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Abstract

ABSTRACT
Colorectal cancer (CRC) represents worldwide the 3rd cancer for incidence and the
2nd for mortality with 935,173 deaths in 2020. Although the survival rate of this neoplasm is
increasing, the recurrence rate is still too high, especially in patients with stage IV tumors.
The low efficacy of the pharmacological treatments used, among which 5-Fluorouracil (5Fu) is the most used, is largely attributable to the phenomenon of chemoresistance, due to
different mechanisms, including a higher rate of drug efflux, a higher resistance to cell death
phenomena and a deregulation of the pathways linked to cell proliferation and
differentiation. These characteristics are typical of a rare tumor subpopulation, the cancer
stem cells, first discovered by Bonnet and Dick in 1997. In recent years, research has been
focusing on the study of various compounds, including natural ones, that have a
chemosensitizing effect on common chemotherapeutic drugs. The potential health effect of
phenolic compounds has been extensively studied and discussed in the scientific literature
and, in addition to the evidence stating that the consumption of these compounds is closely
related with a lower risk of developing CRC, there are many others other findings that
attribute to these compounds, the ability to modulate also some pathways related to the onset
and progression of cancer. In this context, honey represents a natural food product known to
modulate various biological activities and prevent various diseases, including cancer. The
main objective of the present work was to evaluate the in vitro effect of Manuka honey and
its combination with 5-Fu on cancer stem-like cells deriving from HCT-116 colon
adenocarcinoma cell line, enriched through the sphere formation assay, which also made
possible to work with a 3D tumor model that better mimics what really happens in vivo. In
this study, it was observed that Manuka honey has high total antioxidant activity and is an
excellent source of phenolic compounds, which have been identified and quantified. It was
subsequently observed that Manuka honey alone and more in combination with 5-Fu was
able to decrease some morphological and physical parameters of colonspheres enriched with
cancer stem cells closely correlated with the pharmacological efficacy in 3D models, such
as the volume of the entire culture, the diameter, solidity, sphericity, mass density and weight
of the spheroids without exerting, at the same time, any cytotoxic effect on healthy colon
cells. Specifically, the treatment of colonspheres with Manuka honey and its combination
with 5-Fu led to an increase in intracellular ROS levels, associated with a reduction in
expression of the CD44 surface marker and reduced glutathione levels and an increased
number of apoptotic cells, mainly due to a strong downregulation of various apoptosis
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inhibitors, including IAPs, IGFs and HSPs. A direct effect of Manuka honey on the
chemosensitivity of stem cells to 5-Fu was also observed, with a clear reduction in the levels
of ABCG2, one of the membrane transporters responsible for the extrusion of
chemotherapeutic agents from the inside to the outside of the cells. Another direct effect was
on thymidylate synthase, one of the 5-Fu targets: the combined treatment additionally
decreased the levels of this enzyme that allows the synthesis of DNA ex novo compared to
the 5-Fu alone. Manuka honey, especially in combination with 5-Fu, was also able to inhibit
one of the fundamental characteristics of cancer stem cells: the capacity of self-renewal,
which is essentially controlled by three different pathways: Wnt/β-catenin, Hedgehog and
Notch. Manuka honey and its combination with chemotherapeutic agent were able to
modulate the gene expression of some key elements of these pathways and therefore of their
target genes: Manuka honey, especially in combination with 5-Fu, was able to significantly
reduce the migration capacity of these cells, closely related with the epithelial-mesenchymal
