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Abstract: Colorectal cancer (CRC) is on the rise in industrialized countries, which is why it is impor-
tant to find new compounds that are effective, with little or no adverse health effects. CRC arises from
some cells of the epithelium which, following a series of genetic or epigenetic mutations, obtain a se-
lective advantage. This work consists of a review on endogenous and exogenous antioxidant products
that may have an efficacy in the treatment of CRC and an experimental study, in which the treatment
was carried out with a natural compound with antitumor and antiproliferative activity, Prunus spinosa
Trigno ecotype, patented by us, on HCT116 colorectal carcinoma cell line. The superoxide content
was quantified after the treatments at different concentrations (2, 5, or 10 mg/mL) by means of the
DHR123 probe; loss of the mitochondrial membrane potential with the tetramethylrodamine methyl
ester (TMRM) cationic probe and reduced glutathione content (GSH) from monochlorobimane (MCB).
This study revealed the importance of a careful choice of the concentration of the natural compound
to be used in the CRC, due to the presence of a paradoxical effect, both antioxidant and pro-oxidant,
depending on the different physiological conditions of the cell.

Keywords: colorectal cancer cells; antioxidant products; natural compounds; Prunus spinosa

1. Introduction

Colorectal (CRC) is considered the third cancer in terms of recognition and the second
in terms of mortality in the world. The level of incidence is strongly correlated with the
socio-economic development of the country and the lifestyle of the population. It is difficult
to understand how the incidence of this cancer is higher in more developed countries due
to demographic aging and an unhealthy diet. The main causes of incorrect behaviors that
favor the onset of CRC are: diet low in fiber, fruit and vegetables, calcium and vitamin
D; overweight and obesity; physical inactivity; alcohol consumption; alteration of the
intestinal microbiota; age; gender and race [1].

CRC carcinogenesis also involves genetic alterations, but only 20-30% of patients have
a family history. Often in many patients, a benign neoplastic lesion is initially observed,
such as an adenomatous or serrated polyp which will then evolve as a result of mutations in
the tumor. Numerous studies have shown that CRC result from malignant transformations
of intestinal stem cells or intestinal cells that assume the characteristics of stem cells after
malignant transformation [2].

Cancer cells are well-known for having a high level of reactive basal oxygen species
(ROS), which is why multiple ROS signaling pathways are activated, resulting from
metabolic events occurring at the level of intracytoplasmic organelles such as mitochondria,
peroxisomes and endoplasmic reticulum. In addition to activating signaling pathways
other than normal cells, cancer cells have a higher level of antioxidant enzyme systems
to eliminate free radicals produced during rapid cell proliferation [3]. In healthy cells,
mitochondria generate radical species that are detoxified by endogenous antioxidants,
helping to keep their levels low.
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Exogenous ROS, unlike endogenous ones, derive from the exposure of cells to toxins,
stress, smoking and incorrect lifestyles that can lead to tumor transformation through the
induction of DNA mutations, protein alteration and lipid peroxidation. Unfortunately, if
the antioxidant defenses fail to counteract these effects, ROS lead to the transformation of
the normal cell into a tumor [4].

Highlighting the cellular mechanisms involved in the induction of oxidative stress
and understanding how it is possible to combat harmful metabolic events to prevent and
avoid pathological conditions is the first objective of this review.

The second goal is to emphasize the importance of endogenous enzymatic and non-
enzymatic antioxidants and exogenous antioxidants in the onset of CRC.

As stated earlier, a diet lacking in fruits and vegetables has been associated with the
onset of colon cancer. An important class of compounds found in these foods are exogenous
antioxidants called flavonoids, the consumption of which has often been associated with
reducing the risk of CRC [5].

Finally, we present an experimental analysis performed in our laboratory, using
colorectal carcinoma cell line (HCT116), treated with a natural compound derived from
Prunus spinosa, Trigno ecotype (Trigno M) [6].

These experimental data definitively confirm the role of flavonoids of the active
component of Trigno M on oxidative stress, in the form of a pro-oxidant or antioxidant
reaction, after in vitro treatment at the different concentrations used.

2. Endogenous Antioxidants

Antioxidants are found inside our body (endogenous) or they can be introduced from
the outside into the human body (exogenous). Regardless of the source, they have the
unique ability to reduce the effects induced by ROS.

