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Excessive interleukin (IL)-6 production is a driver for malignancy and drug resistance in colorectal cancer
(CRC). Our study investigated a seven-week post-treatment with the anti-inflammatory drug, Diacerein
(Diac), alone or in combination with 5-fluorouracil (5-FU), using a 1,2-dimethylhydrazine (DMH) rat
model of CRC. Diac alone and 5-FU+Diac reduced serum levels of carcino-embryonic antigen (CEA), while
all regimens decreased serum levels of colon cancer-specific antigen (CCSA), a more specific CRC biomar-
ker. Additionally, Diac, 5-FU and their combination suppressed colonic content/gene expression of IL-6,
its downstream oncogene, Kirsten rat sarcoma viral oncogene homolog (K-Ras), and consequently
Notch intracellular domain and nuclear factor-kappa B (NF-xB) p65. In turn, NF-kB downstream factors,
viz., matrix metalloproteinase-9 (MMP-9), vascular endothelial growth factor (VEGF), c-Myc, and B-cell
lymphoma-2 (Bcl-2) were also downregulated, while E-cadherin was elevated. Additionally, the drugs
reduced the immunoreactivity of CD31 to prove their anti-angiogenic effect, while the TUNEL assay con-
firmed the apoptotic effect. The apoptotic effect was confirmed by transferase dUTP nick-end labeling
assay. Moreover, these drugs inhibited colon content of p-Akt, f-catenin, and cyclin D1 immunoreactivity.
The drugs also activated the tumor suppressor glycogen synthase kinase 3- B (GSK3-B) and upregulated
the expression of the Nur77 gene, which represents the second arm of IL-6 signaling. However, only 5-FU
upregulated miR-200a, another K-Ras downstream factor. The in-vitro cytotoxic and migration/invasion
assays verified the molecular trajectories. Accordingly, we evaluated the antineoplastic effect of Diac
alone and its possible chemosensitization effect when added to 5-FU. This combination may target crit-
ical oncogenic pathways, including the IL-6/K-Ras/Notch/NF-kB p65 axis, p-Akt/GSK3-B/p-catenin/cyclin
D-1 hub, and Nur77.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Colorectal cancer (CRC) is a common malignancy with high
prevalence and low survival (Metwally et al., 2018). CRC is a
heterogeneous disease with many factors playing key roles in its
pathogenesis. A chief signaling axis involved in CRC is the Notch
pathway, which is initiated by binding of Notch ligand, as Delta-
like (DII)-1, DII-3, DII-4, Jagged-1, and Jagged-2, to its receptor in
two adjacent cells. This binding is followed by proteolytic cleavage
of the receptor by y-secretase and other proteases to liberate the
active Notch intracellular domain (NICD). The latter is transported
to the nucleus, where it binds to multiple transcription cofactors
causing expression of Notch target genes, including hairy enhance
of split-1family (Hes-1) and related family (Hey-1), nuclear factor-
kappa B (NF-kB), cyclin D1, and c-Myc (Miele and Osborne, 1999;
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Miele, 2006; Miele et al., 2006). Thus, the Notch pathway includes
several processes involved in oncogenesis, such as cell proliferation
and growth, metastasis, anti-apoptosis (Sun et al., 2007; Maniati
et al,, 2011; Wang et al., 2015), and angiogenesis (Zeng et al.,
2005).

Other signaling processes, such as the Wnt/B-catenin pathway,
are critical players in the pathogenesis of CRC. When the Wnt path-
way is downregulated, the B-catenin molecule is captured in a
multiprotein complex that includes glycogen synthase kinase 3-8
(GSK3-B) that phosphorylates B-catenin and marks it for proteaso-
mal degradation. However, binding of Wnt to its receptor results in
the suppression of GSK3-p and the appearance of non-
phospholyrated B-catenin. The latter is translocated into the
nucleus, where it binds to transcription factors T-cell factor and
lymphoid enhancing factor (TCF/LEF) to express target genes, such
as cyclin D1(Nusse and Clevers, 2017), c-Myc, vascular endothelial
growth factor (VEGF), Jagged 1, and matrix metalloproteinase-7
(MMP-7) (Bertrand et al., 2012). Therefore, Wnt/B-catenin signal-
ing promotes various oncogenic processes, such as cell prolifera-
tion, cell survival, angiogenesis (Li et al., 2014), and metastasis
(Ahn et al., 2017; Zhang et al., 2017).

Chemotherapeutic agents have been used widely for many
years to treat CRC. Positive outcomes in treating or reducing the
size of tumors are achieved, but serious side effects emerge either
upon their use or years after the end of treatment (He et al., 2003;
Miyamoto et al., 2013). Acquired drug resistance, including envi-
ronmental and genetic factors, is among these side effects and is
a critical hindrance to successful cancer treatment. Several mole-
cules play a role in the emergence of chemoresistance, such as
interleukin-6 (IL-6) (Wang, Y et al., 2010), Kirsten rat sarcoma viral
oncogene (K-Ras) (Jiang et al., 2004; McCubrey et al., 2006), Notch
pathway (Huang et al., 2015; Li, D.D. et al., 2018), NF-kB molecule
(Kuang et al., 2017; Yang et al., 2020) and its downstream proteins
B-cell lymphoma-2 (Bcl-2), c-Myc, cyclin D1, MMP-9 (Laios et al.,
2013; Xia et al., 2017; Elbadawy et al., 2019; Fu et al., 2019), phos-
phatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling (Liu
etal.,, 2017; Li et al., 2020), GSK 3- B/B-catenin axis and GSK3-/Bcl-
2 cue (Zheng et al., 2010; Blondy et al., 2020). Novel highly selec-
tive drugs are needed to overcome chemoresistance in neoplastic
cells and avoid major side effects (Singer, 2010; Broekman et al.,
2011). A novel smart strategy is known as “drug repositioning”;
defined as utilizing old drugs for new applications, thus, shortening
the time needed for developing new drugs (Ashburn and Thor,
2004; Pantziarka et al., 2014).

Diacerein/diacerhein (Diac) is an anti-inflammatory and anal-
gesic anthraquinone approved for the treatment of osteoarthritis
(Lohberger et al.,2019). Diac reduces the release and production
of pro-inflammatory cytokines, viz: IL-6 (Bharti et al., 2016) and
IL-1B (Gadotti et al., 2012; Fouad et al., 2020). The latter is amply
reviewed for its role in the progression of CRC (Fan et al., 2020;
Baker et al., 2019) via inducing several tumor-related processes
(Shimizu et al., 1996; Nakao et al., 2005; Chattopadhyay et al.,
2021). Additionally, crosstalk between the two cytokines is
reported, where IL-18 is an upstream stimulator of IL-6 (Parikh
et al,, 2000, Nagasaki et al., 2014). A synergistic interaction was
encountered between the two ILs in a human colon cancer cell line
(Street et al., 2003) and patients with CRC (Maihdofner et al., 2003).