transition process and therefore with metastasis; this reduced migratory capacity was
correlated with a clear reduction, in cancer stem-like cells treated with Manuka honey and
5-Fu, of the gene expression levels of some transcription factors, such as Slug, Snail and
Twist associated with an increase in E-cadherin protein levels, the adhesion protein
associated with the epithelial phenotype. The combined treatment also significantly
regulated the levels of some pro-angiogenic factors, some of which were instead upregulated by treatment with 5-Fu alone. Finally, it was observed that Manuka honey in
combination with chemotherapeutic agent was able to influence the length of telomeres,
which were shorter than untreated cells. These results indicate that Manuka honey has an in
vitro chemosensitizing effect against 5-Fu on colon cancer stem-like cells; these interesting
findings, although preliminary, suggest a potential synergistic action of honey with 5-Fu,
which could be useful in deepening the studies on natural compounds to be used in
association with conventional medical therapies as already happens with folinic acid
(leucovorin), which, in addition to increase the effectiveness of 5-Fu, also decreases its side
effect.
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ITALIAN SUMMARY
Il cancro del colon-retto (CRC) a livello mondiale rappresenta il 3° cancro per
incidenza ed il 2° per mortalità con 935,173 decessi nel 2020. Nonostante il tasso di
sopravvivenza di questa neoplasia stia aumentando, il tasso di ricorrenza è ancora troppo
elevato soprattutto in pazienti con tumori al IV stadio. La scarsa efficacia dei trattamenti
farmacologici impiegati, tra cui il 5-Fluorouracile (5-Fu) è il più utilizzato, è attribuibile in
gran parte al fenomeno della chemioresistenza, ascrivibile a differenti meccanismi, tra cui
un maggior tasso di efflusso del farmaco, una più elevata resistenza a fenomeni di morte
cellulare ed una deregolazione dei pathways legati alla proliferazione cellulare ed alla
differenziazione. Queste caratteristiche sono proprie di una rara sottopopolazione tumorale,
le cellule staminali tumorali, scoperte per la prima volta da Bonnet e Dick nel 1997. Negli
ultimi anni la ricerca si sta focalizzando sullo studio di diversi composti, anche naturali che
abbiano un effetto chemiosensibilizzante nei confronti dei comuni chemioterapici. Il
potenziale effetto sulla salute dei composti fenolici è stato ampiamente studiato e discusso
in letteratura scientifica ed oltre alle evidenze che affermano che il consumo di questi
composti è strettamente associato ad un minor rischio di insorgenza del CRC, ce ne sono
molte altre che attribuiscono a queste molecole la capacità di modulare anche alcuni
pathways legati all’insorgenza ed alla progressione del cancro. In questo contesto, il miele
rappresenta un prodotto alimentare naturale noto per modulare diverse attività biologiche e
prevenire diverse patologie, tra cui il cancro. L'obiettivo principale del presente lavoro è
stato quello di valutare in vitro l’effetto del miele di Manuka e della sua combinazione con
il 5-Fu sulle cellule simil-staminali del cancro derivanti dalla linea cellulare di
adenocarcinoma del colon HCT-116, arricchite attraverso il saggio di formazione di sfere,
che ha permesso inoltre di lavorare con un modello tumorale 3D che meglio mima ciò che
realmente accade in vivo. In questo studio è stato osservato che il miele di Manuka è
un’ottima fonte di composti fenolici, che sono stati identificati e quantificati, oltre ad aver
dimostrato un’elevata capacità antiossidante. È stato successivamente osservato che il miele
di Manuka da solo ed in maniera maggiore in combinazione con il 5-Fu è stato in grado di
diminuire alcuni parametri morfologici e fisici delle colonsfere arricchite di cellule staminali
del cancro, strettamente correlati con l’efficacia farmacologica nei modelli 3D, come il
volume dell’intera coltura, il diametro, la solidità, la sfericità, la densità di massa ed il peso
degli sferoidi senza mostrare, al tempo stesso, alcun effetto citotossico in cellule sane del
colon. Nello specifico, il trattamento delle colonsfere con il miele di Manuka e la sua
