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Abstract: Colorectal cancer (CRC) is one of the most commonly diagnosed cancers and is responsible
for approximately one million deaths each year. The current standard of care is surgical resection
of the lesion and chemotherapy with 5-fluorouracil (5-FU). However, of concern is the increasing
incidence in an increasingly younger patient population and the ability of CRC cells to develop
resistance to 5-FU. In this review, we discuss the effects of thymoquinone (TQ), one of the main
bioactive components of Nigella sativa seeds, on CRC, with a particular focus on the use of TQ in
combination therapy with other chemotherapeutic agents. TQ exhibits anti-CRC activity by inducing
a proapoptotic effect and inhibiting proliferation, primarily through its effect on the regulation of
signaling pathways crucial for tumor progression and oxidative stress. TQ can be used synergistically
with chemotherapeutic agents to enhance their anticancer effects and to influence the expression of
signaling pathways and other genes important in cancer development. These data appear to be most
relevant for co-treatment with 5-FU. We believe that TQ is a suitable candidate for consideration in
the chemoprevention and adjuvant therapy for CRC, but further studies, including clinical trials, are
needed to confirm its safety and efficacy in the treatment of cancer.

Keywords: Nigella sativa; thymoquinone; colorectal cancer; adjuvant therapy; anticancer therapy;
5-FU resistance

1. Introduction

Colorectal cancer (CRC) is one of the most significant health problems worldwide [1,2].
It ranks third in the world in terms of cancer incidence and is the second leading cause of
cancer deaths worldwide [3]. CRC is estimated to cause approximately one million deaths
per year, and the 5-year and 10-year survival rates are 65% and 58%, respectively [1,2].
Approximately 41% of all colorectal cancers occur in the proximal colon, 22% in the distal
colon and 28% in the rectum [4]. It has been suggested that in approximately 6-10%
of cases, the incidence of CRC is associated with the presence of a known mutation in
the genome [5]. In the majority of cases, colorectal cancer originates from precursor
adenomatous or serrated polyps [2]. The development of colorectal cancer is the result of
genetic, histological and morphological changes that accumulate over time. Depending on
the origin of the mutations, CRC can be classified as familial, sporadic and hereditary [6].

Risk factors for CRC may be non-modifiable, such as genetic predisposition, the pres-
ence of inflammatory bowel disease or comorbidities (e.g., diabetes) and related hereditary
conditions such as Lynch syndrome, familial adenomatous polyposis [1,5,6]. The incidence
of CRC is also associated with the male sex and Asian and Black ethnicities [5]. However,
environmental factors and a western lifestyle also contribute to the increased likelihood
of developing this cancer, as the risk of CRC is higher in people with an abnormal body
mass index, low physical activity, the consumption of processed meat and the abuse of
stimulants (e.g., nicotine and high alcohol consumption) [1,5].
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Demographic burden

Genetic burden

CRC is typically categorized into stages, ranging from stage 0 to stage IV. Stage 0
involves benign lesions, mainly non-metastatic polyps displaying hyperproliferative char-
acteristics [7]. Stage I is characterized by malignant polyps, known as adenomas, which also
affect the muscularis propria [7]. This stage often results from mutations in the APC gene.
Stage II (early adenoma) and III occur when the tumor extends to the serous membrane or
visceral peritoneum, respectively. Mutations in the KRAS oncogene are commonly observed
in stage II, while stage III may additionally involve mutations in the DCC suppressor gene.
In the final stage, stage IV, mutations in the p53 gene occur, along with the development of
distant metastases, primarily in the liver and lymphatic vessels. This stage is associated
with a worse prognosis [7]. Treatment strategies for CRC vary depending on the stage, with
adjuvant therapy often employed at each stage to improve outcomes [7].

The molecular background of carcinogenesis is extremely complex. It is known that
CRC is a highly heterogeneous disease. The classical pathway of CRC development is
associated with chromosomal instability, which is observed in 80% of CRCs [8]. It pri-
marily involves mutations in the APC gene, which activates the WNT signaling pathway,
which plays a major role in the development of CRC. Loss of function of the APC pro-
tein impairs the phosphorylation of 3-catenin, which is not ubiquitinated and cannot be
degraded by proteasomes. When (-catenin accumulates in excess, it is translocated to
the nucleus where it works with the T-cell factor/lymphoid enhancer factor (LEF/TCF)
protein complex to act as a transcription factor. This increases the expression of genes
that stimulate cell growth [9,10]. Other molecular events include the activation of KRAS
and B-Raf proto-oncogene (BRAF) mutations within the MAPK pathway [11,12]. Muta-
tions within the mitogen-activated protein kinase (MAPK) pathway can also affect the
gene encoding phosphoinositide 3-kinase (PIK3) [8,13]. In approximately 70% of cases,
tumor protein p53 (TP53) loss-of-function mutations are associated with the classical pathway
of carcinogenesis, resulting in the accumulation of the mutant protein in the nucleus [8,14].
Activation of the transforming growth factor 3 (TGF-)-related pathway, mediated by a
lack of expression of the effector protein SMAD family member 4 (SMADA4), is likely to be
associated with the formation of distant metastases [8,15]. In addition, hypermethylation
of CpG islands in the promoters of the genes involved in transcriptional regulation and
microsatellite instability, mainly associated with mutations in the BRAF gene, the TGF-$
receptor type II gene and the pro-apoptotic bcl-2-like protein 4 (BAX) gene, may contribute
to the development of CRC [8]. The modifiable and non-modifiable factors and critical
mutations that influence the development of CRC are summarized in Figure 1.
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Figure 1. Risk factors and mutations involved in the development of CRC. The figure was partly
generated using Servier Medical Art, provided by Servier and licensed under a Creative Commons
Attribution 3.0 unported license.
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Surgical resection of the tumor lesion or a larger part of the colon and chemotherapy
are the mainstay of treatment for colorectal cancer. One of the most commonly used drugs
is 5-fluorouracil (5-FU), which belongs to the group of pyrimidine antimetabolites [16]. The
mechanism of antitumor action of 5-FU is mainly based on the inhibition of the enzyme
thymidylate synthase, which leads to impaired DNA replication in cells. In addition,
this chemotherapeutic agent can be incorporated into RNA, replacing approximately 50%
of the uracil in the molecule, leading to impaired RNA synthesis. Both prodrugs and
combinations of 5-FU with other chemotherapeutic agents are used in the treatment of CRC.
A major limitation of this type of therapy is the ability of tumor cells to develop resistance
to 5-FU [17].