Endogenous antioxidants have enzymatic (such as catalase, glutathione peroxidase, su-
peroxide dismutase) or not enzymatic (bilirubin, uric acid, coenzyme Q, GSH, carotenoids,
flavonoids, vitamins) activity that act on different cellular targets (Figure 1).

Figure 1. Classification of antioxidants.

2.1. Endogenous Enzymatic Antioxidants

The main reactions involving antioxidants are illustrated in Figure 2.
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Figure 2. Schematic representation of the main reactions in which antioxidants are involved. Lipid peroxidation (red);
Haber-Weiss reaction (green); Fenton reaction (light blue); SOD: superoxide dismutase; CAT: catalase.

In particular, catalase (CAT), an enzyme located in the peroxisomes, converts hydrogen
peroxide into water and molecular oxygen using iron or manganese as cofactors. Although
the role of catalase in tumor is contradictory, some authors reported an increase of catalase
levels in colorectal cancer [7].

Glutathione peroxidase (GPx), located in cellular mitochondria, converts hydrogen
peroxide into water and fatty acid peroxides to alcohols using glutathione (GSH) as substrate.

ROOH+2GSH→ROH+GSSG+H2O (1)

Since GPx deficiency leads to excessive oxidative stress resulting in damage to proteins
and lipids, it has been attributed a prevention role in cancer progression [8].
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Superoxide dismutase (SOD), located in the cytosol and mitochondria, catalyses the
dismutation of two molecules of superoxide radicals (O2

−) to hydrogen peroxide and
oxygen molecule (O2).

2O2
−+2H+→2H2O+O2 (2)

Cytosolic SOD uses zinc and copper as cofactor, while mitochondrial SOD uses
manganese. Many studies showed changes of SOD activity related to gradual progression
of CRC; in particular SOD levels proportionally increased with the increase of grade of
differentiation of CRC [9].

2.2. Endogenous Non-Enzymatic Antioxidants

A second antioxidant line of defense, such as Glutathione, scavenges active free radi-
cals by donating electrons and inhibiting the propagation of oxidative stress. Glutathione
is a tripeptide of gamma-glutamyl-cysteinyl-glycine, the major cellular thiol protein and is
found in all cell compartments. It has two forms: the reduced form (GSH) and the oxidized
form (GSSG).

Under physiological conditions, reduced GSH is the predominant form, with a con-
centration up to 100-times higher than the GSSG form. GSH is synthesized in the cytosol
by GSH synthetase (GSS) and then distributed to different organelles, where it performs a
specific function.

Under oxidative stress, GSH is converted by GSH-dependent peroxidases, such as
glutathione peroxidase (GPx) and glutathione-s-transferase (GST), into GSSG. Glutathione
reductase (GR) restores cellular GSH by converting GSSG to GSH at the expense of NADPH
(Figure 3A). The metabolism of GSH removes and detoxifies the cells by carcinogens, so
altering the pathway has an effect on cell survival. In particular, the excess level of
GSH promotes tumor progression and elevated levels are associated with an increase in
metastasis.

Figure 3. Schematic representation of Glutathione. (A) interconversion between the reduced (GSH)
and oxidized (GSSG) form of Glutathione. The role of nuclear factor-2 related erythroid factor-2
(Nrf2) in GSH metabolism under physiological conditions (B) and oxidative stress (C). GSH: reduced
glutathione; GSSG: oxidized glutathione; GPx: glutathione peroxidase; GR: Glutathione reductase;
KEAP1: Kelch-Like ECH Associated Protein 1.

GSH and associated enzymes are controlled by a transcription factor, nuclear factor-
2 related erythroid factor-2 (Nrf2). Under physiological conditions, Nrf2 binds Kelch-
Like ECH Associated Protein 1 (KEAP1), via a Cullin3 adapter protein, leading to the
ubiquitination and degradation of Nrf2 (Figure 3B). Under oxidative stress, the altered
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conformation of KEAP1 disrupts its association with Nrf2, with subsequent stabilization of
Nrf2. Free Nrf2 translocated to the nucleus where it activated antioxidant response genes
responsible for the synthesis and metabolism of GSH, antioxidant proteins such as GPX,
drug-metabolism enzymes (Figure 3C) [10]. Not surprisingly, mutations in Nrf2 and Keap1
genes are responsible for altered expressions of antioxidant genes that promote cancer
progression, as for CRC [11].