The role of IL6 cannot be ruled out at this time. The cytokine
may trigger the proliferation of malignant cells (Lee et al., 2003),
drug resistance (Wang, Y et al., 2010), angiogenesis (Wei et al.,
2003) and metastasis (Chang et al., 2013). Recent in-vitro studies
showed an antineoplastic effect of Diac against breast cancer cells
mediated by blocking the binding of IL-6 to its receptor (IL-6R).
This inhibition led to downregulation in several cancer-related
pathways, such as (PI3K/Akt) and rat sarcoma/rapidly accelerated
fibrosarcoma/mitogen-activated protein kinase (RAS/RAF/ MAPK)
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(Bharti et al.,, 2016; Bharti et al., 2017). Additionally, Diac was
reported to be a metabolic precursor of Rhein, an anthraquinone
compound that is extracted from Rhubarb leaves. A previous study
showed that Rhein enhances the effect of chemotherapeutic agents
and reduces adverse effects and resistance (Chai et al., 2010). Che-
mopreventative potential against various kinds of cancer viz., pul-
monary, cervical, hepatic, as well as CRC is also reported
(Henamayee et al., 2020). Further, this metabolite displays antipro-
liferative, antiangiogenic and proapoptotic potential (Yang et al.,
2019; Zhuang et al., 2019; Wang et al., 2020).

Accordingly, we evaluated possible antineoplastic effects of
Diac alone compared to 5-fluorouracil (5-FU), a standard antitumor
drug in CRC, using a 1,2-dimethylhydrazine (DMH) rat model. We
also studied the possible add-on effect of Diac to enhance the
chemosenstivity to 5-FU via targeting different oncogenic/
resistance-inducing pathways.

2. Material and methods
2.1. Chemicals

Diac was a gift from Eva Pharma Company (Cairo, Egypt), and 1,
2- DMH and 5-FU (Utoral® ampoule; 250 mg/5 ml) were purchased
from Sigma-Aldrich (MO, USA) and EIMC United Pharmaceuticals
(Cairo, Egypt), respectively.

2.2. Animals

Adult male Wistar rats (200-250 g) were supplied by the Mod-
ern Veterinary Office for Laboratory Animals (Cairo, Egypt) and
maintained on standard diet pellets purchased from El-Fagr Co.
(Alexandria, Egypt) and water ad libitum. Rats were acclimated
for two weeks before starting the experiment and were lodged in
polypropylene cages at 25 + 3 °C and kept on a 12 h light/dark cycle
with 60%-70% humidity. The investigation complied with ARRIVE
guidelines from the National Centre for the Replacement, Refine-
ment, and Reduction of Animals in Research (NC3Rs) (Kilkenny
et al, 2010) and was conducted in agreement with the EU
Directive, 2010/63/EU for animal experiments (Directive, 2010).
All procedures were approved by the Research Ethics Committee
at the Faculty of Pharmacy, Cairo University (Cairo, Egypt; PT:
2148).

2.3. Induction of CRC

DMH was freshly dissolved in saline and injected subcuta-
neously at a dose of 20 mg/kg once weekly for 15 weeks (Muthu
et al., 2013; Umesalma et al., 2014). The induction of CRC was ver-
ified by the presence of aberrant crypt foci in four colon tissues
stained with hematoxylin & eosin (H&E) 24 h after the last DMH
dose [pilot experiment; data not shown].

2.4. Experimental design and sampling

Fifty adult male rats were divided evenly among five groups.
Rats in group 1 were injected with saline to serve as control ani-
mals. Rats in the remaining four groups received DMH for
15 weeks. These animals were either left untreated as positive con-
trols or treated with 5-FU (50 mg/kg; i.p.) administered once
weekly for 7 weeks (Tao et al., 2015), Diac (50 mg/kg; p.o, daily
for 7 weeks (Gadotti et al., 2012; Refaie and El-Hussieny, 2017);
or a combination of both treatments (Fig. 1).

At the end of the experimental period and 24 h after the last
administration of Diac/5-FU, rats were fasted overnight, anes-
thetized with a thiopental overdose (200 mg/kg; i.p) and blood
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Fig. 1. Schematic illustration of the time plan. The CRC inducer DMH (20 mg/kg; S.C) was administered for 15 weeks. Treatment started on week 16 and lasted for 7 weeks,
during which Diac (50 mg/kg; p.o) was administered daily, whereas 5-FU (50 mg/kg; i.p) was injected once per week. The same regimens were used in the combination group.
Euthenization was carried out at the end of week 22. CONT: control group; CRC: colorectal cancer; Diac: Diacerein; DMH: 1, 2-dimethylhydrazine; 5-FU: 5-fluorouracil.

samples were collected by cardiac puncture. Sera were separated
and stored at —80 °C until analysis. Animals were then sacrificed
by cervical dislocation and, after laparotomy, colon tissues were
immediately resected, weighed, and lengths measured from the
ascending colon to anus. Each specimen was thoroughly inspected
for gross abnormalities. Colon specimens were cut longitudinally
into two parts along the medial axis; the 1st part was fixed in
10% neutral buffered formaldehyde solution for 1 day for
histopathological (n = 10 per group) and immunohistochemical
(n = 3 per group) assessment, while the other part was further
divided into three segments to be used for the estimation of bio-
chemical parameters using Enzyme-Linked immunosorbent assay
(ELISA), Western blotting, and polymerase chain reaction (PCR).

2.5. ELISA

2.5.1. Evaluation of serum CCSA-2, CEA, and MMP-9 levels

Carcinoembryonic antigen (CEA), colon cancer-specific antigen
(CCSA-2), and MMP-9 were estimated using the corresponding
rat MyBioSource ELISA kits (CA, USA) following the manufacturer’s
instructions.

2.5.2. Measurement of NF-kB, IL-6, VEGF, E-cadherin, GSK3-8, Bcl-2
and p-Akt

The following ELISA kits and their sources (in parentheses) were
used to assess the colon contents of NF-kB (Novus Biologicals, CO,
USA; Cat # NBP2- 29661), Bcl-2 (Novus Biologicals; Cat# NBP2-
69947), E-cadherin (PicoKine ELISA Kit; Boster Biological Technol-
ogy, CA, USA; Cat# EK1434), VEGF (MyBioSource; Cat #
MBS724516), IL-6 (Biovision, CA, USA; Cat # K4145-100), GSK3-B
(Aviva Systems Biology, CA, USA; Cat # OKEH03023) and pS473-
Akt (DRG, NJ, USA; Cat # EIA-3997) following the manufacturers,
protocols.

2.6. Quantitative real-time PCR (qRT-PCR)
Frozen colonic tissue segment (30 mg) was for the detection of

K-Ras, Nur77 and c-Myc gene expression. RNA was isolated using
the GeneJET RNA purification kit (Thermo Fisher Scientific, MA,
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USA), and the miRNeasy extraction kit (Qiagen, CA, USA) was used
to extract the total miRNA. RNA yield was determined spectropho-
tometrically at 260/280 nm using the nano drop instrument
(Thermo Fisher Scientific). K-Ras, Nur77, and c-Myc expression
was assessed with qRT-PCR using a QuantiTect reverse transcrip-
tion kit (Qiagen, MD, USA) and miR-200a assessed using Applied
Biosystems (Foster City, USA). DNA denaturation was performed
at 95 °C for 15 s, annealing at 60 °C for 30 s and further extension
occurred at 72 °C for 30 s. This cycle was repeated 40 times to sup-
port the detection of amplified DNA. Primer sequences are pro-
vided in Table 1. The housekeeping gene for K-Ras, Nur77, and c-
Myc was B-actin, and miR-200a was standardized to RNU6B. Rela-
tive quantitation (RQ) of target genes was calculated using cycle
threshold (Ct) values as: RQ =2~ 22¢ where AACt = [(Ct target gene
in Sample)-(Ct ref gene in Sample)]-[(Ct target gene in Control)-(Ct ref
gene in Control)] (Sahdev et al., 2017).