In our opinion, the increase in the incidence of CRC in young people, i.e., under
50 years of age, and the emergence of resistance to standard treatment is particularly
alarming [1,5,17]. For this reason, researchers are searching for new therapeutic regimens
and alternatives. Several studies are currently focused on the effect of thymoquinone
(TQ) on cancer cells. The aim of our work is to review current reports on the applicability
and potential molecular targets of thymoquinone, a naturally derived compound, in the
treatment and chemoprevention of colorectal cancer. In addition, we extended our review
to include reports on the combination therapy of TQ with other chemotherapeutic agents
currently in clinical use. For this purpose, we focused on the review of basic and preclinical
studies in cellular and animal models.

2. Nigella sativa: The Main Source of Thymoquinone

Medicinal plants have been used since the dawn of time and are used in the preparation
of herbal medicines because they are considered to be safer than modern allopathic drugs.
One of these plants is Nigella sativa, commonly known as black seed or black cumin, which
is native to southern Europe, North Africa and south-west Asia, and is grown in many
countries around the world [18]. Nigella sativa is an annual plant that grows to a height
of 45 cm and has long, lineal-lanceolate leaves that measure 2-2.5 cm. Flowering and
fruiting occurs from January to April. Nigella sativa flowers are pale blue, 2-2.5 cm in
diameter, and are solitary on long peduncles. Seeds of this plant are small dicotyledonous,
trigonous, angular, regulose-tubercular, 2-3.5 x 1-2 mm, black on the outside and white
inside [19]. Nigella sativa seeds contain several biologically active compounds, and their
phytochemical composition varies depending on several factors, such as the growing region
or maturity stage. Compounds isolated from Nigella sativa seeds belong to several chemical
classes. The most notable is the family of terpenes and terpenoids, the most important
of which is thymoquinone and its derivatives [20]. TQ accounts for about 25% of the
volatile oil of Nigella sativa [21]. Other sources from which TQ is isolated are plants such
as Monarda didyma, Monarda media wild, Monarda menthifolia, Satureja hortensis, Satureja
montana, Thymus pulegioides, Thymus serpyllum, Nepeta leucophylla, Tetraclinis articulata,
Juniperus cedrus, Callitris quadrivalvis and Thymus vulgaris [22-24]. However, Nigella sativa
is the most commonly reported source of TQ in the literature [22]. The crude oil and
thymoquinone extracted from its seeds and oil have many beneficial health properties that
have been investigated in several research projects for their biological activity and potential
therapeutic effects [18].

3. Characterization, Pharmacognostic Isolation and Purification of Thymoquinone

The molecular weight of TQ is 164.204 g/mol and its chemical formula is C19H;,0,.
TQ concentrations in seed oil have been reported between 18-25 ug/mL [24]. TQ is a
member of the monoterpene class of compounds, which are formally derived from the
condensation of two isoprene units. Secondary metabolism in plants leads to the formation
of these compounds, which can be isolated using steam distillation or solvent extraction of
plant parts [24]. Several methods have been described for the isolation and purification
of TQ from plant material. These methods primarily involve supercritical fluid extraction,
hydrodistillation, soxhlation and chromatographic techniques [23,25]. Using thin-layer
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chromatography on silica gel, the yellow crystalline molecule TQ was isolated [23]. Com-
paring two methods for the extraction of TQ from oil, the percentage obtained was 3%
for extraction using hydrodistillation, as opposed to 48% for extraction using the Soxhlet
method. A TQ-rich fraction was obtained using supercritical fluid extraction [23,26,27].
Ghanavi et al. [28] proposed a method for the isolation and purification of TQ from
Nigella sativa seeds that has the potential for use in industrial applications, including
a consideration in production for pharmaceutical purposes. They followed a two-step
procedure for the TQ extraction: first, maceration with methyl tert-butyl ether, followed by
liquid-liquid extraction with methanol, which effectively removed most of the impurities.
Next, preparative high-performance liquid chromatography (HPLC) was performed to
separate and purify the TQ. The results of the HPLC analysis showed that the purity of the
collected TQ was 97%, while the gas chromatography-mass spectrometry results identified
that the purity of the obtained TQ was 97%. Several studies concluded that organic solvent,
supercritical CO,, or subcritical water extraction is a better method for separating TQ from
herbal materials than water or steam distillation. Volatile compounds from Monarda didyma
and Monarda fistulosa extracted with supercritical CO, were much richer in TQ [29]. Other
research found that the best solvent for TQ extraction from Nigella sativa was benzene,
suggesting that the choice of the most efficient TQ extraction method may depend on the
type of starting plant material [30]. There have also been published studies indicating that
TQ is obtained from thymol by biotransformation using Synechococcus sp. However, the
reported yield from this process was low [31]. Recently, the use of electrospun nanofibers
as a sorbent for TQ extraction has been proposed by Nejabati et al. [32].

