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Abstract
Curcumin (CUR), a natural polyphenol found in Curcuma longa (turmeric) rhizomes, has been widely studied for its anticancer
activities against various types of tumors, including colorectal cancer (CRC). However, CUR’s therapeutic efficacy is limited by
its low bioavailability, short half-life, limited absorption, and rapid and extensive metabolism. Recently, the use of biodegradable
and non-toxic polymeric nanocapsules, such as those using polyallyhydrocarbon (PAH), has offered promising delivery systems
of poorly absorbed drugs, including CUR. The aim of this study was to determine the in vivo antiproliferative efficacy of
intraperitoneally injected CUR-PAH nanocapsules (100 mg/kg body weight; 5 days/week) using a mouse model of 1,2-dimeth-
ylhydrazine (DMH)-induced CRC. Histopathological analysis confirmed that the formulated nanocapsulate systems reduced the
major neoplastic features of CRC. At the molecular level, CUR-PAHnanocapsules downregulated theWnt/β-catenin pathway as
determined by quantitative real-time polymerase chain reaction (qRT-PCR) analysis. A statistically significant downregulation in
the gene expression levels of Wnt, frizzled (Frz), β-catenin, transcription factor 4 (Tcf4), lymphoid enhancer-binding factor 1
(Lef1), c-Myc, and cyclin D1 (P < 0.01), combined with significant upregulation in the gene expression levels of glycogen
synthase kinase (GSK3β) and adenomatous polyposis coli (APC) (P < 0.05), was observed upon post-treatment with CUR-PAH
nanocapsules. The observed histopathological and molecular antiproliferative effects were completely absent when using free
PAH polymer without CUR, confirming that the anticancer efficacy was solely exerted by the encapsulated CUR. These findings
suggest the utility of CUR-PAH nanocapsules as an efficient delivery system with promising therapeutic effects against CRC.
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1 Introduction

Colorectal cancer (CRC) is the third most prevalent cancer
globally, with nearly 1.8 million new cases in 2018 [1]. This
disease occurs due to interplay between genetic and environ-
mental factors. One of the major genetic pathways that are
aberrantly activated in CRC is the Wnt signaling pathway
[2, 3]. Nowadays, several CRC treatment methods are used,
including chemotherapy, radiotherapy, and surgery; however,
they lead to numerous side effects, are non-selective, have low
cure rates, and result in high recurrence rate of CRC [4].

Therefore, there is a global focus on the use of anticancer
medicines from natural sources, such as plant extracts and
secondary metabolites, due to their high effectiveness, limited
side effects, availability, and low cost [5, 6].

Curcumin (diferuloylmethane) (CUR) is the major poly-
phenolic compound present in the Indian spice turmeric,
which is derived from Curcuma longa rhizomes [7]. CUR
has been widely applied as a food color, additive, and spice,
and it has been recently marketed in many countries in differ-
ent forms, such as tablets, capsules, ointment, and soap [8, 9].
Over the centuries, CUR has been traditionally used for me-
dicinal purposes in different Asian countries. More specifical-
ly, it has been a major constituent of Ayurveda, the traditional
Indian holistic system, for its ability to treat eye infections,
various dermatological conditions, respiratory ailments, liver
disorders, inflammatory diseases, digestive disorders, and oral
and dental diseases [10]. Moreover, in-depth research studies
have shown that CUR possesses myriad pharmacological ac-
tivities, including antioxidant, anti-inflammatory, anticancer,
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anti-thrombotic, antimicrobial, anti-diabetic, hypolipidemic,
and chemopreventive effects [11, 12]. Such pre-clinically
unraveled findings have caused a growing global interest in
CUR, thereby paving the road for progress toward human
clinical trials [13].