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combinazione con il 5-Fu ha portato ad un aumento nei livelli intracellulari di ROS, associato
ad una riduzione dell’espressione del marker di superficie CD44 e dei livelli del glutatione
ridotto ed un aumentato numero di cellule apoptotiche, dovuto principalmente ad una forte
downregolazione di diversi inibitori dell’apoptosi, tra cui le IAPs, le IGFs e le HSPs. È stato
inoltre notato un effetto diretto del miele di Manuka sulla chemiosensibilità delle cellule
staminali al 5-Fu con una netta riduzione nei livelli di ABCG2, uno dei trasportatori di
membrana responsabili dell’estrusione dei chemioterapici dall’interno all’esterno della
cellula. Un altro effetto diretto è quello osservato su uno dei target del 5-Fu, la timidilato
sintasi: il trattamento combinatorio ha diminuito maggiormente i livelli di questo enzima che
permette la sintesi di DNA ex-novo rispetto al solo chemioterapico. Il miele di Manuka,
soprattutto in combinazione con il 5-Fu è stato in grado, inoltre, di inibire una delle
caratteristiche fondamentali delle cellule staminali del cancro: la capacità di
autorinnovamento, che è essenzialmente controllata da tre differenti pathways: Wnt/βcatenina, Hedgehog e Notch: il miele di Manuka e la sua combinazione con il chemioterapico
hanno interagito con l’espressione genica di alcuni elementi chiave di questi pathways e
quindi dei loro geni target. È stato osservato inoltre che il miele di Manuka, soprattutto in
combinazione con il chemioterapico, ha ridotto in maniera significativa la capacità di
migrazione di queste cellule, strettamente correlata con il processo di transizione epiteliomensenchimale e quindi con la metastatizzazione; questa ridotta capacità migratoria è stata
correlata con una netta riduzione, nelle cellulle simil-staminali tumorali trattate con miele di
Manuka e chemioterapico, dei livelli di espressione genica di alcuni fattori di trascrizione,
come Slug, Snail e Twist associata ad un aumento dei livelli proteici dell’E-caderina, la
proteina di adesione associata al fenotipo epiteliale. Il trattamento combinatorio ha
notevolmente regolato anche i livelli di alcuni fattori pro-angiogenici, alcuni dei quali sono
risultati invece up-regolati dal trattamento con il solo 5-Fu. Infine è risultato che il miele di
Manuka in combinazione con il chemioterapico è stato in grado di influenzare la lunghezza
dei telomeri, che risultano essere più corti rispetto alle cellule non trattate. Questi risultati
indicano che il miele di Manuka ha un effetto chemiosensibilizzante in vitro nei confronti
del 5-Fu sulle cellule simil-staminali del colon; queste interessanti scoperte, sebbene
preliminari, suggeriscono una potenziale azione sinergica del miele con il 5-Fu, che potrebbe
risultare utile nell’approfondire gli studi su composti naturali da utilizzare in concomitanza
con le terapie mediche convenzionali come accade già con l’acido folinico (leucovorin), che
oltre ad aumentare l’efficacia del 5-Fu, ne diminuisce anche gli effetti collaterali.
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ABBREVIATIONS
(0-9) 2D: two-dimensional; 3D: three-dimensional; 5-Fu: 5-Fluorouracil; 5-HMF: 5hydroxymethylfurfural. (A) ABB: Annexin V Binding Buffer; ABC: ATP-Binding cassette;
ABTS: 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid; AH: artificial honey; ALDH:
Aldehyde Dehydrogenase; AML: acute myeloid leukemia; AnaSP: affected morphological
parameters of single spheroid; Apc: Adenomatous polyposis coli; Aph1: Anterior Pharynx
Defective 1. (B) Bad: Bcl-2-antagonist of cell death; Bax: Bcl-2-associated X protein; Bcl2: B-cell lymphoma 2; Bcl-9: B-cell lymphoma 9; Bcl-xl: B-cell lymphoma-extra large;
BID: BH3 interacting-domain death agonist; BIM: Bcl-2-like protein 11; BIR: baculoviral
IAP repeat; BSA: bovine serum albumin. (C) Cat: catechin; CatEq: catechin equivalents;
CBG. cytosolic β-glucosidase; CBP: C-promoter binding factor; CBP: CREB-binding
protein; CD: Cluster of Differentiation; cellular inhibitor of apoptosis protein-2: cIAP-2; CFLIP: cellular FLICE-like inhibitory protein; CK1α: casein kinase 1α; CKI: cyclindependent