4. Properties and Pharmacological Features of Thymoquinone

TQ is present in tautomeric forms, such as the keto or enol form, or in mixtures of
them [21,33]. Furthermore, due to its hydrophobic nature, the bioavailability and drug
formulation of TQ are limited. In addition, the solubility of TQ in aqueous solutions varies
from 549 to 669 ug/mL after 24 h to approximately 665 to 740 nug/mL after 72 h, and it
depends on time [21,34]. The routes of administration of TQ include the oral, sub-acute,
sub-chronic, intraperitoneal and intravenous routes [21,35]. After oral administration,
liver enzymes may be elevated. This is due to metabolic activity, which reduces TQ to
hydroquinone [21,36].

Toxicity data are also available for TQ, which are essential when considering its phar-
maceutical potential. The lethal dose (LDsg) varies depending on the route of administra-
tion, the carrier used and the model organism, but the LDs5( of TQ after oral administration
to mice was 870.9 mg/kg and 104.7 mg/kg after intraperitoneal injection [24,37]. A mean
LDsg of 790 mg/kg and 57 mg/kg for oral and intraperitoneal administration, respec-
tively, was reported for rats, with signs of toxicity, such as hypoactivity and respiratory
depression [21,38]. TQ administered by intraperitoneal injection showed signs of toxicity
associated with acute pancreatitis, and TQ administered orally showed signs of transient
toxicity. Deaths were reported after doses of 500 mg/kg bw due to complications associated
with intestinal obstruction. At the 300 and 500 mg/kg dose levels, signs of weight loss,
diarrhea, mild abdominal distension and respiratory distress were observed in 34% of
the rats within 48 h of administration. Subsequently, the rats regained weight and signs
of toxicity began to disappear by the fifth day of the experiment [23,39]. In a study by
Mansour et al. [40], rats and mice were given intraperitoneal injections at doses ranging
from 5 mg/kg to 12.5 mg/kg and no toxicity was observed [40]. Other studies conducted
by Kanter et al. [41] showed that the oral administration of 100 mg/kg or less of TQ also
had no toxicological effect [41].

The pharmacokinetics of thymoquinone have been studied, using different dosing
regimens of TQ administered by intraperitoneal, intravenous or intragastric routes, for their
efficacy in disease models. Overall, it has been characterized that the usual doses of TQ
tested are 5 mg/kg (intravenous) and 20 mg/kg (oral) [25]. This dose was used in a study
by Alkharfy et al. [42] who investigated the plasma pharmacokinetic behavior of the intra-
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venous and oral bioavailability of thymoquinone in a rabbit model. They found that the
estimated clearance (CL) after intravenous administration was 7.19 & 0.83 mL/kg/min and
the volume of distribution at the steady state (Vss) was 700.90 &£ 55.01 mL/kg. During the
subsequent oral administration, the CL/F and Vss/F values were 12.30 = 0.30 mL/min/kg
and 5109.46 £ 196.08 mL/kg, respectively [42]. These parameters remained associated with
an elimination half-life (t; ;) of 63.43 &= 10.69 and 274.61 £ 8.48 min for intravenous and
oral administration, respectively [42]. The proposed t;, absorption was approximately
217 min. Compartmental analysis showed a t1 /5, of ~8.9 min and a t; /5 of ~86.6 min. The
predicted total bioavailability of TQ was maintained at ~58% for a lag time of ~23 min.
They also found that binding to proteins was greater than 99% [42]. Alkharfy et al. [42]
showed that TQ has high bioavailability, but oral administration is associated with rapid
elimination and relatively slow absorption. Also, Ahmad et al. [39] used a dose of TQ
5 mg/kg intravenously and 20 mg/kg orally administered to rats. They found that after
oral administration, the maximum plasma concentration (Cpax) of thymoquinone was
4.52 £ 0.092 pg/mL in male rats and 5.22 £ 0.154 pug/mL in female rats (p = 0.002). Sim-
ilarly, after intravenous administration, the Cpax was 8.36 £ 0.132 pg/mL in males and
9.51 + 0.158 pg/mL in females (p = 0.550) [39]. The area under the plasma concentration—
time curve after oral administration was 47.38 £ 0.821 ug/mL-h in females and
43.63 £ 0.953 pg/mL-h in males (p = 0.014) [39]. The results indicated that there were no
sex differences in the pharmacokinetics of TQ.