A plethora of in vitro and in vivo studies have revealed
the ability of CUR to prevent the incidence, growth, inva-
sion, and metastasis of cancers. In addition, CUR has been
widely valued for suppressing different types of cancers,
including esophageal, stomach, colorectal, hepatic, head
and neck, breast, and prostate cancer [14, 15]. While many
clinical studies reported the safety of CUR consumption,
unfortunately it was shown to have rapid metabolism ren-
dering it poorly absorbed. Also, CUR was shown to have
low serum levels, limited distribution to tissues, and low
bioavailability, which collectively reduce its therapeutic
efficacy [16, 17]. Thus, various promising strategies have
been devised to surmount CUR’s low bioavailability.
These strategies involve adjuvants, metal complexes,
nanoparticles, liposomes, phospholipid and micelle com-
plexes, derivatives, and analogues [18]. Recently, applying
nanotechnology for the target delivery of drugs has be-
come a remarkable solution to enhance the bioavailability
of therapeutic drugs and biologics, including CUR [19,
20]. Over the past decade, a pronounced progress has been
recognized in the development and application of CUR
drug delivery nanocapsules, microemulsions, cyclodextrin
inclusions, solid dispersions, and nanotubes [18, 21].

Currently, nanocapsules, such as those made up of
polyallylamine hydrochloride (PAH) polymers, are increas-
ingly used as potential targeted drug delivery for treating dis-
eases [22, 23]. Due to being degradable and biologically com-
patible, polymeric nanoparticles are the most preferable meth-
od for delivering drugs [24]. Moreover, polymeric nanoparti-
cles are characterized by their ability to load water insoluble
molecules in minimal concentrations that are required to in-
duce therapeutic effects [25].

Recently, a study by Slika et al. revealed a successful for-
mulation of polyallylamine hydrochloride-based CUR
nanocapsules via self-assembly [26]. The designed
nanocapsules were morphous and spherical with a diameter
of 80–100 nm. The in vitro drug release study showed that pH
triggered the maximum release of CUR under basic condi-
tions, and CUR nanoencapsulation improved its physiochem-
ical properties, drug loading and release, solubility, and bio-
availability. Additionally, their findings revealed that these
nanocapsules selectively and potently suppressed the growth
of colon cancer cells. The present study was carried out to
expand upon previous studies and provide a better understand-
ing of the potential in vivo therapeutic effects of CUR-PAH
nanocapsules, using the 1,2-dimethylhydrazine (DMH)-in-
duced mouse model of CRC.

2 Materials and Methods

2.1 Chemicals

1,2-Dimethylhydrazine dihydrochloride (DMH) was obtained
from ACROS OrganicsTM (Thermo Fisher Scientific, NJ,
USA). All primers were purchased from BIO-RAD® (CA,
USA). All other chemicals used were of high analytical grades.

2.2 Curcumin-PAH Nanocapsules

CUR-PAH nanocapsules were self-assembled based on the
nanoprecipitation method. In brief, 1:2 CUR/PAH ratio was
prepared by mixing 20 mg of PAH dissolved in water and
10 mg of CUR dissolved in acetone. Then, the mixture was
placed on a hot plate at 60°C to totally evaporate acetone.
Afterwards, the suspension was centrifuged at 15,000 rpm
for 15 min, and the supernatant was used for further analysis.
The full characterization of the used nanocapsules was studied
by Slika et al. [26].

2.3 Animals

Six-week-old female albino Balb/c mice weighing 20–25 g
were provided by Beirut Arab University’s animal facility.
They were housed in plastic cages with ad libitum access to
tap water and standard mouse diet under standard laboratory
conditions of light (12-h light/dark cycle), controlled room
temperature, and humidity. All procedures involving animals
were in compliance with the guidelines of the Institutional
Review Board (IRB) at Beirut Arab University (approval
number 2018A-0033-S-M-0245).

2.4 Experimental Design

A total of 24 mice were randomly divided into four experi-
mental groups of six mice each.

& Group A (Control): Mice were injected intraperitoneally
(i.p.) with 20 mg/kg of saline (0.9% NaCl) once a week
over 18 weeks.

