, p53 causes apoptosis or cell cycle arrest. The pro-apoptotic activity of thiophene derivative
could be attributed to its ability to cleave the genomic DNA and induce p53 cascade. p53 upregulates pro-apoptotic
genes of both extrinsic and intrinsic pathways, and represses the expression of anti-apoptotic genes such as BCL-2 [54,
55]. Kaur et al. showed that another thiophene compound combined with radiation increased apoptosis by Annexin
V assay [45]. lonizing radiations have been shown to cause apoptosis by activating JNK pathways [56]. PPARy ligands
have also been demonstrated to activate MAPK [57], which includes JNK pathway. The phosphorylation of PPAR by JNK
increases its transcriptional activity [58]. PTEN, which is implicated in cell cycle arrest and death, is also induced by PPAR
[59]. Apoptosis activation has been linked to elevated levels of cleaved PPAR and cleaved caspase-3 [60]. In the present
study, the thiophene derivative up-regulated cleaved capase-3 and PPAR proteins in the colon cells.

The histopathological examination of colon from DMH-treated mice revealed many malignant disturbances in the
colon architecture such adenomatous polyps dysplastic changes, aberrant crypt foci (ACF), loss of cell polarity, increased
mitotic activity, lack of goblet cells, different degrees of cell dysplasia in accordance with previous studies [20,21,61]. The
administration of DMH-injected mice with thiophene derivative or gamma irradiation improved most of these patho-
logical changes. Similar results for irradiation were previously reported [62]. Cisplatin did not affect the adenomatous
hyperplasia but significantly reduced the inflammatory cell infiltration and glandular hyperplasia in accordance with a
previous study [63]. The thiophene derivative and gamma irradiation together were much better than CP in ameliorating
the pathology of colorectal tumors.

5 Conclusions

The goal of the present study was to investigate the antitumor efficacy of a new thiophene derivative against CRC in mice
and explore the possible associated molecular pathways. The potential of this thiophene to sensitize the CRC tumor tis-
sue to a low dose of gamma irradiation was also investigated. Thiophene derivative and radiation reduced the mortality,
tumor incidence and tumor multiplicity caused by DMH. The most noteworthy finding of the current finding is that thio-
phene derivative induced down regulation of inflammation (COX2 and iNOS) and cell survival pathway proteins (KRAS)
contributing to a negative regulation of cell cycle regulatory proteins, which resulted in cell cycle arrest, and apoptosis
(elevated PPAR, p53, and caspase 3). Our data highlighted the potential of this thiophene derivative to sensitize the CRC
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to the ionizing radiation. Taken together, this new thiophene derivative is a promising therapeutic candidate for treat-
ment of colorectal cancer either alone or in combination with a low dose of gamma irradiation.
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