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Abstract

Background: Colorectal cancer (CRC) is one of the most fatal malignant neoplasms
around the world. Artemisinin (ART) displays broad anticancer properties with some draw-
backs. Therefore, we tried to enhance the anticancer efficacy of ART by loading it into poly-
lactic acid nanoparticles (ART-PLA NPs) and investigated its ameliorative effect against 1.2
N,N-dimethylhydrazine (DMH) induced CRC through targeting wnt/B-catenin and NF-kB
pathways.

Methods: Sixty male rats were allocated into six groups: control, ART, ART-PLA NPs,
DMH, DMH+ART and DMH + ART-PLA NPs. Rats were administered 7 mg/kg /bw

of ART and ART-PLA NPs daily for 24 weeks and 40 mg/kg bw, i.p of DMH once a week
for successive 12 weeks.

Results: ART and ART-PLA NPs significantly decreased carcinoembryonic antigen (CEA)
serum concentration, inhibit NF-kB pathways through mitigation of the proinflammatory
cytokines TNF-q, IL-1(3, and NF-kB-p65, and enhanced the anti-inflammatory cytokine IL-10
colonic levels. The histopathological study of DMH group revealed moderate to severe
dysplasia, different types of adenoma and adenocarcinoma with reduced colonic mucous
secretion and increased fibrous tissue deposition. ART-PLA NPs treatment was more power-
ful than ART as indicated by fewer and smaller colorectal tumors, higher mucous secretion
and mild fibrous tissue deposition. DMH treatment upregulated S-catenin gene expression
in the colonic mucosa. Surprisingly, B-catenin mRNA level appeared significantly lower

in DMH+ART and DMH+ART-PLA NPs groups than DMH group, with a more pronounced
decline in the ART-PLA NPs group. While, adenomatous polyposis coli (APC) gene expres-
sion was significantly downregulated in DMH group than other groups, and its expres-

sion appeared potentiated by DMH+ART and DMH +ART-PLA NPs treatments. Moreover,
the gene expression findings were confirmed by western blot analysis of -catenin and APC
protein expression that recorded the same expression pattern.
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Conclusion: This study suggests ART-PLA NPs attenuated cancer cell proliferation
via targeting wnt/B-catenin and NF-kB pathways than free ART. Thus it should be con-
sidered when formulating prophylactic and therapeutic strategies for CRC.

Keywords: Colorectal cancer, 1,2 NN dimethylhydrazine, ART, ART-PLA NPs

Introduction

Colorectal cancer (CRC) is ranked as the third most common malignant neoplasm and the
second leading cause of death around the world, accounting for 600,000 deaths annually
(Sharma et al. 2017; Dekker et al. 2019). By 2030, it is predicted that the worldwide mor-
bidity rate will rise to 1.1 million (Sung et al. 2021). The spread and advancement of CRC
are thought to be significantly influenced by a number of predisposing variables, includ-
ing dietary and lifestyle habits, family history, chronic inflammation, microbial exposure
and changed gut microbiota (Cunningham 2010; Brenner and Chen 2018; Dekker et al.
2019). A variety of genetic and epigenetic alterations occur during the process of colon
carcinogenesis giving the tumor cells the ability to proliferate their progeny (Nguyen et al.
2020). The colon carcinogenesis is a multistep process that can be progressed from dys-
plastic lesions, adenomas, to adenocarcinomas (Idikio 2011). Colon epithelial cell dyspla-
sia represents the early preneoplastic histological alterations of colon cancer which may be
low or high grade dysplasia. Also defined as any changes in the structure and cytology of
the epithelium that make an organ more vulnerable to the development of cancer (Boivin
et al. 2003). Adenomas are restricted to the mucosal layer and can be classified as mild,
moderate, or severe depending on the degree of dysplasia, the complexity degree of glan-
dular or villous structures, the nuclear morphology and the extent of stratification (Cerar
et al. 2004). While malignant lesions, known as adenocarcinomas can invade the submu-
cosa after passing through the muscularis mucosa (Hong 2014). There are many subtypes
of CRC according to WHO histological classification (Nagtegaal et al. 2019). CRC may be
medullary, mucinous, signet ring cell, adenosquamous, cribriform comedo-type, micro-
papillary, serrated or spindle cell type (Fleming et al. 2012). CRC results from mutations
affecting the tumor suppressor genes, oncogenes, and genes responsible for DNA repair
mechanisms (Mdrmol et al. 2017; Nojadeh et al. 2018). Leading to change in about 500
gene products that affect various cell functions and control several signalling pathways.
These products include transcription factors, growth factors and their receptors, proap-
optotic and proapoptotic proteins, inflammatory cytokines and enzymes beside tumor
suppressors (Aggarwal et al. 2013). Moreover, there are many signalling pathways dys-
regulated during colon carcinogenesis such as Wnt/B-catenin and nuclear factor kappa
B (NF-kB) and other implicate in proliferation, survival and self-renewal features of the
malignant cells (Silva et al. 2021). As a result CRC could be further classified into three dif-
ferent types according to the mutation origin to Sporadic 70%, familial 25% and inherited
CRC 5% of recorded CRC cases (Alzahrani et al. 2021).

Due to the similarity between the pathogenesis of colorectal cancer in rats and
humans, 1,2-dimethylhydrazine (DMH), a powerful carcinogen, is frequently
employed to induce colorectal cancer (Perse and Cerar 2005). DMH and its derivative,
azoxymethane (AOM), convert to their final reactive product called methylazoxym-
ethanol (MAM). MAM is metabolized in the liver and gives methyldiazonium ions
that induce macromolecules alkylation. Then, they reach the colon by bile, where they
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cause oxidative stress and further DNA alkylation leading to gene mutation and carci-
nogenic metabolites (Keshavarz et al. 2011; Sadik 2013).