The beneficial properties of thymoquinone are due to the presence of a lipophilic
quinine moiety in its structure, which allows the molecule easy access to cellular and
subcellular structures, as well as targeting intracellular transcription factors and kinases [43].
Despite the promising safety profile and high protein binding of TQ), its bioavailability is
limited due to certain physicochemical properties. TQ is photosensitive and even brief
exposure can lead to substantial degradation, whatever the solution acidity and solvent
used [21]. Furthermore, TQ is unstable under alkaline conditions, with stability decreasing
with increasing pH [34]. The solubility of TQ in aqueous media is <1.0 mg/mL at room
temperature. In addition to its hydrophobic nature, TQ is characterized by slow absorption,
rapid metabolism, rapid elimination and low physicochemical stability, which limits its
pharmaceutical applications [23,24]. A study by Salmani et al. [34] shows a very low
stability profile of TQ in all aqueous solutions, with rapid degradation that varied with
the type of solvent. The study of degradation kinetics showed a significant effect of pH
on the degradation process. Also, light sensitivity may limit the applicability of TQ [25].
To increase the bioavailability of TQ, researchers propose solutions based on the use of
nanoformulations, i.e., liposomes, solid lipid nanoparticles, niosomes, nanostructured lipid
carriers and nanoemulsions [24,44-47].

5. Preclinical and Clinical Studies on Thymoquinone and Its Main Source
Nigella sativa

Nigella sativa has several promising pharmacological properties, mainly related to the
presence of TQ, which has been confirmed in preclinical and clinical studies. Biologically ac-
tive compounds from Nigella sativa have been shown to have antioxidant, antimicrobial, anti-
inflammatory, antidiabetic, hepatoprotective, antiproliferative, proapoptotic, antiepileptic
and immunomodulatory activities, among others [48-54]. Black seed could also be used for
the prevention of some diseases, such as cardiovascular disease, diabetes, gastrointestinal
diseases or wound healing [20,55-59]. In clinical studies, Nigella sativa and its constituents,
including TQ, have demonstrated antimicrobial, antioxidant, anti-inflammatory, anticancer
and anti-diabetic properties, as well as therapeutic effects on metabolic syndrome and
gastrointestinal, neural, cardiovascular, respiratory, urinary and reproductive disorders [54].
Recent clinical trial reports suggest the potential use of Nigella sativa in complementary
treatment and prevention of conditions such as coronary artery disease, diabetic peripheral
neuropathy, Helicobacter pylori infection and polycystic ovary syndrome [60-63]. The safety
of thymoquinone-rich black cumin oil was evaluated in a phase I clinical trial and provided
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satisfactory results [64]. Also, the antihyperglycemic activity of TQ was evaluated in a dia-
betic mouse model and patients [65]. Another pilot clinical trial proved that thymoquinone
has anti-epileptic effects in children with refractory seizures [66].

Particular attention is currently being paid to research into the anticancer effects of TQ.
Thymoquinone has anticancer properties that have been confirmed in preclinical studies
of many types of cancer, including ovarian, colon, laryngeal, breast, leukemia, lung and
osteosarcoma [67-76]. Currently, there is only one clinical trial evaluating the chemopreven-
tive effect of thymoquinone on potentially malignant oral lesions in the clinicaltrials.gov
database (accessed 14 November 2023). In addition, an Arabian phase I trial evaluated the
clinical activity of thymoquinone in patients with advanced refractory malignant disease.
TQ was found to be safe and well-tolerated in patients up to 10 mg/kg/day, but there was
no significant anticancer activity found [77].

6. Brief on the Anticancer Properties of Thymoquinone

In vitro and in vivo studies have shown that TQ exerts tumorigenic effects in a variety
of ways, including modulation of the epigenetic machinery and effects on proliferation,
the cell cycle, apoptosis, angiogenesis, carcinogenesis and metastasis [43,78-80]. Thy-
moquinone also shows hepatoprotective and renal protective properties against drug
cytotoxicity, affecting key enzymes involved in detoxification, i.e., aspartate transaminase,
alanine transaminase, etc. [81]. It is also promising that TQ has low toxicity to normal cells,
as confirmed by several studies, including studies on normal mouse kidney cells, normal
human lung fibroblasts and normal human intestinal cells [82-86].

The ability of TQ to inhibit proliferation and influence apoptosis of cancer cells has
been confirmed in studies on several cancer models, in addition to those mentioned above,
this includes prostate and squamous cell carcinoma [87-89]. References show that TQ
exerts its effect by influencing the expression of specific genes, including the upregulation
of apoptotic mediators and the downregulation of transcription factors related to cytokine
production [43]. TQ induces a pro-apoptotic effect by acting through numerous molecular
mechanisms, such as the activation of c-Jun N-terminal kinases (JNK) and p38, as well as
the phosphorylation of nuclear factor-«B (NF-«B) and the reduction of extracellular signal-
regulated kinase 1/2 (ERK1/2) and phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K)
activities [90,91]. TQ has also been shown to downregulate the PI3K/PTEN/Akt/mTOR
and WNT/ 3-catenin pathways, which are critical for tumorigenesis [92,93]. TQ also
interrupts metastasis by downregulating the epithelial to mesenchymal transition (EMT)
transcription factors twist-related protein 1 (TWIST1) and E-cadherin [94]. For example,
Zhang et al. [95] showed that TQ can suppress invasion and metastasis in bladder cancer
cells by reversing EMT through the WNT/ 3-catenin pathway [95,96].

Oxidative stress is one of the factors in cancer development, as it leads to DNA
damage [80]. The anticancer properties of TQ are also linked to its effects on oxidative stress,
as TQ has been shown to act as an antioxidant at low concentrations. Higher concentrations,
however, induce apoptosis of cancer cells through the induction of oxidative stress [90].
Thymoquinone acts by inducing cytoprotective enzymes, resulting in the protection of
cells from cellular damage caused by oxidative stress. Thymoquinone upregulates the
expression of genes encoding specific enzymes, such as catalase, superoxide dismutase,
glutathione reductase, glutathione S-transferase and glutathione peroxidase, whose role is
to protect against reactive oxygen species [43].