2.7. Western blotting analysis
Protein expression of NICD of Notch 1 receptor in colon tissue

was measured using western blotting. The last colon segment
was homogenized in radioimmunoprecipitation assay (RIPA) lysis

Table 1
Primer sequences.

Gene Primer sequence from 5'- 3’ Gene bank accession

symbol number

K-Ras F: AAAATGACTGAATATAAACTTGTGG XM014544259
R: CTCTATTGTTGGATCATATTCGTC

c-Myc F: AACAGGAACTATGACCTCG NM_012603.2
R: AGCAGCTCGAATTTCTTC

Nur77 F:AGGGGGAGACTATTCCATGCC NM_024388.2
R:CCAGGCCTGAGCAGAAGATGAGC

B-Actin F: ATGGATGACGATATCGCTGC NM_031144.3
R: CTTCTGACCCATACCCACCA

miR-200a F: CTGGGCCTCTGTCCCCATCT NR_031916.1
R:GATGTTCAAAGGTGACCCA (Wu et al,, 2018)

RNU6B F: AACGCTTCACGATTTGCGT XR_003710259.1

R: CTCGCTTCGGCAGCACA
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buffer with protease and phosphatase inhibitors for protein extrac-
tion and protein concentration/sample was measured using Brad-
ford Protein Assay kits (Bio Basic, Ontario, Canada; Cat# SK3041).
Proteins (20 pg) were loaded on 12% sodium dodecyl sulfate poly-
acrylamide electrophoresis gels (Bio-Rad; Cat#161-0181). After
separation, proteins were blotted onto polyvinylidene fluoride
membranes. Blocking of the membranes used Tris-buffered saline
with tween-20 (TBS-T) and 3% bovine serum albumin (BSA) at
room temperature for 1 h. The 1" antibodies, namely, mouse mon-
oclonal NICD of Notch1 receptor (Santa Cruz Biotechnology, TX,
USA; Cat#sc-373891) was diluted in TBS-T and incubated over-
night at 4 °C following the manufacturer’s instructions. The follow-
ing day, membranes were rinsed 3-5 times for 5 min with TBS-T
and incubated with horse-radish peroxidase (HRP) conjugated 2"
antibody (Novus Biologicals; Cat#NB7160) for 1 h at room temper-
ature. Washing was then repeated. Chemiluminescent Clarity™ ECL
Western blotting substrate (Bio-Rad; Cat#170-5060) was used to
visualize protein antibody complexes. Image analysis software
was used to read band intensity against B-actin (housekeeping pro-
tein) by protein normalization on the Chemidoc™ MP imager (Clinx
Scientific Instruments, Shanghai, China).

2.8. Estimation of apoptosis using transferase dUTP nick-end labeling
(TUNEL) assay DNA fragmentation

The terminal deoxynucleotidyl TUNEL assay was used for detec-
tion of DNA fragmentation, a hallmark of apoptosis. This assay used
frozen colon sections and an Apo-BrdU In Situ DNA Fragmentation
Assay Kit (BioVision; Cat# K401-60) following the manufacturer’s
instruction. The number of apoptotic cells exhibiting green fluores-
cence (TUNEL positive) is counted; and the numbers are expressed
as percentage of total cells in the sample (Sharma and Agarwal,
2011). All images were captured using a camera-based fluores-
cence microscope (Flexacam C1, Leica Microsystems Inc, IL, USA)
(200x magnification & 50 pm scale bar). Image analysis was per-
formed using Image-Pro plus version 6.0 (Media Cybernetics Inc.,
MD, USA).

2.9. Histopathological and immunohistochemical assessments

Fixed colon tissues were embedded in paraffin at 56 °C in a hot
air oven for 1 day and 4-pm tissue sections were divided into two
sets. The first set was transferred to glass slides, deparaffinized,
and stained with H&E for examination with a light microscope
(100x magnification and 100 pm scale bar). A scoring system was
adopted from Ahmed et al. (2017b) with modification. Grading
from (0-4) was used to evaluate morphological alterations
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detected in colon sections (dysplastic activity in the mucosal layer
with hyperchromachia, inflammatory reactions, and edema); 0: Nil
(0%-19%); +1: Mild (20%-39%); +2: Moderate (40%-59%), +3:
marked (60%-79%), and + 4: Severe (80%-100%).

The 2nd set was used for immunohistochemistry protein
expression of B-catenin, cyclin D1 and CD31. The sections were
prepared for antigen retrieval by adding 10 mM sodium citrate
(pH = 6) and microwaving for 15 min. Subsequently, tissues were
blocked in 3% hydrogen peroxide-methanol for 15 min at room
temperature and then washed with distilled deionized water and
phosphate buffered saline (PBS). Thermo Fisher Scientific 1Y mon-
oclonal antibodies of B-catenin (Cat#13-8400), cyclin D1
(Cat#MA5-16356) and CD31 (Cat# MA5-16337) were diluted in
3% BSA-PBS (at a dilution of 1:100 for B-catenin & cyclin D1 or
1:50 for CD31), and then incubated with the slides at 4 °C for over-
night in a humidity chamber. Thereafter, slides were incubated
with HRP conjugated 27 antibody (Agilent Dako, CA, USA;
Cat#K8000) for 30 min followed by colorimetric detection using
a 3, 3’- diaminobenzidine (DAB) kit (Thermo Fisher Scientific;
Cat# 34002). The last step before investigating the slides under a
microscope is counterstaining the slides with H stain and dehydra-
tion with ethanol and xylene. Histopathological and immunohisto-
logical examinations were performed by a pathologist who was
blinded to the origin of samples. All images were captured using
a digital microscope camera (Tucsen® ISH1000; Fuzhou, China)
and Olympus® CX21 microscope (Tokyo, Japan). Image analysis
for immunoreactivity was performed using image ] software (MA,
USA). The mean of stained area percentage was determined for
each group (400 x magnification) under the light microscope.

2.10. In-vitro study

2.10.1. Cytotoxicity assay

The tumor HCT116 cells (American Type Culture Collection;
Manassas, USA) were maintained at the National Cancer Institute
(Cairo, Egypt) by serial sub-culturing. These cells were cultured
in a 200 pl fresh medium (RPMI) and left for 24 hr then treated
with 5-FU or Diac at different concentration gradients of 31.25,
62.5, 125, 250, 500 pg/ml and 12.5, 25, 50, 100, 200 pg/ml, respec-
tively. Following, the plates were incubated for 72 hr and according
to the method of Skehan et al. (1990), sulphorhodamine-B dye was
added and incubated at room temperature for half an hour. The
optical density (0.D.) of each well was measured spectrophotomet-
rically at 570 nm with an ELISA microplate reader (Sunrise Tecan
reader, Germany). The mean background absorbance was automat-
ically subtracted and the mean value of each drug concentration
was calculated as follows.
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Fig. 2. Effect of Diac and/or 5-FU for 7 weeks on serum level of (a) CEA and (b) CCSA-2 in DMH-induced CRC in rats. Data are expressed as means + SD (n = 6 animals/group).
Statistical analysis was carried out using one-way ANOVA followed by Tukey's Multiple Comparison test; P < 0.05. As compared with (*) CONT, (¥) CRC, (®) 5-FU and (?) Diac-
treated groups. Treatments started on week 16 after DMH administration and lasted for 7 weeks, where Diac was gavaged daily and 5-FU was injected once weekly. ANOVA:
analysis of variance; CCSA-2: colon cancer specific antigen; CEA: carcino-embryonic antigen; CONT: control; CRC: colorectal cancer; Diac: Diacerein; 5-FU: 5-fluorouracil.
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Fig. 3. Effect of Diac and/or 5-FU on CRC-induced morphological alterations. Compared to section of (a) CONT group showing normal architecture, the (b) CRC section depicts
dysplasia in the epithelial cells, indicated by a decreased count of goblet cells, nuclear enlargement, pleomorphism, hyperchromachia and rise in mitotic activity. Some glands
formed cribriform pattern and invade beyond muscularis mucosa and surrounded by desmoplasia and the lamina propria between glands is infiltrated by inflammatory cells.
However, sections of (c) 5-FU, (d) Diac, and (e) 5-FU+Diac show improvement in the dysplastic changes, mostly with goblet cell restoration and epithelial cells with regular
nuclei; only very few scattered glands reveal reduced goblet cells count, slight nuclear enlargement and hyperchromachia.