kinase

inhibitor;

c-Myc:

c-myelocytomatosis;

COMTs:

catechol-O-

methyltransferase; COX2: Cyclooxygenase-2; CRC: colorectal cancer; CRP: C-reactive
protein; CSCs: cancer stem cells; CTL: control; CV: crystal violet; CXCL1: chemokine (CX-C motif) ligand 1; CXCR4: CXC motif chemokine receptor 4. (D) DEN:
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1.1.

Colorectal cancer: a general overview

1.1.1. Colorectal cancer epidemiology
According to the GLOBOCAN 2020 from World Health Organization (WHO), in
2020 colorectal cancer (CRC) has been the 3rd cancer worldwide for incidence, after breast
and lung cancers and the 2nd in mortality, after that of the lung. Considering only the male
population, this neoplasm was at 3rd place for incidence (10.6% of all cancers) and mortality
(9.3%), in the female population at 3rd place for incidence (9.3%) and at 2nd for mortality
(9.5%). In 2020, 1,931,590 (10%) new diagnoses of CRC and 935,173 deaths (9.4%) were
estimated worldwide (Figure 1.1)

Figure 1.1. Map of incidence and mortality rates of CRC cancer (2020). Map showing agestandardised incidence and mortality rates (World) in 2020, colorectum, both sexes, all ages
(reproduced from https://gco.iarc.fr/). ASR: age-standardised rate.

In Europe, CRC is at 2nd place for incidence and mortality, the new cases in 2020
were 519,820 (11.8%) and the deaths were 244,824 (12.5%), with a similar trend in Italy
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with 48,576 new diagnoses (11.7%) and 21,789 deceased (12.5%). For men, in Italy it was
at 3rd place for incidence (after prostate and lung) with 25,588 new cases (11.7%) and at 2nd
place for mortality after that of the lung with 11,809 deaths (12.2%). In Italian women it was
at 2nd place for incidence after breast cancer with 22,988 new diagnosis (11.7%) and at 3rd
place for mortality after breast and lungs cancers with 9,980 deaths (12.8%). In Northen
America CRC is at 4th place after breast, lung and prostate ones with 180,575 (7.1%) new
cases and at 2nd place for mortality with 63,987 deaths (9.2%).
As can be seen in Figure 1.2, the most developed regions are those with the highest
incidence and therefore mortality of CRC, among the areas with the highest incidence and
mortality in fact there are Europe, North America, Australia, New Zealand and Eastern Asia.

Figure 1.2. Bar charts showing age-standardised (World) incidence and mortality rates,
colorectal cancer, by sex in 2020. On left side the age standardised (World) incidence (male vs
female); on right side incidence and mortality rates of colorectal cancer in 2020 (World) (reproduced
from https://gco.iarc.fr/). ASR: age-standardised rate.

Over the years, however, there has been a progressive decrease in mortality due to
CRC on a global level, with an associated increase in the survival rate, most likely due to an
improvement in diagnostic techniques and a greater diffusion of screening practices as well
as the progress of therapeutic measures, both for surgical techniques and for adjuvant
medical treatments (Rawla et al., 2019). Figure 1.3 shows the trend for incidence, mortality
and survival in the United Kingdom from the year 1995 to 2014, but as can be observed in
https://gco.iarc.fr, this trend is similar in all the states analysed: Australia, Canada, Denmark,
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Ireland, New Zealand and Norway, suggesting that this trend is almost similar in the World.