Artemisinin is an extract of a Chinese herb called Artemisia annua, also called Qinghao
or Sweet worm wood (Badshah et al. 2018; Talman et al. 2019). ART and its derivatives
including dihydroartemisinin, arteether, artemether and artesunate were widely used as
anti-malarial drugs (Ashley and White 2005). In addition to their anti-malarial activi-
ties, they have anti-parasitic (Lam et al. 2018), antimicrobial (Appalasamy et al. 2014),
antiviral (Roy et al. 2015) and anticancer activities (Aderibigbe 2017; Efferth 2017; Zhang
et al. 2018). ART still has some drawbacks, including poor solubility in water and oil,
low bioavailability, initial burst effect in vivo that identified by high peak plasma con-
centrations and accelerated metabolism (Chen et al. 2009; Zeng et al. 2023). Therefore,
development of carriers that could improve ART pharmacokinetic properties is essential
for effective therapy (Allen and Cullis 2004). Currently, nanosize drug delivery devices
are significant components of modern medicine with a wide range of therapeutic uses
due to their capacity to modify pharmacokinetics and biodistribution of the drugs (Bilia
et al. 2017). Polylactic acid (PLA) is a potent biodegradable polymer used for nanoparti-
cles development. PLAnanoparticles interact with host cells in a way that is appropriate
and are not harmful to human biology. In addition, PLA nanoparticles took the approval
of Food and Drug Administration (FDA) as it did not revealed any cytotoxic effect on dif-
ferent cell lines (Feng et al. 2019). Moreover, it has promising tensile strength and good
release capacity providing suitable time span before the degradation reactions (Casalini
et al. 2019). It has extended surface area, high drug loading capacity, ligand functionaliza-
tion feasibility, stable storage, and flexibility in management strategies (Feng 2004; Fattahi
et al. 2019; Xu et al. 2020; Buabeid et al. 2020). PLA nanoparticles was used as a nano-
carrier for enhancement of many herbal drugs as catechin and curcumin or anti-cancer
remedy as oxorubicin, docetaxel, paclitaxel, irinotecan and 5-fluorouracil. It provided
suitable encapsulation efficiency and good loading capacity in various studies operated
on many cancer cell lines and animal models for treatment of CRC, breast cancer, liver
cancer, leukemia, glioma, prostate, pancreatic, osteosarcoma and ovarian cancer (Fat-
tahi and Zamani 2022). Interestingly, PLAnanoparticles can undergo passive targeting of
the malignant tissue and provides sustainable release leads to improving tumor-specific
delivery efficacy. It can enter the cells by endocytosis and escape from the leaky, defective
blood vessels and defective lymphatic drainage by “enhanced permeation and retention”
mechanism so they could accumulate in the solid tumors (Brannon-Peppas and Blan-
chette 2004; Yallapu et al. 2010; Maeda et al. 2013). Thus, PLAnanoparticles are consid-
ered good applicable carriers for delivery of the anti-cancer drugs (Mishra et al. 2010). As
a result, this study aims to investigate anticancer efficacy of ART by loading it into poly-
lactic acid nanoparticles and its ameliorative effect against 1.2 N,N-dimethylhydrazine
(DMH)-induced colorectal cancer through targeting wnt/f-catenin and NF-«kB pathways.

Materials and methods

Animals

Sixty six-week-old adult male albino rats weighing 130—-140 g were obtained from the
Medical Experimental Research Center (MERC) animal house in Faculty of Medicine,
Mansoura University. The rats were accommodated for 1 week before the start of the
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experiment in the Faculty of Veterinary Medicine animal room, Mansoura University,
Egypt. The temperature and relative humidity conditions were adjusted to 22+2 °C
and 50 + 5%, respectively, with a 12-h light-dark cycle. A clean, balanced pellet diet
was provided with fresh tap water ad libitum.

Chemicals

1.2 N,N-dimethylhydrazine (DMH) was obtained from Sigma—Aldrich Chemical Com-
pany (Spruce St. Saint Louis, MO, United States, D161802). Artemisinin extract pow-
der, purity (approximately 99%), purchased from Xi'an Longze Biotechnology Co., LTD,
China. polylactic acid purchased from NatureWorks LLC (Mw; 199,590 Da, Nature-
Works® IngeoTM 2002D), acetone, dichloromethane (DCM) and polyvinyl alcohol
(PLA) (Mw; 1,15,000 Da) obtained from Loba Chemie, Mumbai, India. Rat Enzyme-
Linked Immunosorbent Assay (ELISA) Kit for Tumor Necrosis Factor-a (TNF-a) (Cat.
No. E0764Ra), Interleukin 1 beta (IL-1p) (Cat. No. EO119Ra) and Interleukin 10 (IL-10)
(Cat. No. E0108Ra) were purchased from Bioassay technology laboratory (Shanghai
Korain Biotech Co Ltd). Nuclear factor kappa B (NF-kB-p65) (Cat. No. E-EL-R0674) and
Carcinoembryonic Antigen (CEA) (Cat. No. E-EL-R0150) were purchased from Elabsci-
ence® (USA). cDNA synthesis kit (SensiFAST" cDNA Synthesis Kit, Catalog number:
BIO-65053) and SYBR Green Master Mix (2 SensiFast" SYBR) were purchased from
Bioline (USA). For western blot analysis, we purchased APC (F-3): SC-9998 (Santa Cruz
Biotechnology, Inc.) antibody and B-Catenin Antibody (#9562) (Cell Signaling Technol-
ogy, USA).

Preparation of ART-loaded PLA NPs

PLA nanoparticles were prepared through the single-emulsion solvent evaporation
technique with slight modifications (Reis et al. 2006). In brief, an aqueous solution
of PVA (1%, w/v) was prepared by heating the required concentration at 90 °C until it
was completely dissolved and then cooled at room temperature. Afterwards, 150 mg
of PLA was dissolved in organic solvents (4 mL DCM and 1 mL acetone) then 50 mg
ART was added to the same volume. This mixture was carefully added to 30 mL of the
previously prepared PVA solution and emulsified using a probe sonicator at 20 kHz
for 5 min (Q500, Qsonica, Newtown, USA). Next, the organic solvent was evaporated
with a rotatory evaporator at 37 °C for 40 min (Biichi R-205, Essen, Germany). Then
the mixture subjected to centrifugation at (10,000 rpm for 30 min), washed twice for
removal of the surfactant and stored at 4 °C for further analysis.

Characterization of ART-loaded PLA NPs

ART-PLA NPs size and morphology were evaluated by a transmission electron micro-
scope (TEM, JEOL-2000 EX-II, Tokyo, Japan) at 200 kV. For proper determination of
shape and size, the samples were assessed in triplicate; a drop of the sample was posi-
tioned into a carbon-coated grid and then dried under vacuum before capturing the
TEM images.
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Encapsulation efficiency (EE) of ART-PLA NPs
The encapsulation efficiency (EE) of ART-PLA NPs was measured with UV-spectro-
photometer at 420 nm after generating a calibration curve. Then it is calculated by the

following equation

Total amount of the drug — Freeamount of the drug
X

EE(%) = 100

Total amount of the drug

Colorectal cancer induction

1.2 N,N-dimethylhydrazine was freshly prepared in 1 mM/L EDTA before administra-
tion and the pH was adjusted to 7.0 by NaOH diluted solution. Rats were subjected to
intraperitoneal injection of DMH (40 mg/kg/bw) once a week for 12 successive weeks
(de Paula Carli et al. 2012; Jia et al. 2014; Zhu et al. 2014).