& Group B (DMH only): Mice received DMH (20 mg/kg
body weight) in saline i.p. once a week for 12 weeks and
were left with no further treatment for additional 6 weeks
receiving only water.

& Group C (DMH + free PAH): Mice received DMH for 12
weeks, as in group B, but then were post-treated with free
PAH i.p. at a dose of 100 mg/kg for 6 weeks (5 days/week).

& Group D (DMH + CUR-PAH post-treatment): Mice re-
ceived DMH for 12 weeks, as in group B, but then were
post-treated with CUR-PAH nanocapsules (100 mg/kg)
for 6 weeks.
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At the end of the experiments, animals were fasted over-
night and then sacrificed.

2.5 Histopathological Analysis

After dissection, colons were excised, opened longitudinally,
and flushed with saline, and part of them was immediately
fixed in 10% formalin at room temperature for 24 h and sent
to Specialized Medical Laboratories (Beirut, Lebanon).
Histopathological examination was performed using hema-
toxylin and eosin (H&E) staining.

2.6 Tissue Homogenization

The distal region of the colon with tumors was manually ho-
mogenized on ice at a ratio of 1 g per 5 mL of phosphate
buffered saline (PBS) buffer (pH 7.4). The homogenization
buffer contained 1 mM of phenylmethylsulfonyl fluoride
(PMSF)—a commonly used protease inhibitor. Centrifugation
of samples was subsequently done at 15,000 rpm for 15 min at
4°C. Eventually, the supernatants were collected and stored at –
80°C for later use.

2.7 Molecular Assays

Total RNAwas purified from colon tissue homogenates using
AurumTM total RNAmini kit (BIORAD®, CA, USA) accord-
ing to the recommendations of the manufacturer. The integrity
and size distribution of total RNA were checked by agarose
gel electrophoresis and ethidium bromide staining. Reverse
transcription was done using QuantiTect® Reverse
Transcription Kit (QIAGEN®, MD, USA). Two micrograms
of total RNA was reverse transcribed into cDNA in a volume
of 40 μL at 42°C for 25 min, and the reaction was terminated
at 95°C for 3 min.

Wnt5a, frizzled receptor (Frz)-8,β-catenin (Ctnnb), adeno-
matous polyposis coli (APC), glycogen synthase kinase
(GSK3-β), transcription factor 4 (Tcf4), lymphoid enhancer-
binding factor 1 (Lef1), c-Myc, cyclin D1, and GAPDH
(housekeeping gene) genes were quantified by quantitative
real-time polymerase chain reaction using QuantiFast®
SYBR® Green PCR Kit (QIAGEN®, MD, USA). These
genes were amplified from 2 μL of template cDNA in a final
volume of 20 μL PCR reaction mixture which contains 10 μL
of 2x QuantiFast SYBR Green PCR Master Mix, 6 μL
RNase-free water, and 2 μL of each primer (1 μM). Cycling
was done with a denaturation step at 95 °C for 5 min, followed
by 45 cycles of denaturation at 95 °C for 10 s and annealing/
extension at 57 °C for 30s. The PCR primer sets used are
enlisted in Supplementary Table 1. All primer sets used in this
study for PCR amplification were selected based on previous-
ly published work [27]. Experiments were carried out in

triplicate, and the relative gene expression was calculated
using the 2-ΔΔCT gene dosage ratio formula.

2.8 Statistical Analysis

All statistical analyses were performed using Microsoft Excel
and GraphPad prism software (Version 7). Statistical signifi-
cance was tested using one-way ANOVA followed by Tukey
test for carrying out multiple comparisons. A P-value < 0.05
was considered significant.