TQ has antitumor activity by reducing inflammation and acting as an immunomodula-
tor. Inflammatory mediators and enzymes are known for their role in cancer development
and progression [80]. TQ has the ability to downregulate NF-kB, interleukin-1f3, tumor
necrosis factor alpha, cyclooxygenase-2 (COX-2,) matrix metalloproteinase 13 (MMP-13),
prostaglandin E2 (PGE2), the interferon regulatory factor, which are associated with inflam-
mation and cancer development. What is more, TQ increases the activity of natural killer
cells, which are essential in the body’s defense against cancer cells [43].
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Although the exact mechanism of TQ’s anticancer action is not known and fully
characterized, it is generally possible to distinguish several points at which TQ acts. The
general outline of the anticancer nature of thymoquinone is summarized in Figure 2.

Metastasis and invasion
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Figure 2. Overview of the mechanisms of action of thymoquinone in antitumor therapy.

7. Thymoquinone a Promising Candidate for the Treatment of Colorectal Cancer
7.1. Cytotoxic Effect of Thymoquinone on Colorectal Cancer Cells

The effect of thymoquinone on CRC has been studied in both cell lines and animal
models. In general, the half-maximal inhibitory concentration (ICs) is the most commonly
used indicator of a compound’s potency on cell viability and the evaluation of resistance.
Available study reports were reviewed to determine whether TQ has the ability to in-
hibit CRC cells. The ICsy values of thymoquinone in selected colorectal cancer lines are
summarized in Table 1.

Table 1. ICs5j values of thymoquinone in selected colorectal cancer lines.

. 1Cs¢ Exposure Time
CRC Line (uM) ) Ref.
LoVo 6-8 24 [97]
C26 40 24 [98]
HT-29 112
24
DLD-1 61
[99]
HCT-116 51.73
48
HT-29 99.46
HCT-15 82.59 24 [100]
HCT-116 68 24 [101]
20 24
HCT-116 10.3 48 [102]
6.5 72

CRC—colorectal cancer; ICsp—half-maximal inhibitory concentration.
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Thymoquinone has shown the ability to inhibit CRC cells, demonstrating that it can
be tentatively considered as a candidate for therapy or adjunctive treatment of CRC. In
general, it has been observed that prolonged exposure to TQ results in a lower ICsy. The
effect exerted on cell lines varies, which may be related to the different genetic profile of
each cell line and the effects of TQ on different molecular targets [103].

Several pathways and molecular markers have been described that are significantly
associated with the development and survival of colorectal cancer. In colon cancer cell lines,
TQ exerts antitumorigenic effects through several mechanisms (Figure 3). Among the most
commonly implicated pathways in CRC pathogenesis are the MAPK cascades downstream
of the epidermal growth factor receptor (EGFR), TGF-$3, JAK/STAT, TGF/SMAD, Notch,
WNT/ B-catenin, SHH/GLI, PI3K/AKT/mTOR and p53 pathways. The importance of
these signaling pathways in the development and progression of CRC has been widely
reported in the literature [95,104-106]. The results from recent studies indicate that these
elements may be potential targets for TQ [107].
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Figure 3. Selected mechanisms of action of thymoquinone against colorectal cancer cells and possible
therapeutic targets.

7.2. Influence of Thymoquinone on Apoptosis and Pathways Involved in Colorectal Cancer Cell
Survival and Proliferation

Zhang et al. [108] investigated the antitumor potential of TQ on the colorectal cancer
cell lines COLO205 and HCT-116. They showed that thymoquinone affected the reduction
of tumor cell viability in a dose-dependent manner. They also investigated the molecular
mechanism by which the antitumor effect was achieved. In summary, they showed that
TQ exerts its antitumor effect by inhibiting NF-«B signaling, as TQ reduced the level
of phosphorylated p65 in the nucleus, indicating the inhibition of NF-«B activation. In
addition, the study showed that the expression of other genes related to oncogenesis, such
as the vascular endothelial growth factor (VEGF), c-Myc and B-cell lymphoma 2 (Bcl-2), was
reduced [108]. Similarly, Chen et al. [97] investigated the effect of TQ on irinotecan-resistant
LoVo cells and obtained confirmation that it is an NF-«B inhibitor and demonstrated
that TQ reduced the total and phosphorylated IkB kinase o« (IKK«/{3) and NF-«kB and
reduced metastasis in cancer cells. They also noted that TQ not only reduced the activity of
ERK1/2 and PI3K, but also activated JNK and p38, which is associated with the suppression
of metastasis.

Kundu et al. [109] also investigated the effect of TQ on cells of the HCT-116 cell line
and, like others, observed a decrease in cancer cell survival in the absence of TQ. They
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found that TQ affects the induction of apoptosis in cancer cells by blocking the signal
transducer and activator of transcription 3 (STAT3) signaling via inhibition of Janus kinase
2 (JAK2) and Src-mediated phosphorylation of EGFR tyrosine kinase. They found that the
induction of apoptosis was associated with the upregulation of Bax and inhibition of Bcl-2
and B-cell lymphoma-extra large (Bcl-x1) expression, as well as activated caspase-9, -7 and -3,
and induced cleavage of poly (ADP-ribose) polymerase (PARP). TQ also attenuated the
expression of STAT3 target gene products, such as survivin, c-Myc and cyclin-D1, -D2, and
enhanced the expression of cell cycle inhibitory proteins p27 and p21 [109].