Experimental design

Sixty weight-matched, healthy, acclimatized male albino rats were divided into six
groups (n=10). Group (1): Control group maintained on rat pellet ration and clean
tap water without medication. Group (2): ART group received ART (7 mg/kg/bw)
daily for 24 weeks by oral gavage (Lai and Singh 2006; Boareto et al. 2008; Farombi
et al. 2014; Patyar et al. 2017). Group (3): ART-PLA NPs group received ART-PLA
NPs (7 mg/kg/bw) daily for 24 weeks by oral gavage (Boareto et al. 2008; Lai and
Singh 2006; Farombi et al. 2014; Patyar et al. 2017). Group (4): DMH group exposed to
intraperitoneal injected of DMH (40 mg/kg/bw) once a week for 12 successive weeks
(de Paula Carli et al. 2012; Jia et al. 2014; Zhu et al. 2014). Group (5): DMH+ ART
group co-administrated DMH (40 mg/kg/bw) once a week for 12 weeks (de Paula
Carli et al. 2012; Jia et al. 2014; Zhu et al. 2014) with ART at the same previous dose
for 24 weeks (Lai and Singh 2006; Boareto et al. 2008; Farombi et al. 2014; Patyar et al.
2017). Group (6): DMH+ ART-PLA NPs group co-administrated DMH at the same
previous dose (de Paula Carli et al. 2012; Jia et al. 2014; Zhu et al. 2014) with ART-
PLA NPs at the same previous dose for 24 weeks (Lai and Singh 2006; Boareto et al.
2008; Farombi et al. 2014; Patyar et al. 2017) as mentioned in Fig. 1.

Blood and colon tissue sampling

After 24 weeks (12 weeks after the last DMH injection), all animals were anesthe-
tized using mild ether anaesthesia and blood samples were collected from the retro-
orbital plexus using heparinized capillary tubes. Then the blood was kept at room
temperature for coagulation before being rotated in a cooling centrifuge at 3000 rpm
for 10 min. The upper clear serum layers were collected and kept at — 80 °C. Rats were
dissected after euthanization and the colon and rectum were removed, cleaned in ice-
cold isotonic saline, opened longitudinally and examined for any gross abnormalities.
Colon divided into three parts: the first part was immersed in a triazole reagent and
kept at — 80 °C for qRT-PCR, the second part was kept in phosphate-buffered saline
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Start Euthanization
Control group I Tap water+balanceddiet >
ARTgroup I ART (7 mg/kg bw daily for 24 wks) >
ART-LANPgroup | ART-PLANPs ( 7 mg/kgbw daily for 24 wks) &
°
Stop DMH g
<
DMH group I DMH (40 mg/kg/bw, I.p once weekly) o~
DMH+ART group | DMH (40 mg/kg bw, I.p once weekly) | + ART (7 mg/kg bw daily for 24wks) >

DMH + ART-LANPsgroup | DMH (40 mg/kg bw, I.p once weekly) |+ART-PLANPs (7 mg/kgbw daily for24wks)

N

12 weeks

Fig. 1 Schematic representation of experimental design

containing protease inhibitor, the third part was kept in 10% neutral buffered forma-

lin as a fixative for histopathological examination.

Assessment of serum level of carcinoembryonic antigen (CEA)
Assessment of serum CEA level was accomplished using a sandwich ELISA kit following

manufacturer’s protocols (Mohamed et al. 2022).

Assessment of colonic proinflammatory and anti-inflammatory cytokines

Colonic tissue protein levels of TNF-a, IL-1p, NF-kB-p65, and IL-10 were performed
using ELISA kits. Phosphate-buffered saline (1x PBS, pH 7.4) with protease inhibitor
was used for the colon samples preparation and the analysis was done according to the
manufacturer’s protocol (Khan et al. 2018).

Histopathological examination

The collected colon and rectum segments were dissected, preserved immediately in 10%
neutral buffered formalin for fixation. After 24 h, the specimens were washed, dehy-
drated by ascending series of ethyl alcohol, dipped in xylene for clearance then par-
affinized forming paraffin blocks. Next, the paraffin blocks were cut into 3-5 pum thick
sections followed by deparaffinization and staining by hematoxylin and eosin for micro-
scopical examination (Slaoui and Fiette 2011; Saini et al. 2012). The histopathological
score was calculated as a sum of inflammation score (0—3), mucosal necrosis score (0-3),
crypt damage score (0-3) and submucosal edema score (0-3) m (Pai et al. 2018).

Alcian blue staining
Alcian blue staining was used to identify the depletion of mucin in DMH goblet cells.

In short, the deparaffinized sections were stained for 30 min with 1% alcian blue after
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being immersed in 3% acetic acid for 2 min. After washing and five minutes of neutral
red staining, the slices were rehydrated with alcohol, mounted, and seen under a light
microscope (Shree et al. 2020, 2022). The percentage of goblet cells area was quantified
using “Image J” software (Babu et al. 2023).

Masson’s trichrome staining

Masson’s trichrome staining was performed for detection of collagen fibers deposition
in all experimental groups. Deparaffinized slides were fixed in Bouin’s solution after
being immersed in distilled water. Next, the sections were dipped in Weigert’s hema-
toxylin stain, Biebrich scarlet acid fuchsin then in phosphomolybdic—phosphotungstic
acid solutions for differentiation. After that, Fast Green was used for staining the sec-
tions then examined under light microscope (Sayed et al. 2023). The percentage of fibro-
sis area % was quantified using “Image J” software (El-Kholy et al. 2021; Babu et al. 2023).

RNA isolation and real-time polymerase chain reaction (RT-PCR) analysis

Total RNA was manually extracted from 100 mg of colon tissue in TRIZOL reagent
using a handheld homogenizer to homogenize the tissue. A nanodrop spectrophotom-
eter was employed to quantify the extracted RNA samples. Then the complementary
DNA (cDNA) strand was synthesized using cDNA synthesis kits. The total reaction mix-
ture was carried out at a volume of 20 pl: 4 pl total RNA, 4 ul 5% TransAmp buffer, 1 pl
reverse transcriptase and 11 ul DNase-free water. The thermal cycler temperature pro-
gram was 50 °C reverse transcription for 30 min. The rat 5-actin, -catenin, and adeno-
matous polyposis coli (APC) primers sequences were designed and verified using Primer
Blast NCBI (Table 1). SYBR Green master mix and the primers were employed for
amplification of the synthesized cDNA. The housekeeping gene [-actin acted as a refer-
ence for cDNA levels normalization. The total reaction mixture was carried out in 20 pl:
10 pl 2x SensiFast SYBR, 2 ul ¢cDNA, 1 pl of each primer, and 6 pl RNase free water.
The PCR cycling conditions were 94 °C primary denaturation for 15 min followed by 40
cycles of 94 °C secondary denaturation for 15 s, 60 °C annealing temperature for 30 s and
72 °C extension for 15 s. The gene expression difference among the experimental groups
was analysed using 27*2T method (Alkhuriji et al. 2021; dos Santos Cruz et al. 2022).