3 Results

3.1 Histopathological Analysis

The histopathological examination of the colons from dif-
ferent groups is shown in Fig. 1. In the control group, a
regular histoarchitecture of the colon with its abundant
Lieberkühn crypts and goblet cells lining the crypts was
observed (panel a). In the DMH control group, there is a
clear presence of colon tumors and histological features of
adenocarcinoma (panel b). In this group, high-grade dys-
plasia and abnormal structures of Lieberkühn crypts were
noted. Also, neoplastic invasion to the muscular layers of
the intestine and formation of hyperplastic gland-like
structures called lymphoid follicles were reported.
Similar effects were noticed in the colonic tissues of mice
receiving DMH and post-treated with free PAH polymers,
as evident in panel c, indicating that the free polymers did
not exert any therapeutic effect against DMH damage. On
the other hand, upon post-treatment of DMH-injected
mice with CUR-PAH nanocapsules, most of the pre-
malignancy parameters such as dysplasia and hyperplasia
were mitigated (panel d). Additionally, the nanocapsules
restored the normal histoarchitecture of Lieberkühn
crypts.

3.2 Expression Levels of Wnt Pathway Regulators

As shown in Fig. 2, significant downregulation in the expres-
sion levels of Wnt5a (12-fold, P < 0.01), Frz (8.1-fold, P <
0.01), Ctnnb (15.8-fold, P < 0.01), Tcf4 (15.6-fold, P < 0.01),
and Lef1 (20.2-fold, P < 0.01) and upregulation in the expres-
sion levels of GSK3β (0.5-fold, P < 0.05) and APC (0.62-
fold, P < 0.05) were observed in mice post-treated with CUR-
PAH nanocapsules (group D) compared to those receiving
DMH (group B). A similar trend was observed in the CUR-
PAH nanocapsules treated group when compared to the free
PAH nanocapsules treated group, suggesting limited effects of
free PAH nanocapsules (group C).
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3.3 Expression Levels of Cell Cycle Regulators

As shown in Fig. 3, the mRNA levels of cell cycle regulators
c-Myc and cyclin D1 were significantly upregulated upon
DMH treatment (group B) compared to the control group.
However, the levels of these genes were significantly down-
regulated by 22.5- and 16.7-fold (P < 0.01), respectively, up-
on post-treating the mice with CUR-PAH nanocapsules
(group D), while the free PAH polymer had no effect on the
expression of those genes (group C).

4 Discussion

Chemotherapeutic agents are the most commonly used drugs
in the treatment of human CRC; however, they are well-
documented to have numerous side effects, exert limited re-
sponse, and induce drug resistance [28]. In contrast, the potent
antitumor activities of CUR, a natural polyphenol found in
turmeric, have received global attention [10, 29]. Due to the
bioavailability problems of CUR, the use of nanotechnology
has been applied to increase drug delivery; one of the prom-
ising nanotechnological methods is the formation of polymer-
ic nanocapsules [30, 31]. Herein, an 18-week model of CRC
was induced in mice by DMH, a common in vivo model for

the experimental study of human CRC [32]. Our study in-
volved investigating the post-treatment efficacy of CUR-
PAH nanocapsules as well as of the free PAH polymers on
this model.

Interestingly, in comparison with DMH alone or with free
polymer, the post-treatment of DMH induced CRC with
CUR-PAH nanocapsules resulted in an inhibition of the for-
mation of preneoplastic aspects, dysplasia, and hyperplasia in
lymphoid follicles, which collectively are the major micro-
scopic features occurring in this DMH model of carcinogene-
sis [32]. CUR-PAH nanocapsules induced partial regeneration
of epithelial linings, thus proving their efficacy against CRC.
Such observations are consistent with the previous studies
where CUR was shown to exert anticancer activities against
multiple human cancer cell lines including colorectal cancer
[33], modulated oxidative stress and aberrant crypt foci in
DMH-induced CRC in mice [34], chemo-prevented DMH-
induced CRC in albino rat model [35], and abolished
inflammation-associated CRC in DMH-initiated and DSS-
promoted mouse model [36].