Surviving fraction = 0.D.(treated cells)/0.D.(control cells),

The ICso values of 5-FU and Diac were calculated using prism
version 8 (Skehan et al., 1990). In order to obtain the ICsq value
of the combination group, cytotoxicity assay for the combination
group was performed using the ICso of Diac with different concen-
trations of 5-FU (31.25, 62.5, 125, 250, 500 pg/ml).

2.10.2. Migration and invasion assay

The wound closure assay was used to evaluate the effect of the
tested drugs on migration. In this test, a graze is made on a cell
monolayer and the ICsq values of 5-FU, Diac and their combination
(obtained from the cytotoxicity assays) were added. The tissue cul-
ture plates were then placed in an incubator set at room tempera-
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ture and 5% CO, for 72 hr. Afterwards, the media was removed
from the wells and the wells were treated with 70% ethanol and
crystal violet for cell fixation and staining, respectively as
described previously by Justus et al. (2014). The migration dis-
tance, which is the distance from one side of the wound to the
other, was quantified by taking snapshot pictures with Leica L2
inverted microscope (Leica microsystems, Wetzlar, Germany). Pic-
tures were captured at 20 x magnification and 1 mm scale bar.

3. Statistical analysis

Data are presented as means * standard deviation and statisti-
cal analysis was carried out using unpaired Student t-tests or



R.T. Abdel-Latif, W. Wadie, Y. Abdel-mottaleb et al.

T

NP

Dysplasia with hyperchromachia
scoring

A (¢} D O oL
o<

Saudi Pharmaceutical Journal 30 (2022) 72-90

_b
< 5
'S *
z _ a-
o
= £ D $
O =
58 3
- $
©
§E 2
ES D
£ 14
g é
c
- 0 T 1 T 1 T
& (CIEENY o .
N
6’

Fig. 4. The scoring of the histopathological changes detected in colon sections of the different studied groups. Panel (a) represents dysplastic activity in mucosal layer
associated with hyperchromachia, while panel (b) depicts inflammatory reaction in mucosal layer with edema. Data are presented as boxes and whiskers and expressed as
median (min-max) (n = 5/group). Statistical analysis was carried out using Kruskal-Wallis followed by Dunn’s test; Mann-Whitney test was used to analyze significance
between 2 groups; P < 0.05. As compared with (*) CONT, (#) CRC treated groups. ($) represents significant versus CRC group using Mann-Whitney test. Treatments started on
week 16 after DMH administration and lasted for 7 weeks, where Diac was gavaged daily and 5-FU was injected once weekly. CONT: control; CRC: colorectal cancer; Diac:

Diacerein; 5-FU: 5-fluorouracil.

one-way analysis of variance followed by Tukey’s post-hoc test to
compare between two or more means, respectively. For non-
parametric data, values were analyzed using Kruskal-Wallis test
followed by Dunn’s test; Mann-Whitney tests were used to ana-
lyze significant differences between two groups. Data analysis
and drawings of figures used GraphPad Prism® (GraphPad soft-
ware, CA, USA) version 6. A probability level of < 0.05 was used
as the criterion for significance.

4. Results
4.1. Diac and/or 5-FU ameliorate CRC

Serum levels of (a) CEA and (b) CCSA-2 in CRC rats exhibited
2.5- and 2.9-fold increases, respectively compared to sera from
negative control animals (Fig. 2). Treatment with Diac alone, but
not 5-FU, decreased CEA, an effect reflected in combined treat-
ment. Diac alone caused 64% inhibition, but the combination regi-
men leveled it off only by 34%. Conversely, all treatment regimens
reversed changes in the more reliable diagnostic CRC biomarker,
CCSA-2. This protein decreased after 5-FU treatment. Diac alone
and with 5-FU returned levels back to the normal range. These
findings were reflected in the histopathology results (Fig. 3). Con-
trol rats (a) exhibited normal colon mucosa formed of regularly
arranged tubular glands and crypts and lined by columnar epithe-
lial cells. The latter is characterized by luminal cytoplasmic mucus
secretion (goblet cells) and flattened/small rounded basal uniform
nuclei. The lamina propria between glands show loose connective
tissue without inflammatory infiltration. In the CRC group (b)
shows multiple scattered aberrant crypt foci with columnar
epithelial cells, loss of goblet cells, and nuclear enlargement with
prominent nucleoli, moderate nuclear pleomorphism, hyperchro-
machia, and coarse chromatin with many mitotic figures leading
to an increase in the nucleo-cytoplasmic ratio. Moreover, some
glands are fused and form cribriform patterns with invasion
beyond the muscularis mucosa and surrounding desmoplasia, indi-
cating frank carcinoma formation. Additionally, surrounding lam-
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ina propria is infiltrated by inflammatory cells, mainly
lymphocytes and plasma cells. On the contrary, treatment with
Diac, 5-FU, or their combination markedly improve dysplastic
changes, where sections of (¢) 5-FU, (d) Diac and (e) their combina-
tion induced improvement in altered morphology; most colonic
glands are lined by columnar epithelial cells with preserved goblet
cells and regular nuclei. Nonetheless, few scattered glands showed
a decrease in goblet cell count and slight enlargement of nuclei
with hyperchromachia. Scoring of histopathological changes
detected in colon sections for different treatments are provided
in Fig. 4.

4.2. Diac and/or 5-FU modulation of the IL-6/K-Ras/ NICD pathway
and miR-200a in CRC

The colon content of (a) IL-6 was notably enhanced 5.4-fold, an
effect associated with sharp upregulation (7 fold) of (b) K-Ras gene
expression, but with marked downregulation of (c) miR-200a
(Fig. 5), CRC bolstered protein expression of (d) NICD 3.3-fold com-
pared to normal controls. However, treatments variously altered
the impact of CRC; Diac and 5-FU abated assessment parameters,
only 5-FU succeeded in upregulating gene expression of miR-
200a. Notably, the combination regimen showed a better inhibi-
tion compared to either drug alone.