Furthermore, GST, which binds both GSH and drugs, is involved in cancer multidrug
resistance. GSH-GST-drug conjugated is associated with multiple resistance-associated
protein transporters (MRP1), which release drugs out of the cells [12]. For example, elevated
levels of MRP in conjunction with GST were expressed in the oxaliplatin-resistant human
colon cancer line compared to the parental cell line [13].

Another example of non-enzymatic exogenous antioxidants is unconjugated bilirubin,
the end product of the Heme catabolic pathway. Heme, the precursor of hemoglobin,
produced by the action of the alanine synthase, is converted into biliverdin by heme
oxygenase enzymes. Biliverdin is then converted to unconjugated bilirubin by biliverdin
reductase. Although increased levels of bilirubin have always been known as a sign of
liver disorders, most recently bilirubin, along with uric acid, is considered the most potent
endogenous antioxidant due to its continuous recovery in the bilirubin/biliverdin redox
cycle [14]. Recent data strongly indicate that mean bilirubin levels may be protective against
diseases associated with increased oxidative stress, such as CRC [15]. Although in vitro and
in vivo works recognizing the importance of antioxidant and anti-inflammatory properties
of bilirubin, epidemiological studies need further evidence to confirm or refute potential
associations between circulating serum bilirubin level and CRC risk [16–19].

Uric acid is a product of purine metabolism [20]. Serum uric acid levels, measured
in preoperative phase, were statistically higher in CRC patients, so uric acid may be a
prognostic factor for CRC [21].

Other endogenous antioxidants with non-enzymatic activity, such as carotenoids,
flavonoids and vitamins will be discussed in the exogenous antioxidants section.

2.3. Endogenous Antioxidants Related to CRC Prevention and Treatment

Considering the important role of endogenous antioxidants in the processes of cancero-
genesis and metastasis, many studies have highlighted the importance of these compounds
as potential targets for the prevention of primary and secondary cancer.

A recent study showed the beneficial effect of physical activity on antioxidant cell
systems that counteract cancer-related aberrant gene expression [22]. The authors high-
lighted the beneficial effect of physical activity on the expression of cancer-related genes by
improving the redox cell system. Metastasis-associated lung adenocarcinoma transcript
1 (MALAT1) is a long and highly expressed non-coding RNA sequence in many tumors,
such as colorectal cancer. Its expression is increased in tumor metastases and is associated
with reduced patient survival, indicating its potential prognostic value [23]. The study
documented, for the first time, the downregulation of MALAT1 in healthy human subject
after physical exercise and a significant negative correlation between MALAT1 and SOD
expression on lymphoblastic cells [22].

Since oxidative stress is the cause of many tumors, redox biomarkers are very im-
portant in clinical practice. In a recent work, SOD, CAT, GPx, GR, uric acid, GSH, and
oxidative damage products were measured in serum/plasma samples from CRC patients.
The analysis showed that SOD activity and uric acid levels were higher in CRC patients
than in healthy controls, suggesting an adaptive response to increased ROS. Whereas the
activity of CAT, GR, GPx, and GSH was considerably lower because free radicals can inacti-
vate and decrease their activity [24]. The possibility of being able to use these endogenous
antioxidants as potential biomarkers could be useful in pre-operative diagnosis and allow
a non-invasive diagnosis of CRC by improving the patient’s quality of life.

Furthermore, ROS and endogenous antioxidants can be exploited as targets for the
development of targeted therapies. Treatment with Hydroxy-7-methoxyflavone (HMF) in-
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duced apoptosis in HCT116 human colorectal carcinoma cells by decreasing the expression
of antioxidant enzyme and upregulating the generation of mitochondrial and cytosolic ROS.
The effect of HMF was reversed by pre-treatment with N-acetyl-1-cysteine, confirming the
importance of ROS modulation in cancer therapy [25].

Another example of modulation of endogenous antioxidant enzymes and H2O2 pro-
duction was reported by Pool et al., 2018. These authors analyzed the efficacy of Genistein,
the major soy isoflavone, incorporated into PEGylated silica nanoparticles on HT29 human
colon cancer cells. This formulation modulated ROS concentration by upregulating SOD
and catalase activity, and simultaneously activating both apoptotic and autophagic cell
death. Furthermore, nanoencapsulation improved the antioxidant activity of the biocom-
pound, thanks to its protection and increased water solubility in the culture medium [26].

Another study also indicated that GSH inhibitors, such as buthionine sulfoximine,
improve the chemosensitivity in cancer cells [27].