Wirries et al. [110] studied the effect of TQ on colon cancer cells. Due to the low
bioavailability of TQ, they decided to add saturated and unsaturated fatty acid residues to
its molecule, thereby increasing its ability to penetrate membranes. They observed the most
satisfactory results in terms of a decrease in tumor cell survival in response to treatment
with thymoquinone-4-a-linolenoylhydrazone or thymoquinone-4-palmitoylhydrazone in
the case of the p53-competent colon cancer line HCT-116. They found that the induced cyto-
static effect, particularly in p53-competent HCT-116 cells, was mediated by the upregulation
of p21CiP1/Wafl and the downregulation of cyclin E and was associated with S/G2 arrest of
the cell cycle. The fact that they did not observe such a strong effect in HCT-116p53~/~
cells confirms that the mechanism by which TQ derivatives inhibit cancer cell progression
is dependent on the p53 status by activating the cell cycle inhibitor p21©iP1/Wafl [11(].

Hsu et al. [111] used a cell proliferation assay and an immunoblotting assay to study
the effect of TQ on the migration of colon cancer cells from the LoVo cell line. The results
confirmed that high doses of TQ significantly reduced the proliferation process of cancer
cells. They found that TQ reduces the levels of p-PI3K, p-Akt, p-glycogen synthase kinase
3 (p-GSK3p3) and p-catenin, thereby inhibiting downstream COX-2 expression, which in
turn leads to a reduction in PGE2 levels and suppression of prostaglandin E2 receptor 2
(EP2) and prostaglandin E2 receptor 4 (EP4) activation. These studies have shown that
the inhibition of COX-2 expression results in the reduced migration of colon cancer cells
from the LoVo cell line. The effect of thymoquinone on cancer tumor growth has also been
confirmed in an animal model [111]. Rooney et al. [112] studied the effects of two active
compounds from Nigella sativa on the cells of various cancers, including the HT-29 colon
cancer cell line. They showed that TQ dose-dependently inhibited the proliferation of
HT-29 cells and induced their death, mainly by necrosis [112].

Two studies by the Gali-Muhtasib team involving HCT-116 colon cancer cells demon-
strated that TQ induces apoptotic cell death in human colon cancer cells via a p53-
dependent mechanism and that apoptosis in these cells is associated with the inhibition
of the DNA damage sensor checkpoint kinase 1 (CHEK1) [113,114]. The results confirm
that TQ can induce cancer cell death via different mechanisms. A study by Chen et al. [115]
found that TQ induced cell death in the LoVo cell line via apoptosis, followed by mito-
chondrial outer membrane permeabilization and autophagic cell death. Most importantly,
the treatment of colorectal cancer cells with TQ induced caspase-independent autophagic
cell death via mitochondrial outer membrane permeabilization and the activation of JNK
and p38 [115]. Animal models of carcinogenesis have also been used to investigate the
potential anticancer effects of TQ on colon cancer cells. To investigate the effect of TQ,
Asfour et al. [116] used 1,2-dimethylhydrazine (DMH)-induced colon carcinogenesis in a
rat model. The results obtained by this research team appear to be very promising. They
showed that a daily oral dose of TQ (10 mg/kg body weight) during the initiation phase
had a chemopreventive effect against colon carcinogenesis. They also showed that TQ
significantly prevented tumor formation (incidence), reduced tumor burden (multiplicity)
and inhibited tumor growth [116].

7.3. Effect of Thymoquinone on Oxidative Stress-Related Damage in Colorectal Cancer

Oxidative stress has been strongly implicated in CRC by inducing mucosal inflam-
matory responses, genetic alterations, altered intestinal immune responses and changes
in the composition of the intestinal microflora, which are considered to be an integral
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part of CRC carcinogenesis [117]. Research confirms the role of reactive oxygen species
(ROS) in the initiation, progression and promotion of CRC [118-120]. Among other things,
cellular damage may be associated with the activation of specific metabolic pathways and
the induction of epigenetic changes [117]. To investigate the chemopreventive effects of
Nigella sativa and its constituents, the team of Al-Johar et al. [121] used the azoxymethane
(AOM)-induced colon cancer model in rats. They were able to show that Nigella sativa had
an inhibitory effect on DNA damage in the test animals, but the exact mechanism of action
could not be proven. The team attributed this to the probable antioxidant properties of
Nigella sativa constituents, including thymoquinone [121].

The protective role of thymoquinone in colon carcinogenesis was also confirmed using
DMH-induced colon carcinogenesis in the Wistar rat model. Jrah-Harzalach et al. [122]
evaluated pre- and post-thymoquinone (TQ) treatment on DMH-induced oxidative stress
during the initiation and promotion of colon carcinogenesis. Pretreatment with TQ com-
pletely reversed DMH-induced oxidative stress at the baseline, as well as histological
changes and tumor progression. It also reversed oxidative damage during promotion and
significantly reduced tumor incidence. In comparison, post-treatment with TQ corrected the
oxidative status at the baseline and attenuated tumor development. These results support
the potential use of thymoquinone in colorectal cancer chemoprevention, as TQ is effective
in protecting and treating the DMH-initiated early phase of colorectal cancer. This effect is
thought to be related to its antioxidant activity [122]. The Jrah-Harzalach research team
also set out to determine the effects of thymoquinone on erythrocyte lipid peroxidation and
the antioxidant status during DMH-induced colon carcinogenesis after initiation in male
Wistar rats [122]. They showed that supplementation of the animals with thymoquinone
restored DMH-induced oxidative stress markers to normal levels, confirming that TQ is a
useful compound in preventing DMH-induced erythrocyte damage [123].