Western blotting analysis

The protein level of f-catenin and APC in the colonic tissue of all experimental groups
was determined via western blotting. The protein extracted from colon tissue sam-
ples via homogenization in ice-cold RIPA lysis buffer. Followed by centrifugation of
the homogenate at 10000g for 10 min at 4 °C and collection of the clear supernatant

Table 1 Primer sequence of rat f-actin, B-catenin, and adenomatous polyposis coli (APC) genes
analyzed by real-time polymerase chain reaction (RT-PCR)

Primer Sense (5'—3") Antisense (5'—3") Size (bp)  Accession number
APC ATGCACGGGCTCACTGATGA GTGCCCTCATGCAGCCTTTC 133 012499.1
B-Catenin GCGGCTGCTGTTCTATTCCG TCTCCCTGGGCACCAATGTC 152 0533572

B-actin CCCCTCTGAACCCTAAGGCCA  CCAGTGGTACGACCAGAGGC 127 0311443
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as a prepared lysate. The concentration of the protein in the total lysate was estimated
depending on Bradford method (Bradford 1976). 30 ug of the extracted protein was
loaded onto SDS—PAGE gel then the protein transferred to nitrocellulose membrane
that blocked by skimmed milk. Next, the membrane incubated overnight with pri-
mary antibodies against B-catenin, APC and p-actin then subjected to 2 h incubation
with horseradish peroxidase (HRP)-conjugated secondary antibodies. The signals were
detected using chemiluminescence (ECL) substrate, then the bands intensity quantifica-
tion accomplished by Image J software (Rajendran et al. 2024).

Statistical analysis
The obtained results were quantitatively analyzed by one-way ANOVA followed by
Tukey’s adjustment test to compare all means using the GraphPad Prism software,

p-value <0.05 was considered statistically significant.

Results

Preparation and characterization and encapsulation efficiency of ART-Loaded PLA NPs
ART-loaded PLA nanoparticles were successfully prepared using the emulsion-solvent
evaporation technique. The prepared nanoparticles were homogenous and spherical in
shape with a particle size ranged from 40 to 50 nm (Fig. 2). Moreover, the encapsulation
efficiency (EE%) of ART-loaded PLA nanoparticles was 84.5% calculated from the men-

tioned equation.

Effect of ART and ART-PLA NPs on serum level of carcinoembryonic antigen (CEA)

The obtained result demonstrated a significant increase in serum CEA concentra-
tion in DMH group in comparison to control group (Fig. 3). In contrast, it signifi-
cantly decreased in DMH+ART group in comparison to DMH group. Additionally,
DMH + ART-PLA NPs group revealed a more significant reduction in comparison to
DMH group, but still showed no significant elevation in comparison to control group.

Effect of ART and ART-PLA NPs treatment on colonic inflammatory markers
DMH group revealed more significant increase in TNF-a, NF-kB and IL-1f beside more
significant decrease in IL-10 colonic tissue contents in comparison to control group.

Fig. 2 Transmission electron micrographs of artemisinin-loaded polylactic acid nanoparticles (ART-PLA NPs)
showing their homogenous and spherical shapes with a particle size ranging from 40 to 50 nm
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Fig. 3 Effect of artemisinin (ART) and artemisinin-loaded polylactic acid nanoparticles (ART-PLA NPs) on
serum levels of the tumor marker carcinoembryonic antigen (CEA) in the studied groups. Data are shown
as mean + SEM. Statistically significant differences were observed by one-way ANOVA followed by Tukey’s
multiple comparisons test (***p <0.001, **p < 0.01, *p < 0.05, ns =not significant)

Instead, both ART-PLA NPs and ART treatments showed significant decrease in the ele-
vated levels of TNF-a, NF-«kB and IL-1f along with significant increase in IL-10 colonic
tissue contents compared to DMH group, but ART-PLA NPs showed more improve-

ment in the all mentioned markers than free ART (Fig. 4).

Macroscopical observation

Our macroscopic analysis showed no tumor masses in colonic mucosa of control, ART,
ART-PLA NPs groups, but multiple large-sized tumor masses arose from the colonic
mucosa of DMH group, the largest one measured about 620 mm?. Few and small tumor
masses were observed in the colonic mucosa of DMH + ART, the largest one measured
about 72 mm? and very few and small tumor mass were detected in colonic mucosa of
DMH +ART-PLA NPs group, the largest one measured about 33 mm? (Fig. 5), along
with reduced animal mortalities in both groups (Table 2).

Microscopic examination
Hematoxylin and eosin-stained colorectal sections from control, ART and ART-PLA
NPs showed normal histological features of the mucosa, submucosa and muscular lay-
ers with normal mucosal cellular structure characterized by goblet cells rich epithe-
lium. The colorectal tissue of untreated DMH group revealed deep mucosal necrosis
reaching muscularis mucosa, many distorted crypts, moderate to severe dysplasia, sub-
mucosal edema with leukocytic cells infiltration. Colorectal tissues from DMH + ART-
treated group showed superficial mucosal necrosis, fewer distorted&dysplastic crypts,
decreased submucosal edema. ART-PLA NPs treatment was more powerful than ART
as indicated by superficial mucosal necrosis, dilated crypts with mild dysplasia (Fig. 6).
Different types of colorectal tumors were detected after DMHexposure includ-
ing: small polypoid tubular adenoma, pedunclated tubular adenoma, sessile tubular
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Fig. 4 Effect of artemisinin (ART) and artemisinin-loaded polylactic acid nanoparticles (ART-PLA NPs) on the
colonic levels of the inflammatory markers NF-kB-p65, TNF-a, and IL-1(3, and the anti-inflammatory marker
IL-10 in the studied groups. Data are shown as mean + SEM. Statistically significant differences were observed
by one-way ANOVA followed by Tukey’s multiple comparisons test (***p <0.001, **p<0.01, *p <0.05, ns=not
significant)

Control

ART

ART-PLANPs

DMH

DMH+ART

DMH+ART-PLANPs

Fig.5 Representative macroscopic pictures of the colonic mucosa showing the frequency of tumor masses
(red circles) in the control, artemisinin (ART), and artemisinin-loaded polylactic acid nanoparticles (ART-PLA
NPs) groups. Multiple large-sized tumor masses are present in the colonic mucosa of dimethylhydrazine
(DMH) group; few and small tumor masses are seen in the colonic mucosa of DMH + ART group; and very few
and small tumor masses are detected in colonic mucosa of DMH + ART-PLA NPs group



Dwidar et al. Cancer Nanotechnology (2025) 16:18 Page 11 of 27

Table 2 Number of mortalities and tumor masses observed in dimethylhydrazine (DMH),
DMH +artemisinin (DMH + ART), and DMH + ART-loaded polylactic acid nanoparticles (DMH + ART-