The growth and progression of CRC is multigenic and
involves alteration in several signaling pathways. In this view,
CRC is characterized by aberrant activation of Wnt/β-catenin
signaling pathway [37].Mechanistically, upon binding ofWnt
ligand to the Frz receptor, a series of downstream signaling

Fig. 1 Histopathological analysis
of colonic tissues from controls
and DMH-treated mice (H&E ×
100). Histological architecture of
the colon from control mice (a),
DMH-injected mice (b), DMH-
injected mice treated with free
polymers (c), and DMH-injected
mice post-treated with CUR-PAH
nanocapsules (d). Lieberkühn
crypts CL (→); hyperplastic lym-
phoid follicles LF (→); high-
grade dysplasia HD (→)
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events occur leading to a dissociation of the destruction com-
plex and dephosphorylation of β-catenin and stabilization in
the cytosol. This causes the translocation of β-catenin into the
nucleus wherein it acts as a transcription factor for some on-
cogenes such as c-Myc and cyclin D1 [38]. In fact, about 80%
of all human CRCs are characterized by aberrant activation of
theWnt/β-catenin signaling [39]. On the basis of this fact, it is
clear that targeting and repression of this crucial pathway
holds great therapeutic potential in treating CRC [38, 40].

More importantly, our findings demonstrate that CUR encap-
sulation showed the potency of CUR as a multilevel-repressor
of Wnt/β-catenin signaling pathway as well as of its down-
stream oncogenes c-Myc and cyclin D1. Therefore, our find-
ings implicate the potency of encapsulated CUR as an effec-
tive anticancer agent in the treatment of CRC.

Appealingly, the literature is rich in similar studies that
prove the potency of CUR against CRC, and it has been
shown to significantly repress the overexpressed Wnt/β-

Fig. 2 qRT-PCR findings show the modulatory effects of DMH, alone
and with free polymer, and post-treatment with CUR-PAH nanocapsules,
on the relative mRNA expression of Wnt (A), Ctnnb (B), GSK3β (C),
APC (D), Tcf (E), and Lef (F) genes. a P < 0.01 versus control group; b P

< 0.05 versus control group; c P < 0.01 versus DMH group; d P < 0.05
versus DMH group; e P < 0.01 versus DMH + free polymer group; and f
P < 0.05 versus DMH + free polymer group

Fig. 3 qRT-PCR findings show the modulatory effects of DMH, alone
and with free polymer, and post-treatment with CUR-PAH nanocapsules,
on the relative mRNA expression of c-Myc (A) and cyclin D1 (B) genes.

a P < 0.01 versus control group; b P < 0.01 versus DMH group; and c P <
0.01 versus DMH + free polymer group

522 BioNanoSci.  (2021) 11:518–525



catenin signaling pathway, which also supports our observa-
tions [41–43]. Moreover, several studies assessed the effect of
either CUR alone or CUR nanoparticles on the modulation of
the Wnt/β-catenin pathway in other pathophysiological con-
ditions. For instance, CUR has been reported to exert its anti-
tumor activities via inhibiting several pro cancer processes
and signaling pathways including the Wnt/β catenin pathway
in breast cancer [44, 45], prostate cancer cells [46], hepatocel-
lular carcinoma [47], lung cancer [48–50], endometrial carci-
noma cells [51], gastric carcinoma cells [52], and melanoma
cancer cells [53].