Figure 1.3. Trend in age-standardised (World) incidence, mortality and survival rates in
colorectal cancer, both sexes from 1995 to 2014. Reproduced from https://gco.iarc.fr/. ASR: agestandardised rate.

Although, the survival rate is increasing, the estimation made by GLOBOCAN 2020
for the next decades (up to 2040) for the nations with very high Human Development Index
(HDI) are not reassuring and are shown in Figure 1.4: a growing increase in both incidence
and mortality in both sexes in a population ranging from 0 to 85+ years is in fact possible to
observe.

Figure 1.4. Estimated numbers from 2020 to 2040 (World) of incidence and mortality rates,
colorectal cancer, males and females, age (0-85+). The data are expressed in thousand;reproduced
from https://gco.iarc.fr/). ASR: age-standardised rate.
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All data presented in this section have been extrapolated from https://gco.iarc.fr/ Global
Cancer Observatory (GCO), (WHO), GLOBOCAN 2020.
1.1.2. Etiology and risk factors of CRC
CRC is a very heterogeneous disease characterized by the interaction of
environmental and genetic factors. Most cases are sporadic (70-80%), while only a small
percentage are inherited: Familial Adenomatous Polyposis (FAP) 1%, Lynch syndrome (25%) and MYH-associated polyposis (less than 1%). An additional 20-25% of cases have an
associated hereditary component not yet fully demonstrated and is known as familial CRC
(Simon, 2016) (Figure 1.5).

Figure 1.5. CRC etiology. Pie chart representing the main causes of colorectal cancer etiology and
relative percentages.

There are many causes that contribute to the development of CRC and can be both
extrinsic and intrinsic. The factors of extrinsic nature can be modified and corrected such as:
➢ nutrition: it is known that a diet rich in fiber, fruit, vegetables, calcium, vitamin D and
low in processed foods, fats and animal proteins could decrease the likelihood of cancer
(Song et al., 2015);
➢ smoking and alcohol (Amitay et al., 2020);
➢ obesity and its metabolic consequences (Jochem et al., 2016);
➢ hormones, even if on this point there are discordant and therefore uncertain data (Rennet,
2017);
➢ sedentary lifestyle (Nguyen et al., 2018).
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Instead, the causes of an intrinsic nature are due to those risk factors that are not
modifiable, such as:
➢ age, for which there is a greater risk after the age of 50 with a peak of maximum
incidence around the age of 80 (Gabriel et al., 2018);
➢ gender, although in recent years the incidence for males and females is levelling off,
in previous years men were most affected (Kim et al., 2015);
➢ presence of chronic inflammatory bowel diseases (IBDs), such as Crohn's disease
and ulcerative rectal colitis, which cause further damage to the intestinal mucosa
(Stidham et al., 2018);
➢ presence of precancerous lesions, such as adenomatous and/or villous polyps that
can increase the probability of tumor onset (Conteduca et al., 2013);
➢ inheritance (Wells et al., 2017);
➢ genetic factors, as cells of this type of cancer have inherited or acquired mutations
in genes that are implicated in different signal transduction pathways involved in
development and differentiation (e.g., Wingless-related integration site (Wnt)/βcatenin, Notch pathway) and/or in DNA replication or repair (Toma et al., 2012).
1.1.3. Stochastic CRC carcinogenesis
Genetic factors interact with environmental factors in promoting CRC
carcinogenesis. CRC develops through a gradual accumulation of genetic and epigenetic
modifications that result in the transformation of the normal mucosa into invasive cancer
(Song et al., 2019). Most carcinomas develop from an adenoma-carcinoma, the tumor
transformation time is of approximately 10-15 years which represents the time available to
detect and remove adenomas before progression to invasive carcinoma (Silva et al., 2014).
The normal intestinal epithelium is organized along the crypt-villus axis. The pool of stem
cells responsible for the self-renewal of the intestinal epithelium is located in the deep part
of the crypts, these cells migrate along the axis and are capable to differentiate into all colonepithelial lineages. In about 14 days they reach the apex of the villi and undergo apoptosis.
This process is organized by protein gradients such as Wnt, Transforming growth factor beta
(TGF-β) and Bone Morphogenetic Proteins (BMP) (Spit et al., 2018). The loss of genomic
integrity promotes the accumulation of mutations in different signalling. The stochastic CRC
carcinogenesis model proposed by Fearon and Vogelstein (1990) (Figure 1.6) is defined as
"the chromosomal instability pathway" and involves the accumulation of mutations that
determine the activation of Kirsten rat sarcoma viral oncogene homolog (KRAS) and the
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inactivation of tumor suppressor genes like SMAD2/4 and p53. The accumulation of these
mutations is responsible for neoplastic transformation and subsequent metastasis. This
process usually begins with a loss of Adenomatous polyposis coli (Apc) functions, resulting
in a constitutive activation of the Wnt/β-catenin pathway with the formation of benign
lesions. This event is then followed by KRAS mutations and the inactivation of SMAD 2/4
that lead to the formation of intermediate and last adenomas respectively. Lastly, mutations
that involve the inactivation of p53 lead to the development of carcinoma and other genetic
alterations contribute to an invasive and metastatic phenotype.