PLA NPs) treated groups

Group No. of animal /group No. of mortality/group No. of
tumors/
group

Control 10 - -

ART 10 - -

ART-PLA NPs 10 - -

DMH 10 2 32

DMH+ ART 10 1 17

DMH + ART-PLA NPs 10 - 12

DMH+ART

15

10

e F - & &
"’évésr"' fdf‘éﬁ-’
&

Histological lesional scores 012

Groups

Fig. 6 A Representative microscopic pictures of H&E-stained sections of colorectal tissues from control,
dimethylhydrazine (DMH), DMH + artemisinin (DMH + ART), and DMH + artemisinin-loaded polylactic

acid nanoparticles (DMH + ART-PLA NPs) groups showing the histological features of the mucosa lined by

an epithelium rich in goblet cells (1), the submucosa (2), and the muscularis (3). Colorectal tissue of DMH
group reveals deep mucosal necrosis (black arrow) reaching muscularis mucosa, many distorted crypts with
moderate to severe dysplasia (black arrowheads), and submucosal edema (*) with leukocytic cell infiltration
(dashed black arrow). Colorectal tissue of DMH + ART group shows superficial mucosal necrosis (black arrow),
fewer distorted crypts with moderate dysplasia (black arrowheads), and submucosal edema (*). Colorectal
tissue of DMH + ART-PLA NPs group displays superficial mucosal necrosis (black arrow), dilated crypts (black
arrowheads), and submucosal edema (*). Magnifications are x 100; bar= 100 um. B Bar chart representing
changes in total histological scores of colorectal tissue among various experimental groups. All the values
are expressed as mean = SEM (n = 10). # means significant as compared to control groups p <0.05. ! means
significant as compared to control groups and DMH group p <0.05. $ means significant as compared to other
groups p<0.05
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adenoma, tubulovillous and sessile serrated adenoma. The base of the adenoma was
restricted to the colonic mucosa. Epithelial dysplasia was demonstrated in all tubular
adenomas beside glandular overcrowding, hypercellularity, nuclear hyperchromasia
with prominent nucleoli and increased mitotic figures. Atypical mitoses may be seen
and the mucin production was generally depleted (Fig. 7A-E).

Masses that penetrate through the muscularis mucosa are malignant lesions further
classified into: advanced adenocarcinomas (when the neoplastic cells invade submu-
cosa through the muscularis mucosa), invasive adenocarcinoma (when tumors pene-
trate through the muscular layer). Histologically, adenocarcinomas were classified as:
well-differentiated (when the cancer form uniform glandular structures with nuclei
located at the basal half of the malignant cells), moderately differentiated (when the
tumor composed of complex glandular structures and the nuclei loss their polarity)
and poorly differentiated (when the cancer showed no to minimal gland formation).
However, all the detected adenocarcinomas were moderately to poor differentiated.
Mucinous adenocarcinomas (when cancer cells are suspended in mucous lakes). Sig-
net ring adenocarcinoma characterized by presence of intracytoplasmic vacuoles

Fig. 7 Microscopic findings of H&E-stained colorectal tissues showing different types of colorectal tumors
in all experimental groups including: small polypoid tubular adenoma (arrow) (A), pedunculated tubular
adenoma (arrow) (B), sessile tubular adenoma (arrow), the base of the adenoma shows normal colonic
mucosa (arrowhead) (C), tubulovillous adenoma (arrow) (D), sessile serrated (arrow) (E), advanced moderately
differentiated adenocarcinomas in mucosa starts to infiltrate submucosa (arrow) (F), advanced moderately
differentiated adenocarcinomas (arrow) in mucosa and deeply infiltrating submucosa (G), advanced
moderately differentiated adenocarcinomas deeply infiltrating submucosa (arrow) with intact mucosa
(arrowhead) (H), invasive poorly differentiated adenocarcinoma (arrow) reaching muscular layer and serosa
(1), invasive mucinous adenocarcinoma (arrow) reaching muscular layer in some points (J) and signet ring
adenocarcinoma (arrow) infiltrating submucosa (K and L). Magnifications are 40x, bar= 200, x100, bar=100
and 400x, bar=50
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Goblet cells area

Groups

Fig. 8 A Representative microscopic pictures of alcian blue-stained colorectal tissues from control,
dimethylhydrazine (DMH), DMH + artemisinin (DMH + ART), and DMH + artemisinin-loaded polylactic

acid nanoparticles (DMH + ART-PLA NPs) groups showing normal bluish mucous content in mucosal
epithelium (black arrows). Colorectal tissue of DMH group reveals decreased mucous content in area of
deep mucosal necrosis (black arrowheads). Colorectal tissue of DMH + ART group shows superficially
decreased mucous content in mucosa (black arrowheads). Colorectal tissue of DMH + ART-PLA NPs group
displays increased mucous content in the mucosa (black arrow). Somewnhat increased goblet cell area (black
arrow) with superficially decreased bluish mucous content in mucosa (black arrowheads). Colorectal tissue
of DMH + ART-PLA NPs group showing markedly increased goblet cell area (black arrow). Magnifications
arex 100; bar=100 um. B Bar chart representing changes in goblet cells area % in colorectal tissue using
“Image J" software. All the values are expressed as mean +SEM (n=10). # means significant as compared to
control group p<0.05, ! means significant as compared to control groups and DMH group p<0.05, $ means
significant as compared to other groups p <0.05

in neoplastic cells that cause peripheral displacement and compression of nuclei
(Fig. 7F-L).

Number and size of colorectal tumors decreased in DMH + ART group. ART-PLA
NPs treatment was more powerful as indicated by fewer and smaller tumor masses.
Type and number of colorectal tumors in all experimental groups are demonstrated
in Table 3.

Effect of ART and ART-PLA NPs treatment on Alcian blue staining

Microscopic examination of Alcian blue-stained colorectal sections showed normal
mucous secretion in colorectal section from normal control, ART and ART-PLA NPs
groups. A marked reduction of mucous secretion was observed in mucosa of colorec-
tal sections from untreated DMH group. Only superficially decreased bluish mucous
content was seen in mucosa of colorectal sections from DMH + ART group. Higher
mucous secretion was seen in mucosa of colorectal sections from DMH + ART-PLA
NPs group (Fig. 8).
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DMH+ART DMH+ART-PLA NPs

Groups

Fig.9 A Representative microscopic pictures of Masson's trichrome-stained colorectal tissues from control,
dimethylhydrazine (DMH), DMH + artemisinin (DMH + ART), and DMH + artemisinin-loaded polylactic acid
nanoparticles (DMH + ART-PLA NPs) groups showing the degree of mucosal fibrosis. Colorectal tissue of
untreated DMH group revealing bluish mucosal fibrosis (black arrows). Colorectal tissue of DMH + ART
group showing decreased bluish mucosal fibrosis (black arrows). Colorectal tissue of DMH + ART-PLA NPs
group showing mild bluish mucosal fibrosis (black arrows). Magnifications are x 100; bar= 100 pm. B Bar
chart representing changes in fibrosis area % in colorectal tissue. All the values are expressed as mean + SEM
(n=10). #, significant as compared to control groups p < 0.05, ! means significant as compared to control
groups and DMH group p<0.05, and $ means significant as compared to DMH and DMH + ART groups
p<0.05

Fold chang of APC

Fold chang of B-catenin

Groups Groups

Fig. 10 Effect of artemisinin (ART) and artemisinin-loaded polylactic acid nanoparticles (ART-PLA NPs)

on gene expression of -catenin and adenomatous polyposis coli (APC) in the colonic tissues of the studied
groups. Statistical differences were analyzed using one-way ANOVA followed by Tukey’s multiple comparisons
test (***p<0.001, **p<0.01, *p < 0.05)

Effect of ART and ART-PLA NPs treatment on Masson'’s trichrome staining

Microscopic examination of Masson's trichrome-stained colorectal sections showing
no fibrosis in any colorectal section from normal control, ART and ART-PLA NPs
groups. Marked mucosal fibrous tissue deposition was detected in colorectal sec-
tions from untreated DMH group. Mucosal fibrous tissue deposition decreased in

Page 15 of 27
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Fig. 11 Effect of artemisinin (ART) and artemisinin-loaded polylactic acid nanoparticles (ART-PLA NPs) on
western blot analysis of 3-catenin and adenomatous polyposis coli (APC) protein expression in the colonic
tissues of the studied groups against 3-actine as housekeeping protein and quantitative densitometry

of their expression level. Statistical differences were analyzed using one-way ANOVA followed by Tukey's
multiple comparisons test (***p <0.001, **p <0.01, *p < 0.05)

colorectal tissue from DMH + ART group. Mild mucosal fibrous tissue deposition was
observed in colorectal tissue from DMH + ART— PLA NPs group (Fig. 9).