Consistent to our findings, various CUR nanoformulations
have been designed to enhance the delivery, bioavailability,
and the therapeutic effectiveness of CUR against CRC [54,
55]. Examples on CUR nanoformulations for CRC treatment
include liposomes, micelles, polymeric nanoparticles/
nanocapsules, nanogels, dendrimers, cyclodextrin complexes,
solid lipid nanoparticles, and gold nanoparticles [30]. A study
by Li et al. proved an effective in vitro and in vivo antitumor
activity of CUR liposomes against CRC where liposomal
CUR inhibited the growth of Lovo and Colo25 cells at lower
IC50 compared to free CUR, induced apoptosis, and reduced
several angiogenic factors [56]. Another study by Tefas et al.
showed that the encapsulation of CUR into doxorubicin lipo-
somes remarkably reduced C26 cell proliferation compared
free CUR [57]. In addition, CUR-chitosan nanoparticles en-
hanced the delivery of CUR to colonic HT29 cells via muco-
adhesion which prolonged the contact time of CURwith these
cells [58]. These nanoparticles exerted potent anticancer ef-
fects, reduced cell viability and IC50, induced cell apoptosis,
and cell cycle arrest at G2/M phase [59]. Similarly, CUR-
poly(lactic acid/glycolic acid) (PLGA)-lecithin-PEG nanopar-
ticles exerted higher in vitro cytotoxicity effects against HT29
colon cells compared to free CUR leading to enhanced bio-
availability [60]. Also, a study by Xiao et al. assessed the
in vitro cytotoxic effects of CUR-PLGA-chitosan nanoparti-
cles against Colon-26 cells, whereby these nanoparticles dem-
onstrated a better cellular uptake of CUR and apoptotic effects
compared to its free form [61].

Besides, the literature includes numerous studies on the ef-
fectiveness of CUR polymeric nanocapsules against CRC [62].
Klippstein and colleagues revealed that PLGA-based polymer-
ic CUR nanocapsules exhibited high loading efficiency,
targeted delivery, and exert therapeutic activity against colon
cancer in mice. These CUR-loaded nanocapsules induced ap-
optosis and blocked the cell cycle which led to significantly
smaller tumor volumes compared to empty nanocapsules [63].
Also, Le and Kim showed that folate-PEG/Hyd-CUR/C18-g-
PSI micelles exhibited site specific delivery of CUR to colon
cancer cells via Wnt/β-catenin signaling pathway [64].
Likewise, Lotfi-Attari et al. reported the efficacy of CUR poly-
meric nanoparticles in inhibiting human CRC cells [65].

Correspondingly, Udompornmongkol and Chiang showed that
CUR-loaded polymeric nanoparticles exerted significant anti-
colorectal cancer activities [66]. Several studies have reported
the therapeutic effects of CUR-loaded biodegradable polymeric
micelles against colon cancer in vitro and in vivo [67].
Furthermore, novel polymeric CUR nanocarriers were shown
to suppress azoxymethane-initiated colon cancer in rats [68]
and in colon-tumor-bearing mice [69].

Finally, it is noteworthy that the CUR-PAH nanocapsules
used in our study were originally self-assembled via the pro-
cess of nanoprecipitation, and CUR release profiles were
assessed under various conditions where the best release was
attained at alkaline conditions which resemble the colonic
regions. In addition, these CUR-PAH nanocapsules allowed
targeted delivery of CUR to colonic cells in vitro and exhib-
ited significant and selective cytotoxicity against Caco-2 cells
[26].

In conclusion, this study suggests that CUR-PAH
nanocapsules significantly inhibit CRC by modulating the
Wnt/β-catenin pathway. In fact, the positive outcomes from
the current study may push toward developing CUR
nanoformulations for CRC patients. The major limitation in
this study is that our conclusions regarding CUR-PAH
nanocapsules ability to modulate the Wnt/β-catenin signaling
pathway and to regulate the cell cycle were solely based on
mRNA levels. Thus, this study confirms that the exerted
nanocapsules’ control of expression is at the transcriptional
level only, which might not be exactly the same on the trans-
lational protein level. Therefore, further investigations at the
protein level are warranted in future studies. Moreover, bio-
compatibility and toxicity assessments and detailed in vitro
and in vivo evaluations should be validated in order to ensure
the safety and effectiveness of these nanoformulations.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12668-021-00842-5.
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