3. Exogenous Antioxidants Related to CRC Prevention and Treatment

Exogenous antioxidants can be synthetic and of natural origin.
The main natural exogenous antioxidants are contained in fruit and vegetables and

are introduced with food in the diet. The role of carotenoids, vitamins and flavonoids in
the prevention of CRC will be described below. Natural antioxidants are able to remove
free radical intermediates and modulate enzymatic activity by suppressing early and late
carcinogenesis.

Therefore, understanding the mechanism of action of these antioxidants is crucial for
the development and application of new compounds in chemopreventive treatment and
anticancer therapy (Table 1).

Table 1. Summary table of the main exogenous antioxidants.

Exogenous Antioxidants Experimental Models Dose/Concentration Results Reference

β-carotene Colorectal cancer cells
(LoVo) 1–10 µM Reduced invasiveness Pharm et al., 2013 [28]

β-
cryptoxanthin/lycopene Animal models - Chemoprevention and

anticancer activity Lim et al., 2020 [29]

Ascorbate Patients 1 g/kg Improvement of tumor
biology Dachs et al., 2021 [30]

Epigallocatechin-3-
gallate Animal models 100 mg/kg Decreased lipid

peroxides
Lambert and Elias,

2010 [31]
Epigallocatechin-3-

gallate
Colorectal cancer cells

(HT-29) 88.1 µM Iron chelation activity Nesran et al., 2020
[32]

Hydroxytyrosol Colon cells (Caco-2) 5–100 µM Chemoprevention Rodríguez-Ramiro
et al., 2011 [33]

Quercetin Animal models 2–50 mg/kg Chemoprevention Vásquez-Garzón
et al., 2009 [34]

Cocoa Cells, animal models,
patients - Anti-inflammatory

effect

Martín et al., 2016
[35]

Goya et al., 2016 [36]

Sesamol Colorectal cancer cells
(HCT-116) 0.5–10 mM Apoptosis Khamphio et al., 2016

[37]

Curcumin Patients - Chemosensitizing
effect

Mansouri et al., 2020
[38]

Resveratrol Animal models 7.2 mg/kg Chemoprevention Rytsyk et al., 2020
[39]

Carotenoids (carotene, lycopene, lutein, zeaxanthin) are soluble lipids; they exist as
alpha and beta isoforms and are responsible for the yellow, red and orange color of fruits
and vegetables. They eliminate singlet oxygen (1O2) and peroxyl radicals (ROO) [40]. There
are three stages in the radical scavenger process:

- electron transfer: CAR+ROO=CAR++ROO−
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- hydrogen abstraction: CAR+ROO−=CAR+ROOH
- adduction: CAR+ROO=ROOCAR.

The conjugated double bonds make these compounds able to accept electrons from
ROS and thus neutralize free radicals [41]. Current findings support the potential role of
carotenoid in prevention and treatment of CRC [42,43].

Once digested, beta-carotene, is transformed into retinol (also known as vitamin A).
Retinol inhibited tumor cell invasion and their ability to migrate through the extracellular
matrix [28]. Furthermore, animal studies have shown that β-cryptoxanthin, a natural
carotenoid pigment and lycopene exert the prevention of CRC through antioxidant activity
and through the modulating effect on the NF-kB and SIRT1 pathways [29].

Vitamin C, known as ascorbic acid, is a water-soluble vitamin found in fresh veg-
etables and fruit. It reacts directly with superoxide ion O2 and singlet oxygen through
dehydrogenation, and plays an effective role in cancer treatment and prevention. Current
research is focused on identifying the mechanisms by which vitamin C is able to influence
the progression of CRC. A recent study on CRC patients showed that ascorbate levels
are lower in the colon tumor core than in the peripheral regions. After intravenous in-
fusion of ascorbate, its levels increased in all tumor regions, suggesting an increase in
plasma availability. Additionally, increased ascorbate levels modulated HIF activation.
Since no significant adverse effects and changes in quality of life were found, these data
encourage the use of vitamin C infusion rather than oral administration in complementary
medicine [30].

Fat soluble Vitamin E, also known as tocopherol, exists in the, β, γ and δ forms,
and is contained in food such as vegetable oil in soy, nuts and corn. It has antioxidant
activity on the cell membrane; in particular, it protects cells from lipid peroxidation by
stabilizing cell membranes and playing a protective role against ROS-mediated carcinogen-
esis [44]. Vitamin E is effective as a prevention of CRC, by reducing chronic inflammation
in inflammatory bowel disease [45].