Effect of ART and ART-PLA NPs treatment on 3-Catenin and APC gene expression

The expression level of B-catenin gene in the colon of DMH group showed signifi-
cant increase in f-catenin expression, followed by the DMH + ART group, then the
DMH + ART-PLA NPs group. No significant differences were found among the other
remaining groups. Meanwhile, the expression levels of APC gene in the colon of DMH
group was significantly lower than other groups. On the other hand, DMH + ART-
PLA NPs group was significantly higher than other groups. There was no significant
difference among the remaining groups (Fig. 10).

Effect of ART and ART-PLA NPs treatment on western blot analysis of 3-Catenin and APC
protein expression

As demonstrated in Fig. 11, there were significant increase in p-Catenin protein
expression level and marked decrease in APC expression in DMH-induced group
compared to the control group. Instead, ART and ART-PLA NPs treatment could
significantly decrease [B-Catenin level and increase the APC protein levels when
compared to DMH group. ART-PLA NPs was able to downregulate the expression
of B-Catenin and increase expression of APC noticeably almost near to the control

group.
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Discussion

Colorectal cancer (CRC) took the third position among the most dangerous malig-
nant neoplasms worldwide (Xi and Xu 2021). Side effects and drug resistance caused
by modern treatments like radiation and chemotherapy made the development of safe
and effective anticancer drugs is a major challenge. In this context, nanomedicine
formulation from the natural products provides safe and effective chemoprotective
approach preventing CRC early lesions progression (Sharma et al. 2018; Mata et al.
2023). The safe toxicity profile of ART and its derivatives made them more attractive
for the research. ART and its based compound recorded potent and broad anticancer
properties against many human cancer cell lines and animal models (Krishna et al.
2008; Ho et al. 2014; Efferth 2017), such as breast cancer (Wen et al. 2018), ovarian,
liver (Zhou et al. 2021), prostate (Zhou et al. 2017), oral cancer cells (Nam et al. 2007),
pancreatic cancer (Zhou et al. 2013) and colorectal cancer (Li et al. 2020a, b; Lin et al.
2021). ARTs target the cancer cells by several mechanisms including cell cycle regula-
tion, induction of apoptosis or hindering proliferation and downregulation of hyper-
active Wnt/p-catenin signaling pathway. Moreover, they suppressed tumor invasion
and metastasis through inhibition of angiogenesis-related mediators (Efferth 2007,
2017; Krishna et al. 2008; Xu et al. 2020; Ho et al. 2014). ART still has some draw-
backs, including poor solubility in water and oil, low bioavailability, initial burst effect
in vivo that identified by high peak plasma concentrations and accelerated metabo-
lism (Chen et al. 2009; Zeng et al. 2023). Therefore, this investigation tried to enhance
the anticancer efficacy of ART by loading it into polylactic acid nanoparticles (ART-
PLA NPs) and investigated its ameliorative effect against 1.2 N,N-dimethylhydrazine
(DMH) induced CRC through targeting wnt/p-catenin and NF-kB pathways.

The encapsulation efficiency is an important parameter that explains the validity of
PLA nanoparticles formulation. Our result showed that the EE% was 84.5% which indi-
cated good affinity of the drug to PLA nanoparticles, improved the delivery of the drug
dosage and confirmed the efficiency of ART nanoformulation as mentioned in previous
report (Tran et al. 2017; Fattahi and Zamani 2022).

Tumor markers are biological substances that are either synthesized by cancer cells or
being formed in reaction related to the presence of tumor tissue or circulating tumor cells
in bone marrow, lymph nodes, serum, and peripheral blood. Tumor marker described as
a chemical that suggests the possibility of cancer or offers details on how a malignancy
is likely to behave in the future (Malati 2007). Carcinoembryonic antigen (CEA) is one
of the most commonly estimated tumor marker and frequently used in colorectal cancer
diagnosis (Nakatani et al. 2012). Our data revealed that serum CEAconcentration was
significantly increased upon DMHexposure in comparison to the control group, owing
to colon cancer induction and increase the number of malignant cells and their produc-
tion. These data are in agreement with other previous studies concerned with colon can-
cer (Hassan et al. 2021; Vural et al. 2023). In contrast, serum CEA concentration showed
significant decrease upon DMH+ ART and DMH + ART-PLA NPs coadministration in
comparison to the DMH group. As the results in this context concerned with ART and
its nanoformulation are limited, we found that these results in agreement with other
previous study that evaluated the anticancer effect and tolerability of oral artesunate,
(ART derivative), in colorectal cancer and noticed ~75% fall in circulating CEA levels



Dwidar et al. Cancer Nanotechnology (2025) 16:18 Page 18 of 27

after 2 weeks of treatment (Krishna et al. 2015). Our result reflected the anticancer activ-
ity of ART and ART-PLA NPs which explained by the reduction in the malignant cells
with decrease CEA release. Additionally, the more reduction in CEA concentration after
ART-PLA NPs administration may be attributed to the improvement in the bioavailabil-
ity and targetability of ART after its nanoformulation.

Inflammation is considered one of the early lesions affecting the colorectal mucosa
in the course of chemicals-induced carcinogenesis. Inability of the immune system to
overcome the injury leads to elevate the concentration of cytokines, growth factors,
and products of cellular respiration resulting in persistent proliferation of genetically
defected cells (Mariani et al. 2014). In the tumor microenvironment, inflammatory
cytokines control tumor-stromal cell communication and tumor-extracellular matrix
interactions, which in turn promote tumor growth (Balkwill and Mantovani 2001).
Nuclear factor kB (NF-kB) NF-KB is a family of important transcription factors con-
sists of five proteins namely, c-Rel, RelB, P52, P50 and P65.In resting condition, these
proteins sequestered in the cytoplasm forming homodimers or heterodimers complexes
holding with inhibitor of NF-KB (IkB). IkB kinases (IKK) is a key inducer of NF-kB
signaling pathway. Its activation leads to IkB phosphorylation and ubiquitin-dependent
proteasome degradation (Lin and Yang 2018). In the tumor microenvironment, TNFa,
IL-1B, IL-6 and other inflammatory cytokines, the main drivers of NF-«B, could stim-
ulate NF-kB pathway through IKK activation (Klampfer 2011; Patel et al. 2018; Zhao
et al. 2020). Leads to phosphorylation and proteasome degradation of IkB along with
release of P50/P65 complex that undergoes nuclear translocation. The translocated P50/
P65 complex interacts with its specific target genes promotes their expression and drives
the cell proliferation, apoptosis, angiogenesis, invasion, and metastasis (Wang et al.
2020a; Gupta et al. 2023). Moreover, it was reported that NF-kB inhibition could pro-
mote cancer cell apoptosis through upregulation of caspase-3 and decreased levels of
anti-apoptotic protein as mentioned in ovarian cancer cells (Yang et al. 2018). Addition-
ally, previous studies demonstrated that activated NF-kB is recorded in different types of
cancers, animal models xenograft and many cancer cell lines triggering chemotherapy
resistance. Activated NF-kB was reported in about 40% of human CRC cases and in 66%
of CRC cell lines (Sakamoto et al. 2009; Voboril and Weberova-Voborilova 2006). There-
fore, NF-«B signaling pathway is considered an important target for cancer therapy.