4.3. Diac and/or 5-FU deactivate the NF-kB cue to reduce survival,
angiogenesis, invasion, proliferation, and metastasis in CRC

DMH caused a 4.7-fold increase in the colon content of (a) NF-
kB; however, treatment with 5-FU, Diac, and 5-FU+Diac normal-
ized NF-xB compared to CRC rats (Fig. 6). Upregulated transcrip-
tion factors enhanced the content of downstream molecules,
namely, (b) Bcl-2, (c) MMP-9, and (d) VEGF, as well as (e) the gene
expression of c-Myc. Normalized NF-kB induced downregulation
in colon content of (f) the adherens junction protein, E-cadherin.
However, all treatments returned NF-kB to baseline, an effect
reflected differently for assessed oncogenic markers, where Diac
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Fig. 5. Effect of Diac and/or 5-FU for 7 weeks on colonic content of (a) IL-6, gene/protein expression of (b) K-Ras, (¢) miR-200a, and (d) NICD in DMH-induced CRC rats. Data
are expressed as means * SD (n = 6 animals/group). Statistical analysis was carried out using one-way ANOVA followed by Tukey’s Multiple Comparison test; P < 0.05. As
compared with (*) CONT, (*) CRC, (®) 5-FU and (*) Diac-treated groups. Treatments started on week 16 after DMH administration and lasted for 7 weeks, where Diac was
gavaged daily and 5-FU was injected once weekly. ANOVA: analysis of variance; CONT: control; CRC: colorectal cancer; Diac: Diacerein; 5-FU: 5-fluorouracil; IL-6:
interleukin-6; K-Ras: Kirsten rat sarcoma viral oncogene; NICD: Notch intracellular domain.

alone or when combined with 5-FU showed a better inhibitory
effect relative to that of 5-FU alone, except for VEGF. Nevertheless,
these treatments tended to increase E-cadherin to a significant
level when analyzed using the Student’s t test.

4.4. Diac and/or 5-FU increases apoptotic cell death

TUNEL assays were used to document the apoptotic effect of
tested drugs (Fig. 7) Panel (a) shows negative TUNEL cells in the
CRC sections, whereas panels (b-d) show the effects in treated ani-
mals, which displayed upregulated apoptotic cells indicated as
green fluorescence. These results are summarized in panel (e).

4.5. Diac improved the ICso of 5-FU

The cytotoxic effect of Diac and/or 5-FU are depicted in Fig. 8,
where Diac at a concentration of 14 pg/ml inhibited the growth
of 50% of the cells, whereas the ICso of 5-FU was 36 pg/ml. The
effect of Diac ICsq lessened that of 5-FU to reach 21 pg/ml instead
of 36 pg/ml.
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4.6. Diac and/or 5-FU reduces invasion and metastasis

To further verify the anti-metastatic potential of Diac and to
investigate the benefits of the add-on therapy on the anti-
metastatic effect of 5-FU, an in-vitro cell migration and invasion
assay was performed using the wound closure method. As shown
in Fig. 9 (a-f), Diac decreased cell migration more than 5-FU did,
as represented by increasing the wound width of HCT116 cells.
Interestingly, the addition of Diac to 5-FU showed a significant
reduction in cell migration verified by the wider wound space
compared to the individual drugs to almost reach normal values.

4.7. Diac and/or 5-FU reduces angiogenesis

The immunoreactivity of CD31 was assessed to further confirm
the anti-angiogenic effect of the tested drugs (Fig. 10 a-f). Section of
the (a) control group panel shows normal colonic epithelium with
normal CD31 immunoreactivity, whereas that of (b) CRC reveals
excessive CD31 protein expression in the colon mucosa and in
the newly formed blood vessels in submucosa. Meanwhile, treat-
ment with (c) 5-FU and (d) Diac depict a moderate CD31
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Fig. 6. Effect of Diac and/or 5-FU for 7 weeks on colonic/serum contents of (a) NF-kB, (b) Bcl-2, (c) MMP-9, (d) VEGF, and (f) E-cadherin, as well as gene expression of (e) c-
Myc in DMH-induced CRC rats. Data are expressed as means *+ SD (n = 6 animals/ group). Statistical analysis was carried out using one-way ANOVA followed by Tukey’s
Multiple Comparison test; P < 0.05. As compared with (*) CONT, (¥) CRC, (®) 5-FU and (*) Diac-treated groups. Symbols on the inverted brackets represent significance using
Student’s t test. Treatments started on week 16 after DMH administration and lasted for 7 weeks, where Diac was gavaged daily and 5-FU was injected once weekly. ANOVA:
analysis of variance; Bcl-2: B-cell lymphoma-2; CONT: control; CRC: colorectal cancer; Diac: Diacerein; 5-FU: 5-fluorouracil; MMP-9: matrix metalloproteinase-9; NF-kB:

nuclear factor-kappa B; VEGF: vascular endothelial growth factor.

immunoreactivity. Finally, the combination group (e) succeeded to
reduce the expression of CD31 to resemble that of the control
group. These findings were briefed in panel (f).

4.8. Diac and/or 5-FU inactivate Akt to activate downstream
molecules, Nur77 and GSK3-p, in CRC

The second pathway triggered by the upstream molecule, IL-6;
upregulated activation/phosphorylation of (a) Akt in the CRC group
about 7-fold, when compared to control rats. Activated protein
kinase was associated with inactivation of tumor protector (b)
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GSK3-B, as well as the orphan nuclear receptor (¢) Nur77. These
effects were significantly reversed by the administration of either
drug alone, while the best effect was seen in rats treated with
the drug combination, which normalized both p-Akt and GSK3-B
and upregulated Nur77 above controls (Fig. 11).

4.9. Diac and/or 5-FU inhibited immunoreactivity of p-catenin and
cyclin D1 in CRC

DMH-induced CRC noticeably enhanced the immunoreactivity
of GSK3-B-target molecule B-catenin (Fig. 12 a-f), and cyclin D1
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Fig. 7. Effect of Diac and/or 5-FU for 7 weeks on the count of TUNEL positive cells (apoptotic cells) in DMH-induced CRC rats. Section of (a) CRC depicts negative TUNEL cells,
while those of (b) 5-FU, (c) Diac and (d) 5-FU+Diac treated groups reveal positive TUNEL cells. These data are summarized in panel (e), where the number of TUNEL positive
cells is expressed as percentage of total count of sample. Values are expressed as means of TUNEL positive cells percentage + SD (n = 6 animals/group) and analyzed using one-
way ANOVA followed by Tukey’s Multiple Comparison test; P < 0.05. As compared with (¥) CRC, (®) 5-FU and (®) Diac treated groups. Treatments started on week 16 after
DMH administration and lasted for 7 weeks, where Diac was gavaged daily and 5-FU was injected once weekly. ANOVA: analysis of variance; CRC: colorectal cancer; Diac:
Diacerein; 5-FU: 5-fluorouracil. TUNEL: Terminal deoxynucleotidyl transferase dUTP nick-end labeling.

(Fig. 13 a-f). Treatment with 5-FU, Diac, and 5-FU+Diac amelio- FU+Diac were superior to 5-FU single regimen on B-catenin; for
rated CRC effects and inhibited B-catenin and cyclin D1 cyclin D1, the effect of the combination regimen was superior to
immunoreactivity. Notably, the effects of both Diac alone and 5- either drug alone.
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Fig. 8. Cell surviving fractions were determined at varying concentrations of (a) 5-FU, (b) Diac and (c) 5-FU+Diac using HCT116 cells after incubation for 72 h. Diac: Diacerein;

5-FU: 5-fluorouracil; HCT116: human colorectal carcinoma cell line.

5. Discussion

The present research shows for the first time in-vivo antineo-
plastic properties of Diac alone compared with a standard antitu-
mor drug, 5-FU, in a rat model of CRC. Diac and 5-FU ameliorated
tumor progression via inhibition of angiogenesis, proliferation,
and metastasis, while promoting apoptosis. These effects were fur-
ther documented by an increase in morphological indices. Such
effects can be a consequence of downregulation of IL-6 and its
downstream factors; viz., K-Ras/NICD/NF-xB p65/Bcl-2, MMP-9,
and Akt/GSK3-B/B-catenin, long with common target molecules
VEGF, c-Myc, and cyclin D1. Additionally, 5-FU alone upregulated
gene expression of miR-200a, while the two drugs, as well as their
combination, succeeded in upregulating gene expression of Nur77
(Fig. 14).