Flavonoids have a skeleton of 15-carbon, containing two benzene rings linked by
a connecting chain of 3-carbon atoms (C6-C3-C6 compounds). Based on the chemical
structure, degree of oxidation, and unsaturation of the connecting chain they can be
classified into isoflavonoids, flavanones, flavanols, flavonols, flavones and anthocyanidins
(Table 2) [46].

Table 2. Classification of flavonoids.

Isoflavonoids Flavanones Flavanols Flavonol Flavone Anthocyanidins

Genistein Hesperetin Cathecin Quercetin Apigenin Cyanidin
Daidzein Naringenin Epicatechin Kaempfrol Luteolin Malvidin

Galangin Chrysin Delphinidin
Fisetin Petunidin

Myricetin Peonidin

Flavonoids are able to chelate redox-active metals, such as copper and iron, inhibiting
lipid peroxidation by scavenging peroxyl radicals (.ROO). They have a dual effect on ROS
homeostasis, in physiological conditions they are antioxidants preventing carcinogenesis,
but in oncological disease they are pro-oxidants favoring the activation of the apoptotic
pathway [47,48]. Both antioxidant and pro-oxidant activities are involved in the anticancer
effects of flavonoids.

Antioxidant activity can be direct or indirect. The direct antioxidant activity of
flavonoids is due to the presence of phenolic hydroxyl groups that stabilize free radi-
cals by expelling and chelating metal ions. The human body has a high level of free metal
ions.

The most abundant is iron which exists in the free form and in the form bound to the
divalent (Fe (II)) or trivalent (Fe (III)) state. However, when it is available in free form, it
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participates in the Fenton’s reaction by becoming a source of free radicals that cause many
diseases, such as colon cancer.

The same reaction is observed for Cu (II) in the free state. Flavonoids, thanks to the
presence of oxygen in the ketone form and the presence of phenolic groups, are able to
chelate metal ions. After chelation, flavonoids block the generation of free radicals and
reduce oxidative stress and, consequently, decrease the risk of cancer development [49].

The indirect antioxidant activity of flavonoid is due to the inhibition of pro-oxidant en-
zymes such as NADPH oxidase, lipoxygenase and xanthine oxidase and to the stimulation
of production or activation of antioxidant enzymes such as SOD, CAT, GR and GPx.

Some examples of flavonoids able to exert a chemopreventive effect thanks to their
antioxidant activity will now be listed.

Some authors have studied the antioxidant effect of epigallocatechin-3-gallate (EGCG),
contained in green tea (Camelia sinensis). It modulates antioxidant enzymes, such as SOD
and CAT, inhibiting tumor evolution [31]. Additionally, colon cancer cells are known to
have excessive iron content, which leads to cancer progression. A recent study shows that
EGCG possesses an iron chelator activity in CRC and this action can be exploited for the
treatment of CRC [32].

Hydroxytyrosol, a phenolic compound abundant in olive oil, enhances cellular antiox-
idant defenses, protecting cells from oxidative stress. Scientific evidence on Caco-2 cells
has shown that hydroxytyrosol is able to counteract the ROS-mediated cytotoxicity of food
acrylamide [33].

The flavonol quercetin, abundant in onions, apples, tomatoes, broccoli and citrus fruits,
has been shown to have a chemopreventive effect against cancer [50]. There are many
mechanisms underlying the chemopreventive effect of quercetin: for example, quercetin in-
hibits hepatocarcinogenesis by up-regulating the enzymatic and not-enzymatic antioxidant
defense system [34]. The chemopreventive effects of quercetin in colorectal cancer are due
to modulation of signaling cascades, gene expressions of cell proliferation, differentiation,
apoptosis and suppression of chronic inflammation, metastasis, and angiogenesis [51].

Furthermore, the catechins and procyanidins of Cocoa protected Caco-2 cells [35].
A study conducted on cellular and animal models and on human cohorts has shown
that cocoa and flavonols derived from cocoa, modify the inflammatory process. They are
useful compounds for controlling the development and progression of tumor-associated
inflammation, such as CRC [36].