Our study showed direct evidence of more significant increase in the colonic tissue
content of TNF-a, NF- kB, and IL-1f along with more significant decrease in IL-10
upon DMH exposure. These data are in agreement with Khan et al. (2018), Shree
et al. (2022). On the other hand, the elevated levels of TNF-a and IL-1p revealed
more significant decrease upon ART-PLA NPs treatment which reflected on the level
of NF- kB. Consequently, our collected data revealed that ART and ART-PLA NPs
could modulate the inflammatory reaction against DMH carcinogenesis via suppres-
sion of NF-«B signalling pathway as stated in previous studies (Kumar et al. 2019;
Efferth and Oesch 2021). It was reported that ART and its derivatives could supress
NF-kB pathway though attenuation of TNF-a induced IkB phosphorylation and deg-
radation, consequently inhibits P65 activation and nuclear translocation. As a result
inhibition of NF-kB target genes expression along with other adaptor proteins as TNF
receptor-associated factor 2 (TRAF2) and receptor interacting protein 1 (RIP1) leads
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to upstream of Inhibitor of Nuclear Factor-Kappa B Kinase (IKK) signaling (Wang
et al. 2017). Collectively, our formulated ART-PLA NPs suppress NF-kB pathway effi-
ciently and this implemented in CRC treatment. As it could reduce cell proliferation
and subsequent recorded decrease in the tumor marker, tumor number, size along
and decrease the mortalities along with recorded improvement in the histopathologi-
cal parameters.

Our histopathological study of colorectal tissue of untreated DMH group revealed
deep mucosal necrosis reaching muscularis mucosa, many distorted crypts, moderate
to severe dysplasia, submucosal edema with leukocytic cells infiltration. In accordance
(Sadik 2013; Hassan et al. 2021), found irregular distorted crypts lined with dysplastic
cells that invade deeply to the muscle layers and loss of mucous secretion along with
mucosal ulceration. Colorectal tissues from DMH + ART-treated group showed superfi-
cial mucosal necrosis, fewer distorted and dysplastic crypts, and decreased submucosal
edema. While ART-PLA NPs treatment was more powerful than ART as indicated by
superficial mucosal necrosis and dilated crypts with mild dysplasia. These data are in
agreement with other previous studies (Kumar et al. 2019; Yin et al. 2020; Hu et al. 2014)
who demonstrated the ability of artemisinins to reduce the surface epithelial cells ero-
sion, crypts destruction and the inflammatory cells infiltration in the colonic tissue.

In this study, different types of adenomas were detected upon DMH exposure includ-
ing tubular, villous, and tubulovillous histological types with polypoid, pedunculated,
and sessile serrated growth patterns that limited to mucosa. Epithelial dysplasia was
demonstrated in all adenomas beside glandular overcrowding, hypercellularity along
with mucin depletion. In addition to nuclear enlargement, hyperchromasia, prominent
nucleoli, increased mitotic figures and atypical mitoses. These findings in accordance
with previous studies (Hamilton and Aaltonen 2000; Cerar et al. 2004; Shojaei-Zarghani
et al. 2020). Additionally, different types of adenocarcinomas were detected invading
the submucosa and the muscular layers. All observed adenocarcinomas were moder-
ately to poorly differentiated beside mucinous and Signet ring adenocarcinoma types.
Our observations are in line with the previous studies (Boivin et al. 2003; Caetano et al.
2018, 2020; Mohammadzadeh et al. 2024). In contrast, we observed that the number and
size of colorectal tumors decreased upon ART treatment. While ART-PLA NPs supple-
mentation was more powerful as indicated by fewer and smaller tumor masses. These
findings suggested the anticancer properties of ART which enhanced after its nanofor-
mulation in accordance with previous reports (Li et al. 2020a, b; Wang et al. 2020a, b;
Wen et al. 2024) who confirmed the antiproliferative effects of ART and its derivatives
through inducing apoptosis and cell cycle arrest. In addition to their ability to hider the
inflammatory reaction and subsequent tumor formation and increasing CD8+ T cell
infiltration (Bai et al. 2021; Sun et al. 2023).

The goblet cells distributed among the epithelial lining of the colonic crypts play
important role in the protection of the colonic mucosal surface through the mucous
secretion forming a gel-like coat that protects and maintains the integrity of colonic sur-
face (Johansson and Hansson 2016). Previous reports demonstrated that the distal part
of colon in healthy rats and humans normally secretes sulfomucin meanwhile, sialomu-
cin is the predominant type found in colon cancer patients and DMH-induced rats
(Tanaka 2009; Shree et al. 2020, 2021). Our results showed marked reduction of mucin
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production upon DMH administration that may attributed to its ability to destruct gob-
let cells in colon tissues leading to decrease the production of specific mucin such as
MUC?2 and shift normal sulphomucin to sialomucin as stated in the previous reports
(Kumar and Agnihotri 2021; Shree et al. 2020, 2022). On the other hand, our findings
confirmed the protective role of ART and ART-PLA NPs in maintaining goblet cells
integrity and restoring the mucous secretion. As there were only superficial decrease in
the bluish mucous content upon ART administration and higher bluish mucous content
in the mucosa after ART-PLA NPs supplementation. This result in accordance with (Yin
et al. 2020) who clarified the ability of ART-based medication to protect the mucosal
barrier via inhibition the reduction of Muc2 and claudin-1 in dextran sulphate sodium
induced ulcerative colitis.

In the present study, masson trichrome stained colon sections revealed marked
mucosal collagen fiber deposition upon DMH administration. This was in accordance
with (Alkhuriji et al. 2021; El-Kholy et al. 2021). Whereas treated groups with ART and
ART- PLANPs showed mild mucosal collagen fiber deposition. This explained the abil-
ity of ART and its derivatives to diminish the inflammation with subsequent decrease
fibrosis through inhibition of Transforming growth factor beta (TGF-p) signaling. More-
over, ART could enhance M1 macrophage to M2 macrophage polarization, resulting in
regression of the pro-inflammatory mediators and supressed the epithelial-mesenchy-
mal transition (Huai et al. 2021) as mentioned in gastric cancer cells (Li et al. 2019),
ovarian cancer cells (Liang et al. 2019), and renal fibrosis (Zhang et al. 2019). Addition-
ally, they could inactivate cancer associated fibroblasts proliferation as reported in breast
cancer model and they were able to inhibit TGF-p signalling pathway (Yao et al. 2018).