El-Najjar et al. [86] evaluated the effects of TQ on a panel of colorectal cancer cell lines,
including Caco-2, HCT-116, LoVo, DLD-1 and HT-29, as well as normal human intestinal
FHs74Int cells. They showed that TQ has the ability to kill cancer cells, while leaving
normal cells unharmed. Furthermore, results from the DLD-1 line showed that the process
of apoptosis in cancer cells is associated with the generation of ROS. They also found that
TQ increased the phosphorylation states of MAPK, JNK and ERK [86].

Summarizing the results of the studies discussed above, two main modes of action
can be distinguished in the activity of thymoquinone against CRC: a proapoptotic effect
and the inhibition of proliferation, primarily related to the effect of TQ on the regulation of
signaling pathways crucial in tumor progression, and oxidative stress.

8. Simultaneous Stimulation with Thymoquinone and Known Chemotherapeutics:
An Opportunity to Increase Treatment Efficacy

One of the major challenges in the treatment of colorectal cancer today is the de-
velopment of resistance to the primary drug 5-FU. Resistance is estimated to occur in
90% of metastatic CRC cases [124]. The possible mechanisms of resistance to 5-FU are
complex and varied and have been described extensively in the literature [124-126]. The
most common are changes in the expression of genes encoding enzymes involved in the
metabolism of 5-FU, particularly the upregulation of thymidylate synthase, the main en-
zyme [127]. In addition, cancer cells have the ability to regulate autophagy and apoptosis,
for example by binding the active form of p53 and preventing its biological action, as well
as modulating key signaling pathways, such as PI3K-AKT and MAPK-Ras-Erk [128,129].
Increased expression of TGF-{3 has also been associated with resistance to 5-FU [130]. CRC
cells also cope with 5-FU by increasing 5-FU-activated ROS response mechanisms [124].
Other postulated mechanisms of resistance include multidrug resistance and membrane
drug transporters, the influence of the tumor microenvironment and the occurrence of
specific epigenetic changes in CRC cells [124,131-134]. Given the complexity and mul-
tiplicity of mechanisms of resistance to 5-fluorouracil in CRC, new therapeutic options
are being sought to replace 5-FU or to overcome CRC cell resistance to 5-FU. Several
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studies confirming the feasibility of thymoquinone in combination therapy for CRC are
discussed below.

Studies in an early-stage rat model of CRC showed that the co-administration of TQ
and 5-FU resulted in a significant reduction in tumor size, greater than that seen with either
treatment alone. In addition, the combination was found to decrease the expression of pro-
tumor genes, such as WNT, B-catenin, NF-xB, COX-2, inducible nitric oxide synthase (iNOS),
VEGF, and increase the expression of antitumor genes, namely dickkopf-1 (DKK-1), cyclin
dependent kinase inhibitor 1A (CDNK-1A), TGF-B1, TGF-BRII, Smad4 and glutathione peroxidase
(GPx) [135]. Eftekhar and colleagues [136] reported similar findings. They showed that
co-exposure of HT-29 cells to 5-FU and TQ resulted in greater cell inhibition than when
the substances were used alone. They also showed that TQ has a synergistic effect on the
pharmacokinetics of 5-FU [136]. TQ's effect on CRC and cancer stem cells, considered the
most resistant to 5-FU, has also been studied. It was shown that TQ significantly reduced the
ability of cancer stem cells to regenerate and reduced the tumor size. This was attributed to
DNA damage and the pro-apoptotic effect of TQ. Given that the results were also obtained
in 5-FU-resistant cells, this suggests that TQ may be a promising adjuvant therapy [137]. In
another study, the effect of a combination therapy of TQ and 5-FU on CRC using cancer
stem cells was also investigated. The results suggest that the combination treatment is
highly effective against cancer stem cell populations in CRC and simultaneously inhibits
the WNT/ 3-catenin and PI3K/AKT signaling pathways, the most commonly implicated
pathways in CRC recurrence and progression [138].

The effect of triple therapy with TQ, 5-FU and an additional agent on colorectal cancer
cells was also studied. One trial also used vitamin D. Among the agents tested, TQ was
shown to have greater antitumor activity than the other two, inducing apoptosis and show-
ing higher expression of p21/p27/PTEN/BAX/Cyto-C/Casp-3 and increased levels of
total glutathione, with inhibition of CCND1/CCND3/BCL-2 and PI3K/AKT/mTOR. Triple
therapy, on the other hand, showed increased modulation of the PI3K/PTEN/Akt/mTOR
pathway, higher expression of p21/p27/PTEN/BAX/Cyto-C/Casp-3 and better antioxi-
dant effects than monotherapy [92]. Triple therapy with the addition of metformin was also
studied. Three colorectal cancer lines were used in the study: HT-29, SW480 and SW620.
Overall, the triple therapy proved to be the most effective, which was confirmed using
molecular methods to induce cell cycle arrest and apoptosis in all cell lines. Nevertheless,
each of the regimens, single, double and triple, achieved antitumor effects, but with less
potency than the triple therapy [93]. Meanwhile, a comparative study investigated the
efficacy of a combination of TQ and epigallocatechin-3-gallate (EGCG), one of the main
active components of the green tea leaf, in the treatment of CRC. This work showed that
the combination of these naturally occurring substances had a positive effect on CRC cells
comparable to that of 5-FU. It was shown that the cell destruction and disruption of the
cellular metabolic functions of human colorectal cancer cells was similar to that caused
by exposure to 5-FU. At the same time, the morphological changes that occurred after
exposure to TQ and EGCG were also comparable to cells exposed to 5-FU [139].