Cyanidin and delphinidin inhibited glutathione reductase and depleted glutathione of
drug sensitive and multi-resistant metastatic colorectal cancer cells (LoVo and LoVo ADR).
However, they were not toxic to the cells of a primary tumor site, such as Caco-2 cells. This
study showed that the dual antioxidant/pro-oxidant effect of anthocyanidins was cell-
type specific. Anthocyanidins had antioxidant activity against Caco-2 cells, characterized
by a low proliferation rate and low malignancy, protecting them from oxidative stress.
However, they had a pro-oxidant action against malignant and drug resistant cells with
active metabolism [52].

Other compounds such as sesamol, curcumin, resveratrol, have a dose-dependent
paradoxical effect. Sesamol, a phenolic compound contained in sesame seeds, had a
pro-oxidant effect on human colorectal carcinoma HTC116 cells at high concentrations
(0.5–10 mM); induction of mitochondrial apoptosis was due to the intracellular O2

− gener-
ation. Even a low concentration of sesamol had an antioxidant effect due to the presence of
hydroxyl group along with a methylene dioxy group in its structure [37].

Curcumin, the main biologically active compound of Curcuma longa, has an anti-
radical effect thanks to the CH2 group of the beta-diketone fraction [53]. Its antioxidant
activity makes it a promising candidate for colon diseases prevention and combination
therapy [38,54]. Unfortunately, its poor bioavailability, due to metabolism and its poor
adsorption, limits its use and favors the synthesis of news derivatives [55].

Finally, resveratrol, a polyphenol contained in grapes and red wine, inhibits the
formation of superoxide anion and hydrogen peroxide in the body. Furthermore, it reduces
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lipid peroxidation, decreasing inflammation of the intestinal mucous and preventing
the development of colon neoplasia [39,56]. Several resveratrol analogues have been
synthesized by adding functional groups to improve chemopreventive efficacy [57].

4. Experimental Evidence of Dual Antioxidant or Pro-Oxidant Effect of Prunus spinosa
Extract on Colorectal Cancer Cells

In the following paragraph, we report an example of a natural compound that has
been shown in our previous studies to have an antiproliferative and antitumor effect both
in vitro and in vivo models. In particular, we will investigate the antioxidant effect of
Prunus spinosa Trigno ecotype extract on the human colorectal cell line, HCT116.

Prunus spinosa belongs to the Rosaceae family, a very widespread plant in Italy, but
also present in others European countries and in the temperate regions of Asia, where
it is used in the treatment of hypertension and gastrointestinal disorders (Figure 4) [58].
The active compounds of its extract mainly consist of phenolic acids, flavonoids, and
anthocyanins [59].

Figure 4. Prunus spinosa Trigno ecotype (PsT) plant, from Bagnoli del Trigno, Molise, Italy.

Recent literature data showed that methanolic extract of Prunus spinosa flowers was
effective against glioblastoma cells by inducing an antioxidant effect [60].

Another hepatocarcinoma cell study showed that Prunus spinosa blackthorn flower
extract had pro-oxidant behavior within the applied concentration range and induced
apoptotic and necrotic cell death [61].

Furthermore, the low molecular weight polyphenols contained in the Prunus spinosa
extract had an antioxidant and protective effect against fibrinogen and other human plasma
components [62].

To improve biocompatibility and increase tissue accumulation, Prunus spinosa extract
has also been loaded into biomimetic nanoparticles. These formulations have been shown
to have a greater anti-inflammatory, antioxidant activities and a more wound-healing effect
compared to free formulation [63].
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The antioxidant properties and antimicrobial activity of some components such as the
anthocyanins of the epicarp of the Prunus spinosa fruit allow this extract to be used as color
in industrial food production [64,65].

In our experimental model we used the hydroalcoholic extract of drupes of Prunus
spinosa Trigno ecotype (PsT) from Bagnoli del Trigno, Molise, Italy. Liquid chromatography
coupled to mass spectrometry analysis identified the chemical composition of PsT. The
plant extract is characterized by the presence of active compounds as phenolic acids,
flavonoids and anthocyanins. In particular, there are greater quantities of flavone/ols
compounds (64.62 ± 0.58 mg/100 g of dry weight), phenolic acids compounds (38.36 ±
0.19 mg/100 g), and anthocyanins group (0.63 µg/100 g) [59].

Our previous study showed that Prunus spinosa drupe extract combined with a nu-
traceutical activator complex (NAC) consisting of amino acids, vitamins and mineral salts,
was effective against various cancer cell lines, such as colorectal, uterine cervix, and bron-
choalveolar cells. The MTT and clonogenic assay showed a reduction in cell viability,
especially when the Prunus spinosa extract was administered with NAC vehicle. Results of
Annexin V assay and cell cycle analysis on two colon carcinoma cell lines demonstrated
induction of apoptosis. Furthermore, cell survival tests showed that this complex was not
toxic on non-cancerous human cell lines [59].