The Wnt/B-catenin cell signalling pathway is considered as a crucial pathway in the
development of CRC. B-catenin is the principal controlling protein in this pathway
(Zhang and Wang 2020). In normal condition and absence of Wnt ligands, cytoplasmic
[-catenin is rapidly subjected to phosphorylation, ubiquitination then proteasome deg-
radation through binding with its destruction complex, including adenomatous poly-
posis coli (APC), Casein kinase 1 (CK1), Axin and Glycogen Synthase Kinase (GSK3p)
(Nusse and Clevers 2017). Colon carcinogenesis is frequently associated with mutations,
attenuation of gene expression or deletion of Wnt/B-catenin related main components
as B-catenin, APC or Axin hindering B-catenin degradation. Subsequently cytoplasmic
accumulation and nuclear translocation of $-catenin. In the nucleus, p-catenin combines
with T-cell factor and lymphoid enhancer factor 1 to control the transcription of sev-
eral oncogenes affecting cell proliferation and differentiation (Schaefer and Peifer 2019).
Additionally, several studies either clinical or experimental operated on rats or human
cancer cell lines have shown that APC loss is the main driver of Wnt/[B-catenin pathway
during colon carcinogenesis. As it recorded in about 70% of sporadic CRC and is con-
sidered the main suspect of familial adenomatous polyposis (FAP) (Kim and Jeong 2019;
Sansom et al. 2007). Moreover, it was recorded that, restoration of APC could restore
tissue homeostasis and prevent recurrence of CRC through enhancement of tumor cell
differentiation and inverse C-MYC-induced oncogenic state (Dow et al. 2015). Unregu-
lated Wnt/B-catenin pathway leads to targeting many genes encouraging cancer cell pro-
liferation, apoptosis evasion, invasion, angiogenesis and metastasis (Song et al. 2019; Ten
Berge et al. 2011). Therefore, in this study we aimed to investigate the role of ART and
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ART-PLA NPs in regulation the Wnt/B-catenin pathway as an important molecular tar-
get during CRC carcinogenesis.

In this study, it is important to highlight the significant increase in -catenin gene and
its related protein expression in the DMHgroup, followed by the DMH+ ART group,
then DMH + ART-PLA NPs group that revealed more pronounced decrease almost near
to the control group. Coinciding with our findings, (Yu et al. 2017) reported the upregu-
lation of S-catenin expression in DMHinduced CRC. The upregulation of S-catenin is
a well-established feature in the initiation and evolution of CRC (Schaefer and Peifer
2019) and the pattern seen in this study supports its relevance as a potential biomarker
and therapeutic target in colon cancer research. In contrast, the expression level of the
APCgene and its related protein in the colon were observed to be significantly lower in
the DMHgroup compared to the other groups. While the DMH + ART-PLA NPs group
showed significantly higher APCgene and protein expressions than the other groups.
These findings are consistent with the results reported by (Sadik and Shaker 2013) who
demonstrated the downregulation of APCexpression in the colonic tissues of DMH-
induced colon cancer. Also, our findings suggested that ART-PLA NPs may help coun-
teract the loss of APCexpression, resulting in B-catenin degradation and inhibition of
its target genes expression. Consequently, this implicated in its anti-proliferative efficacy
against CRC as it decrease the reported tumors number, types, size and improved the
colonic histopathological picture. Additionally, the observed attenuation of the hyperac-
tive Wnt/(B-catenin related genes after ART and DMH + ART-PLA NPs treatment was
supported by previous studies (Li et al. 2007; Zheng and Pan 2018). One study dem-
onstrated that ART could regulate Wnt/p-catenin pathway through translocation the
nuclear P-catenin to the adjacent membrane junctions leading to reduce p-catenin
target gene transcription (Li et al. 2007). But another study recorded that ART and its
derivatives could inhibit Wnt/B-catenin pathway during lung carcinogenesis through
reduction of Wnt5-a/b protein level and subsequent increase in Axin2 and NKD2 levels
leading to downregulation of 3-catenin (Tong et al. 2016).

In our study, we recorded absence of mucinous and signet ring adenocarcinomas in
ART-PLA NPs treated group. Signet ring adenocarcinoma is a very aggressive and inva-
sive subtype with poor prognosis. It differs from the conventional adenocarcinoma, as
it has lower mutation rate of RAS/RAF/MAPK, Wnt/p-catenin and PI3K/AKT/mTOR
pathways. Instead, it exhibited frequent mutation in CDH1 gene that encodes E-cadherin
also other genes connected to TGF-f and epithelial-mesenchymal transition (EMT) pro-
cess (An et al. 2021). Therefore, restoring E-cadherin expression and inhibition of TGF-3
and EMT process may be possible therapeutic approach for treating this subtype. In our
study, ART-PLANPs may target this subtype indirectly through regulation of Wnt/p-
catenin pathways or by another signaling pathways as mentioned in previous studies (Li
et al. 2008; Weifeng et al. 2011). In the same way, mucinous adenocarcinoma associated
with activation of PI3K/AKT pathway and exhibited more TGF-f mutations than con-
ventional adenocarcinoma (Haque and Morris 2017; Vivanco and Sawyers 2002; Lan
et al. 2021). Therefore, targeting these pathways may be suitable therapeutic approach.
Our treatment may regulate these pathways and could inhibit the development of such
subtype as mentioned in previous studies (Wang et al. 2020b; Wu et al. 2020; Li et al.
2020b), so this point need further investigation.
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Limitations

Although ART-PLA NPs targeted the colorectal cancer through two main mechanisms
namely, NF-xB and Wnt/p-catenin signaling pathways, there are many pathways need
further investigation to confirm and clarify the therapeutic potential of ART-PLA NPs.
Second, dose dependent study would be beneficial to determine the effective dose ART-
PLA NPs. Moreover, limited in vitro study using CRC cell line. And finally limited phar-
macokinetic data about the ART nanoformulation. Therefore, these points need further
investigation.

Conclusion

In conclusion, ART-PLA NPs appeared more powerful than ART as indicated by lower
serum tumor marker and targeting NF-«B signaling pathway through lower levels of
colonic tissues inflammatory cytokines. In addition to absence of mortalities, fewer and
smaller tumor masses with macroscopic investigation along with increase the protective
mucus secretion and mild mucosal fibrosis by histological examination. Additionally, it
could control cell proliferation through targeting Wnt/p-catenin pathway as it exhib-
ited downregulation of hyperactive S-catenin gene and related protein expression and
demonstrated upregulation of APC gene and related protein expression. Thus it could be
considered as a new prophylaxis strategy against colon cancer in the clinical fields.
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