The antitumor effect of Diac, the first focus of our work, showed
effects on several oncogenic targets. Diac and/5-FU significantly
reduced serum levels of the diagnostic tumor marker, CCSA, with
reference to CRC rats. Meanwhile, serum levels of CEA dropped
in rats treated with Diac alone or in combination with 5-FU. Ani-
mals treated with 5-FU alone showed no statistically significant
changes compared to CRC controls. Inconsistent results were
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reported, CEA is reported as overexpressed after exposure of colon
cancer cells to 5-FU (Aquino et al., 2000; Prete et al., 2008; Tao
et al., 2015), but is also reported to decrease 5-FU levels of this
marker (Lee et al., 2016; Ahmed et al., 2017a). This discrepancy
highlights the low specificity and sensitivity CEA serum test as a
diagnostic and prognostic marker for CRC patients. Conversely,
CCSA-2 shows more consistent results and is more sensitive (Xue
et al.,, 2014).

Notably, inflammation is an intricate part of CRC tumorigenesis.
Tumor cells secrete a variety of inflammatory molecules, including
cytokines, in their microenvironment that drive tumor progression
(Setrerrahmane and Xu, 2017). Cytokine IL-6 induces cancer prolif-
eration(Lee et al., 2003), survival (Liu et al., 2010), resistance to
chemotherapy (Wang, Y et al., 2010), epithelial mesenchymal tran-
sition (EMT) (Sullivan et al., 2009), angiogenesis (Wei et al., 2003),
invasion, and metastasis (Chang et al., 2013). IL-6 binding to its
receptor activates glycoprotein 130 (gp130) to promote several
oncogenic pathways, such as RAS/MAPK and PI3K/Akt(Hideshima
et al., 2001; Cavarretta et al., 2007). Accordingly, our study high-
lights the possible impact of Diac alone and with 5-FU on the IL-
6 downstream factors.
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Fig. 9. Representative wound closure photos of HCT116 cells after 72 h. (a) untreated HCT116 cells at 0 h, (b) untreated HCT116 cells at 72 h, (c) treated with IC50 of 5-FU (d)
treated with IC50 of Diac (E) treated with IC50 of 5-FU+Diac. The wound width was measured in pm. Pictures were captured at 20 x magnification and 1 mm scale bar. Panel
(f) represents the average of the migration distance, where data are illustrated as means + SD and analyzed using one-way ANOVA followed by Tukey’s Multiple Comparison
test; P < 0.05. As compared with (*) HCT116-Ohr, (#)HCT116-72 hr, (@) 5-FU and (¢) Diac-treated groups. ANOVA: analysis of variance; Diac: Diacerein; 5-FU: 5-fluorouracil;

HCT116:human colorectal carcinoma cell line.

K-Ras is part of the RAS/MAPK pathway that acts as a switch for
signal transmission, including the Notch gene. Notably, K-Ras is
synergistic with the Notch pathway (De La O et al., 2008; De La
O and Murtaugh, 2009 and enhances the expression of Notch -1
via p38MAPK (Wang et al., 2008). This pathway is the first hinge
for Diac-mediated effects. Diac and/or 5-FU inhibit IL-6, K-Ras, v-
secretase, and NICD of the Notch-1 receptor. Additionally, miR-
200a likely cross talks with K-Ras/Notch axis. K-Ras downregulates
miR-200a and the latter abates the Notch pathway (Wang, Z et al,,
2010a), however, this process was confirmed for 5-FU exposure
only. miR-200a was upregulated by 5-FU, but not by Diac, a finding
that suggests that K-Ras is not the sole regulator of miR-200a.

Following the release of NICD from the Notch receptor, it is
translocated to activate transcription factor NF-xB (Harbuzariu
et al., 2018) and its target genes. These genes have a critical role
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in tumorigenesis. These genes are hallmarks of cancer progression,
including cell growth, proliferation, anti-apoptosis, angiogenesis,
EMT, and inflammation (Aggarwal, 2004; Karin, 2006; Naugler
and Karin, 2008; Zhao et al., 2015). Both Diac and 5-FU inhibited
protein expression of NICD and colon content of NF-kB. This activ-
ity caused a decrease in target molecules, namely c-Myc (La Rosa
et al, 1994; Rayet and Gelinas, 1999), cyclin D1(Cusack et al.,
2000), Bcl-2 (Karin et al., 2002), and MMP-9 (Rangaswami et al.,
2004), as well as VEGF (Ping et al., 2015). These results shed light
on the possible anticancer effects of Diac. Previous studies reported
a reduction in Notch-1 signaling and NF-kB activity (Wang et al,,
2006) and, hence, tumorigenesis (Zeng et al., 2005; Maniati et al.,
2011; Wang et al., 2015).

The epithelial marker E-cadherin is a critical marker for pre-
venting EMT and hindering cellular movement, invasion, cell sur-
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Fig. 10. Effect of Diac and/or 5-FU for 7 weeks on the colonic CD31 immuno-histochemical staining in DMH-induced CRC rats. Section of (a) CONT shows normal colonic
epithelium with normal expression of CD31, whereas section of (b) CRC reveals excessive CD31 immunoreactivity in colon mucosa and in newly formed blood vessels in the
submucosa. Sections of (c) 5-FU and (d) Diac treated groups show moderate CD31 immunoreactivity, while that of (e) 5-FU+Diac shows subtle CD31immunoreactivity. Panel
(f) represents % of stained area, where data are illustrated as means + SD (n = 6 animals/group) and analyzed using one-way ANOVA followed by Tukey’s Multiple Comparison
test; P < 0.05. As compared with (*) CONT, (#) CRC, (@) 5-FU and (¢) Diac-treated groups. Treatments started on week 16 after DMH administration and lasted for 7 weeks,
where Diac was gavaged daily and 5-FU was injected once weekly. ANOVA: analysis of variance; CD31: cluster of differentiation 31; CONT: control; CRC: colorectal cancer;

Diac: Diacerein; 5-FU: 5-fluorouracil.

vival and metastasis (Mittal, 2018). Tested drugs in our work
upregulated E-cadherin to improve cell-cell adherence and impair
cellular metastasis. These findings concur with earlier studies,
where Diac upregulates E-cadherin in-vitro study using a breast
cell line (Bharti et al.,, 2018). Again, the inhibitory effect of Diac
on NF-kB expression is one possible reason for increased E-
cadherin. The expression of E-cadherin is regulated by various sig-
naling molecules, including NF-xB (De Craene and Berx, 2013;
Lamouille et al.,, 2014). However, to the best of our knowledge,
the effects of 5-FU on E-cadherin has not been previously reported.

Another molecule that fosters metastasis is the oncogenic mar-
ker, MMP-9. This factor is also a downstream molecule of NF-xB
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(Ping et al., 2015) and is considered as a target gene of Notch
(Wang et al., 2008). This marker plays a vital role in cell migration,
invasion, and metastasis through hydrolysis of extracellular matrix
collagen and mediation of extracellular matrix reshaping (Huang,
2018). Serum levels of MMP-9 in our experiment were markedly
diminished in rats treated with Diac, 5-FU or their combination.,
a finding consistent with a previous study on breast cancer cells
(Bharti et al., 2018) and that might partly explain its anti-
metastatic effect.