The anticancer effect of Prunus spinosa extract in combination with NAC has been
extensively studied on 2D, 3D and in vivo models of colon cancer [6]. The treatments
on the 2D model confirmed the previous results and showed the inhibiting effect on the
migration ability of the HCT116 cell. Prunus spinosa extract plus NAC altered the continuity
of the outer cell membrane of the HCT116 spheroids, inducing cell death by apoptosis.
Furthermore, treatment of immunodeficient mice carrying colon rectal cancer reduced
tumor growth. These results suggested that this nutraceutical complex could be used in
clinical protocols in association with chemotherapy for the treatment of colon cancer. To
this end, the concentration of Prunus spinosa extract 10 mg/mL (PsT 10) plus NAC has been
patented as Trigno M [66].

Before proceeding with the study on the role of oxidative stress in colon cancer 2D
line, we verified the effect on cell morphology induced by PsT 10 plus NAC treatment by
scanning electron microscopy (SEM). HCT116 cells treated with PsT 10 plus NAC for 24 h
(Figure 5B) were morphologically modified compared to control cells (Figure 5A). This
image clearly indicated severe signs of cellular distress and apoptosis.

Now, to clarify the mechanisms related to cell death due to apoptosis quantified after
treatment with PsT 10 plus NAC, we have undertaken the study of oxidative stress using
the flow cytometry technique.

We performed flow cytometric analyses of superoxide content by dihydrorhodamine
123 (DHR123) probe, the loss of mitochondrial membrane potential by tetramethylrho-
damine methyl ester (TMRM) cation probe, and evaluated GSH content by monochlorobi-
mane (MCB) probe.

As shown in Figure 6A, the increase of DHR123 content is dose-dependent in all times
of treatment. The highest signal was obtained after treatment with PsT 10 mg/mL plus
NAC for 1 h.
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Figure 5. Scanning electron microscopic observations of morphological changes induced by Prunus
sp. extract on HCT116 cells. (A) untreated HCT116 cells; (B) HCT116 cells treated with PsT 10 mg/mL
plus NAC for 24 h. Cells were fixed with glutaraldehyde and sucrose in cacodylate buffer. After
post-fixation with OsO4 for 30 min, cells were dehydrated through graded ethanol concentration,
critical point-dried in CO2 (CPD 030 Balzers device, Bal-Tec, Balzers), and gold coated by sputtering
(SCD040 Balzers device, Bal-Tec). The observations were performed with a field emission gun
scanning electron microscope (Quanta 200 Inspect, FEI Company, Eindhoven, The Netherlands). For
detailed description see Condello et al., 2015 [67].

Using the TMRM probe, we observed that treatments with PsT 2 mg/mL plus NAC
or PsT 5 mg/mL plus NAC for 1, 3 and 24 h induced hyperpolarization of the mitochon-
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drial membrane potential, in agreement with the weak increase in ROS determination
(Figure 6B). After treatment with PsT 10 mg/mL plus NAC for 24 h, the mitochondrial
membrane potential was depolarized (Figure 6C). The mitochondrial depolarization ob-
served after treatment with PsT 10 plus NAC agree the previously demonstrated induction
of apoptosis. Several other authors demonstrated a direct correlation between the alteration
of mitochondrial function and the induction of cell death in the disability of aging and
degenerative diseases [68,69].

The assessment of the reduced glutathione (GSH) content is very important because it
protects cells from oxidative damage and maintains a number of vital functions. Therefore,
as regards the evaluation of the GSH content by MCB probe, its value increased after each
concentration and in all treatment times (Figure 6D). As shown in the figure, GSH levels
after treatment with PsT at a concentration (10 mg/mL plus NAC) were lower than at low
concentrations (PsT 2 mg/mL + NAC, PsT 3 mg/mL + NAC).

Based on these results, we have shown that the nutraceutical complex based on Prunus
spinosa, at low concentrations, has a weak antioxidant effect which tends to reduce with
increasing concentration. The pro-oxidant effect was observed and quantified at 10 mg/mL
concentration, when antitumor activity was revealed.