The use of TQ in the treatment of colorectal cancer may not only be an adjunct to 5-FU
therapy, a substitute for it or chemoprevention. There is emerging evidence that TQ may
also have a protective function, limiting the negative side effects of 5-FU on healthy cells.
Zaki et al. [140] demonstrated that TQ in combination with onion extract has the ability
to have a protective effect on liver cells. Animals supplemented with the extracts showed
fewer pathological changes in liver cells and lower levels of liver enzymes than the control
group [140]. Madani et al. [141] showed that thymoquinone protects against 5-FU-induced
oral and intestinal mucositis in mice. These effects were attributed to the anti-inflammatory
and antioxidant properties of TQ.

Moreover, 5-FU is not the only chemotherapy drug that can be used to treat CRC.
However, the phenomenon of resistance affects many drugs, so new therapeutic agents
are constantly being sought. The potential of thymoquinone has also been investigated in
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combination with compounds such as imatinib (IM), doxorubicin (DOX) and topotecan
(TP). An overview of the studies is summarized in Table 2.

Table 2. Combination effect of thymoquinone with other chemotherapeutic agents in the treatment
of colorectal cancer cell lines.

Chemotherapeutic

Agent Mechanism of Action CRC Line Effect of Combination Treatment Ref.

TQ-augmented cytotoxic activity of IM and

synergized IM effect;

Protein tyrosine TQ + IM decreases the expression of ABCBI,

M kinase inhibitor HCT116 ABCG2 and hOCT1; [102]
TQ + IM increases the uptake/efflux
ratio of imatinib
DNA intercalation; DOX + TQ was more effective than DOX
DOX Inhibitor of topoisomerase II; HT-29 alone against HT-29 cells desensitized by [142]
Generation of free radicals repeated DOX exposure

Increased production of fragmented DNA;

TP Inhibitor of topoisomerase I HT-29 Inhibiting proliferation and lowering [143]

toxicity through p53- and
Bax/Bcl2-independent mechanisms

CRC—colorectal cancer; IM—imatinib; TQ—thymoquinone; ABCB1—ATP-binding cassette subfamily B member 1;
ABCG2—ATP-binding cassette super-family G member 2; 7OCT1—human organic cation transporter 1, DOX—
doxorubicin; TP—topotecan; Bax—Bcl-2 associated X-protein; Bcl2—B-cell lymphoma 2.

As shown above and confirmed by several studies in both animal and cellular models,
thymoquinone has potential in the combination treatment of colorectal cancer. Thymo-
quinone can be used synergistically with chemotherapeutics, enhancing their anticancer
effects and influencing the expression of signaling pathways and oncogenic pathways, but
also protective genes, in cancer. There are also promising results indicating TQ’s poten-
tial against cancer stem cells. These data appear to be most relevant for co-treatment
with 5-FU, as resistance to 5-FU is one of the major barriers to optimal treatment of
colorectal cancer.

9. Future Directions

The antitumor potential of thymoquinone in CRC has been confirmed in animal
and cellular models, and potentially possible molecular pathways of action appear to
have been identified. However, there is still a need to expand the basic research to better
understand which signaling pathways TQ acts on, which may prove useful in selecting
targeted or adjuvant therapy for CRC patients. It is still necessary to accurately characterize
the behavior of the drug, in the organism, including, but not limited to, pharmacoki-
netic/pharmacodynamic (PK/PD) modeling, as data on this topic are poor, and to develop
the most efficient method for obtaining TQ. Nevertheless, further studies are required
to confirm the clinical utility of TQ in CRC therapy. TQ has translational potential, as
preclinical and clinical toxicity tests confirm its safety in humans. However, it can be a
major challenge for the pharmaceutical industry to develop a convenient formulation of the
drug with satisfactory pharmacokinetics and pharmacodynamics, due to problems with
TQ’s bioavailability and rapid elimination. These challenges are being met by researchers
who are developing new carriers for TQ that prolong its stability and enhance its safety.
The final step, in the future, is to conduct clinical trials to confirm the safety and efficacy of
TQ in the treatment of colorectal cancer.

10. Conclusions

Based on the available literature and published studies, it can be concluded that TQ has
potential for use in the treatment of CRC due to its broad antitumor activity. Also in its favor
is its high safety profile, low toxicity to normal cells and lack of information on significant
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side effects. The results of co-treating cancer cells with TQ and chemotherapeutic agents
used in clinical practice also appear promising. Not only can TQ support therapy due to its
synergistic effect with chemotherapeutics, but its ability to improve the sensitivity of CRC
cells to chemotherapeutics has also been observed, which is curious in the case of 5-FU,
since resistance to 5-FU is currently one of the biggest challenges in CRC treatment. Thus,
the use of thymoquinone in chemoprevention and as an adjuvant therapy for CRC seems
justified, especially because of its ability to offset the negative side effects of chemotherapy.
However, more preclinical and clinical studies are needed to confirm the efficacy and safety
of TQ in the treatment and chemoprevention of colorectal cancer.
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