Additionally, the two drugs and their combination leveled off
the colon content of VEGF, another target molecule of NF-xB
(Wang et al., 2006; Ping et al., 2015). VEGF exhibits a pleiotropic
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Fig. 11. Effect of Diac and/or 5-FU for 7 weeks on protein content of (a) p-Akt, (b) GSK3-p and gene expression of (c) Nur77 in DMH-induced CRC rats. Data are expressed as
means * SD (n = 6 animals/group). Statistical analysis was carried out using one-way ANOVA followed by Tukey’s Multiple Comparison test; P < 0.05. As compared with (*)
CONT, (*) CRC, (®) 5-FU and (%) Diac-treated groups. Treatments started on week 16 after DMH administration and lasted for 7 weeks, where Diac was gavaged daily and 5-FU
was injected once weekly. ANOVA: analysis of variance; CONT: control; CRC: colorectal cancer; Diac: Diacerein; 5-FU: 5-fluorouracil; GSK3-p: glycogen synthase kinase 3-p;

p-Akt: phosphorylated protein kinase B.

role in tumor progression, including metastasis (Qiu et al., 2016)
and angiogenesis (Goel and Mercurio, 2013). VEGF is a critical fac-
tor in the release of MMP-2 and MMP-9 from tumor cells. This
release leads to the degradation of collagen allowing subsequent
metastases (Munaut et al., 2003). Moreover, this angiogenic factor
is released from tumor cells to endothelial cells. It binds to its
receptor and initiates mitosis and consequently angiogenesis
(Marti, 2003). Moreover, initiation of angiogenesis can be linked
to Notch signaling that enhances the expression of Jagged 1 that
binds to the endothelial Notch receptor to trigger angiogenesis(Li
and Harris, 2005). This process supports tumor growth, migration,
invasion, and metastases of the tumor cells. Hence, inhibiting this
marker may help further explain their anti-metastatic and anti-
angiogenesis properties. Moreover, the anti-angiogenic potential
of our tested drugs was reinforced by immunohistochemistry anal-
ysis of CD31 and their anti-metastatic potential was supported by
in-vitro functional metastasis assay.

Additionally, cyclin D1 and c-Myc are other downstream targets
of NF-kB and mediate important processes in cancer cell prolifera-
tion and the progression through the cancer cell cycle (Baldin et al.,
1993; Dang, 2012). Cyclin D1 forms a complex with cyclin-
dependent kinase enzymes (CDKs that leads to the transition of
the cell cycle from G1 phase to S phase (Dong et al., 2018). Further,
c-Myc stimulates cyclins and CDKs, and downregulates levels or
blocks the activity of cell cycle inhibitors, such as of p15, p21,
and p27(Garcia-Gutiérrez et al., 2019). The current study first doc-
umented the ability of Diac to counteract these molecules to fur-
ther support anti-proliferative and antitumor potential. Further,
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Diac, similar to 5-FU, enhanced cell death by downregulating the
anti-apoptotic marker Bcl-2 as reported in a breast cancer cell line
(Bharti et al., 2016). Diac thus acted via turning off IL-6/gp130/
Janus kinase 2 (JAK2)/signal transduction and activator of tran-
scription 3 (STAT3) pathways, another cascade to the activated
IL-6. The cytotoxic assay further confirmed the ability of the tested
drugs to inhibit the growth of the CRC cells.

Our study highlights the modulatory effect of Diac on another
IL-6-associated carcinogenic pathway; viz, the Akt/GSK3-B/p-
catenin cascade. Treatment with Diac, 5-FU, or their combination
discernibly lowered protein content of p-Akt when compared to
CRC rats. This effect is consistent with the previous work of
Bharti et al. (2016). IL-6-mediated phosphorylation of gp130 was
reported to activate PI3K with the subsequent phosphorylation/ac-
tivation of Akt (Hideshima et al., 2001). In turn, GSK3-B is phospho-
rylated/inactivated (Dey et al., 2015) to stabilize and translocate B-
catenin to the nucleus (Silva-Garcia et al., 2019). These findings
support the current results recorded for Diac and/or 5-FU treated
rats that showed an increase in the non-phosphorylated/active
form of GSK3- B, along with a decrease in its upstream factor, p-
Akt, and downstream B-catenin. The latter molecule, as well as
NF-kB p65 represent crosstalk points of the two IL-6 cascades;
viz., the IL-6/K-Ras/NICD/NF-kB p65 and IL-6/Akt/GSK3-B/B-cate
nin signaling pathways. This concept can be confirmed by the abil-
ity of B-catenin to enhance the transcription of its target genes; viz.,
VEGF, c-Myc and cyclin D1(Agarwal et al., 2005; Sanjari et al.,
2020); molecules that are also the target of their upstream regula-
tor NF-xB, as discussed above.
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Fig. 12. Effect of Diac and/or 5-FU for 7 weeks on the colonic pB-catenin immuno-histochemical staining in DMH-induced CRC rats. Section of (a) CONT shows normal colonic
epithelium of B-catenin expressed in the membrane and cytoplasm, whereas section of (b) CRC reveals excessive p-catenin immunoreactivity. Section of (c) 5-FU treated
group shows moderate p-catenin immunoreactivity, while those of (d) Diac and (e) 5-FU+Diac show normal p-catenin immunoreactivity. Panel (f) represents % of stained
area, where data are illustrated as means + SD (n = 6 animals/group) and analyzed using one-way ANOVA followed by Tukey’s Multiple Comparison test; P < 0.05. As
compared with (*) CONT, (*) CRC and (®) 5-FU treated groups. Treatments started on week 16 after DMH administration and lasted for 7 weeks, where Diac was gavaged daily
and 5-FU was injected once weekly. ANOVA: analysis of variance; CONT: control; CRC: colorectal cancer; Diac: Diacerein; 5-FU: 5-fluorouracil.

Additionally, previous studies indicate that activation of Akt
enhances anti-apoptotic marker Bcl-2 expression (Dey et al.,
2015). Hence, the current apoptotic potential of Diac could be
mediated by inhibition of Bcl-2, which represents a meeting point
of the two pathways. Bcl-2 is a downstream molecule of both NF-
kB and p-Akt.

Another explanation for the Diac-mediated inhibition of Bcl-2 is
upregulated Nur77 (NR4A1 or TR3), an orphan nuclear receptor
family that plays a crucial role in colon cancer. The nuclear export
of Nur77 initiates apoptosis through targeting mitochondria. This
factor binds to anti-apoptotic Bcl-2 forming a pro-apoptotic com-
plex(Cho et al., 2008; Hu et al., 2019). The mRNA level of Nur77
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in our study was appreciably amplified by Diac and/or 5-FU thus
enhancing apoptotic processes.

The PI3K/Akt pathway is reported to increase NF-xB, as p-Akt
induces IkB kinase (IKK) to activate the p65 subunit of NF-xB
(Agarwal et al., 2005). Further, GSK3 represses RAS via phosphory-
lation at its C-terminus leading to its degradation (Ahn et al., 2017).
The RAS pathway induces the PI3K/Akt axis (Lee and Gilliland,
2008). Additionally, activation of the Notch pathway induces
PI3K/Akt and vice versa (Gutierrez and Look, 2007), an interaction
confirmed when blocking of Notch-1 decreased phosphorylation
of Akt and promoted its inactivation (Wang, Z et al., 2010b). More-
over, the impact of Nur77 cannot be ruled out. Cytosolic Nur77



R.T. Abdel-Latif, W. Wadie, Y. Abdel-mottaleb et al.