The experimental part we carried out on the nutraceutical compound based on Prunus
spinosa, rich in various substances with high antioxidant power and also in kaempferol and
quercetin, shows the importance of a careful evaluation of the concentrations to be used
both as a supplement and as a support in clinical trials [6]. The same compound, in fact,
can modify its behavior according to the cellular physiological situation.

An important question to address, and this also applies to Prunus spinosa, is how
natural polyphenolic compounds transform when they come into contact with the human
gut microbiota [70]. Many works, in fact, demonstrate the importance of the intestinal
microbiota in subjects who follow a diet rich in polyphenols and fatty acids in dealing
with diseases such as cardiovascular, neurodegenerative and colon cancer. The biotransfor-
mation of polyphenols by the microbiota depends in fact on the type of bacteria present
and on how the intestinal flora is able to metabolize the polyphenols in order to obtain a
beneficial effect on the metabolism of lipids and carbohydrates. Indeed, tumors present
an alteration of these mechanisms [71]. One of the most studied compounds is quercetin
which when bio accessible to the colon microbiota is metabolized and becomes commensal
for various intestinal bacteria [72]. Certainly in-depth studies and a better understanding
of the interaction between polyphenols, metabolites and intestinal microbiota will be very
useful in the prevention and treatment of colon cancer.
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Figure 6. Flow cytometric analysis of oxidative stress after HCT116 cells treatment with increased concentration of Prunus
spinosa extract plus nutraceutical activator complex (NAC) (PsT 2 mg/mL + NAC; PsT 5 mg/mL + NAC; PsT 10 mg/mL +
NAC) for 1, 3 and 24h. (A) Superoxide content by dihydrorhodamine 123 (DHR123) probe; (B) hyperpolarized cell percentage
by tetramethylrhodamine methyl ester (TMRM) cation probe; (C) depolarized cell percentage by tetramethylrhodamine
methyl ester (TMRM) cation probe; (D) GSH content by monochlorobimane (MCB) probe. After treatment, cells were
incubated with DHR123, or TMRM or MCB and then analyzed by a BDLSRII flow cytometer (Becton, Dickinson & Company,
Franklin Lakes, NJ, USA). For detailed materials and methods see De Berardis et al., 2010 [73]. The results obtained from
three independent experiments were expressed as mean±standard deviation. One-way Analysis of Variance (ANOVA),
and Dunnett post hoc analysis are applied to reveal differences between all treated and control samples, using GraphPad
Prism 5 software (GraphPad, San Diego, CA, USA). The alpha level was set at p < 0.05. *: p < 0.05 vs control.

5. Absorption Limit and In Vivo Bioavailability for Flavonoids and Natural
Antioxidant Products

Flavonoids, as mentioned above, are a group of widely studied phytochemicals
with many beneficial properties on human health such as anti-inflammatory, antitumor,
cholesterol-lowering anti-aging. Unfortunately, however, they have a low bioavailability.
In fact, it is known that phase 2 metabolism alters the bioavailability of flavonoids in hu-
mans [74]. Most flavonoids undergo sulfation, methylation, and glucuronidation reactions
in the small intestine and liver [75]. Phase 2 metabolic reactions are catalyzed by enzymes
such as UDP-glucuronosyltransferase/UGT and sulfotransferase/SULT which produce
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highly hydrophilic conjugates such as glucuronides and sulfates that facilitate the excretion
of flavonoids from the human body [76].

Furthermore, transporters such as BCRP and MRP play an important role in the phar-
macokinetics and bioavailability of food polyphenols [77]. To enhance the bioavailability
of natural antioxidants such as polyphenols efforts are being made to improve intestinal
absorption and to improve their metabolic stability, such as new delivery systems by
encapsulation [78].

From this short dissertation we understand that it is very difficult to predict the
bioavailability of these compounds over time, so it is essential to increase this factor to fully
exploit their therapeutic benefits in the prevention and treatment of colon cancer.

6. Conclusions

In conclusion, we can state that many compounds, mentioned above, show a behavior
defined as paradoxical. The paradoxical aspects of antioxidant molecules are linked to
ROS mechanisms in normal and cancer cells. In some cases, in fact, either the paradoxical
antioxidant role or the pro-oxidant one is responsible for the anti-tumor action. This
dual behavior is triggered by the complex mechanism of antioxidant enzymes present in
cell physiology, which explains how their overexpression can promote disease or their
elimination can be healthy. Health and disease really do arise from such sophisticated
molecular mechanisms of redox biology and metabolic homeostasis.
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