Saudi Pharmaceutical Journal 30 (2022) 72-90

g o
E *
T 4
£ *# * #
% 30 - t#@’
]
= 207
b+

-
C 10
¢

' 9] N

g & ¢ o g\).0“5'

Fig. 13. Effect of Diac and/or 5-FU for 7 weeks on the colonic cyclin D1 immuno-histochemical staining in DMH-induced CRC rats. Panel (a) of CONT group reveals normal
colonic epithelium of cyclin D1expressed in the membrane and cytoplasm, while excessive cyclin D1 immunoreactivity is detected in panel (b) of CRC group. Sections from (c)
5-FU and (d) Diac treated groups display moderate cyclin D1 immunoreactivity, effect that is more prominent in the combined (e) 5-FU+Diac regimen. Panel (f) represents %
of stained area, where data are illustrated as means + SD (n = 6 animals/group) and analyzed using one-way ANOVA followed by Tukey's Multiple Comparison test; P < 0.05.
As compared with (*) CONT, (¥) CRC and (®) 5-FU treated groups. Treatments started on week 16 after DMH administration and lasted for 7 weeks, where Diac was gavaged
daily and 5-FU was injected once weekly. ANOVA: analysis of variance; CONT: control; CRC: colorectal cancer; Diac: Diacerein; 5-FU: 5-fluorouracil.

suppresses B-catenin via enhancing its proteasomal degradation
through activating GSK3- (Sun et al., 2012). Moreover, a previous
study reported that p-Akt inhibits Nur77 expression through phos-
phorylation at serine 350 (Pekarsky et al., 2001). Accordingly, the
crosstalk between assessed pathways can explain the present
effects of Diac and 5-FU.

Diac is known to act by inhibiting IL-6, which enhances 5-FU
resistance (Li, S et al., 2018), but the inhibition of this cytokine
did not differ among the three treatment regimens. Thus, we
searched for other mechanisms to explain the improved
chemosensitivity to 5-FU seen after combined treatment - the sec-
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ond goal of our study. Possibly, the combination of Diac to 5-FU
augmented the inhibitory effect of 5-FU on the K-Ras oncogene
and its downstream molecule, NICD. Jiang et al. (2004) showed
that K-Ras enhances chemoresistance to 5-FU mediated apoptosis.
Further, Li D.D. et al. (2018) reported that inhibition of Notch sig-
naling chemosensitizer CRC cells to 5-FU. These results support
our findings. Additionally, the inhibitory effect of the combination
of drugs on MMP-9, a downstream molecule of Notch
(Ranganathan et al., 2011), superseded that of 5-FU alone. Notably,
inhibition of MMP-9 shares a pivotal role in the response of cancer
cells to chemotherapy (Laios et al., 2013).
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Fig. 14. Schematic presentation of diacerin antineoplastic effect. Diac: Diacerein; IL-6: interleukin-6; K-Ras: Kirsten rat sarcoma viral oncogene; NICD: Notch intracellular
domain; MMP-9: matrix metalloproteinase-9; NF-kB: nuclear factor-kappa B; VEGF: vascular endothelial growth factor; GSK3-B: glycogen synthase kinase 3-B; p-Akt:

phosphorylated protein kinase B.

Another Notch downstream molecule is transcription factor,
NF-kB, that was reduced by the three treatment regimens in a
comparable fashion. Despite the role of NF-xB in the development
of 5-FU resistance (Nakanishi and Toi, 2005; Yang et al., 2020), the
combination of drugs produced no greater effect than 5-FU alone.
Adding Diac to 5-FU enhanced the suppressive effect of 5-FU on
NF-kB downstream oncogenic proteins. These molecules, with
known involvement in chemoresistance, are c-Myc (Kugimiya
et al., 2015; Wang et al.,, 2016) and cyclin D1(Xia et al., 2017).
Hence, other upstream molecules in the GSK3-B/p-catenin path-
way (Bertrand et al., 2012; Nusse and Clevers, 2017) are docu-
mented for involvement in 5-FU chemoresistance (Zheng et al.,
2010; Blondy et al., 2020).

This concept is supported here by the further suppression of c-
Myc and cyclin D1 after combined treatment compared to 5-FU
monotherapy. Ample evidence supports the chemoresistance
potential of the GSK3-B/B-catenin axis (Zheng et al., 2010; Blondy
et al., 2020). Suppression of GSK3-B stimulates thymidylate syn-
thase, the ultimate enzyme in 5-FU metabolism, and enhances B-
catenin and Bcl-2 to promote CRC cell survival. Moreover, the
anti-apoptotic marker Bcl-2 impedes the intrinsic apoptotic path-
way (Nie et al.,, 2012; Wu et al., 2015), where it hampers the
release of cytochrome ¢ from mitochondria and consequently inhi-
bits the activation of caspase 3 (Yang et al., 1997). Thus, the ability
of combined treatment to upregulate GSK3-p and inhibit B-catenin
and Bcl-2, as well as their downstream molecules, c-Myc and cyclin
D1, indicate that the effects of 5-FU alone can support the synergis-
tic effect of Diac in combination therapy.

Conversely, Nur77 abolishes the anti-apoptotic effect induced
by Bcl-2. After mitochondrial translocation, Nur77 interacts with
Bcl-2 and reverses its effect (Moll et al., 2006; Zhang, 2007), thus
increasing chemosensitivity (Chen et al., 2019). Similarly, our
results show that combination treatment upregulated Nur77 gene
expression over that mediated by 5-FU monotherapy, a finding
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that supports the beneficial effect of add-on therapy with Diac.
The latter drug may counteract chemoresistance by modulating
the Nur77/Bcl-2 axis.

Our results also showed that K-Ras can organize another onco-
genic pathway implicated in chemoresistance, namely, PI3K/p-Akt
(Peyssonnaux et al., 2000; Li et al., 2020). The latter hub is reported
to enhance resistance to 5-FU in the breast cancer cells (McCubrey
et al.,, 2006) and CRC cells (Liu et al., 2017; Li et al., 2020). The addi-
tion of Diac to 5-FU in our study enhanced the inhibitory effect of
5-FU on the K-Ras/p-Akt pathway to offer another possible mech-
anism for the improved effect of 5-FU.

Overall, one can postulate that the combination of Diac with 5-
FU may overcome the chemoresistance of CRC to 5-FU via targeting
various interacting pathways. These pathways include K-Ras/
Notch/MMP-9, GSK-3B/B-catenin/Bcl-2/c-Myc & cyclin D-1,
Nur77/Bcl-2 and K-Ras/PI3K/Akt.

6. Conclusion

Our work highlights the antineoplastic potential of Diac to
improve CRC treatment via inhibiting IL-6 and its downstream
oncogenic cascade; viz, K-Ras/ NICD/NF-kB and Akt/GSK3-B/p-
catenin. These pathways intermingle to curb known tumor mark-
ers, VEGF, c-Myc, cyclin D1, Bcl-2, and MMP-9. The possible role
of E-cadherin and Nur77 is also highlighted. Moreover, the present
findings demonstrate a beneficial use of Diac as an add-on therapy
to increase chemosensitivity to 5-FU and consequently decrease 5-
FU dose and side effects. Clinical use will require further studies.

7. Limitations of the study

Target molecules were assessed by single techniques and the
CRC metastasis should be documented by examining other organs.
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