Figure 1.6. Stochastic CRC carcinogenesis. Model of stochastic colorectal carcinogenesis as
proposed by Fearon and Vogelstein (1990).

1.1.4. The dual role of reactive oxygen species in CRC
Reactive oxigen species (ROS) are a group of highly reactive chemical molecules
and ions that include oxygen radicals (e.g. superoxide [O2•], hydroxyl [•OH], peroxyl [RO2•])
and not-radicals (e.g hydrogen peroxide [H2O2], singlet oxigen [1O2]).
In the scientific literature it has been extensively demonstrated that a high oxidative
stress state with an imbalance of ROS or other pro-oxidant molecules towards the antioxidant
defences could have a potential impact in carcinogenesis and malignant transformation
(Carini et al., 2017). However it has also been observed that cancer cells have higher levels
of ROS than their normal counterpart (Perillo et al., 2020): this mechanism is a reason for a
great attention by the scientific community for selective cancer therapies, which would target
cancer cells through ROS-mediated cell death induction with low side-effects on healthy
cells. Many of the compounds that exert this action in colon cancer cells are natural
compounds (e.g. soybean extract, sulphoraphane, 5-Hydroxy-7-methoxyflavone and
different other phenolic extracts) (Lin et al., 2018A). Many of these observed effects are due
to an increased accumulation of ROS at the intracellular level, accompanied by an increased
apoptotic rate due to the action of these on different mechanisms (e.g. decrease in the levels
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of anti-apoptotic proteins, of inhibitors apoptosis proteins (IAPs) and increase in proapoptotic proteins and caspases) (Lin et al., 2018A).
1.1.5. The role of epithelial-mesenchymal transition and angiogenesis in CRC
There are a lot of scientific evidences confirming that the epithelial-mesenchymal
transition (EMT) (Figure 1.7) has a fundamental and complex role in CRC, as it is the mainly
responsible for the presence of metastases and consequently for therapeutic failure and the
low survival rate (Heerboth et al., 2015). EMT is defined as the process by which primary
tumor cells lose their epithelial phenotype and adhesion capacity with a series of different
biochemical changes by acquiring the mesenchymal phenotype, which allows them to have
a higher migration and invasion capacity and greater resistance to apoptotic phenomena
(Frisch et al., 2013). These transformations allow the tumor cells to reach other areas in the
body through the blood circulation, where they reacquire the epithelial phenotype, resuming
tumor expansion. This process, which is inverse to EMT, is called mesenchymal-epithelial
transition (MET). At the base of EMT there is a downregulation of Epithelial cadherin (Ecadherin) and an up-regulation of vimentin, whose levels are regulated by different factors
including the transcription factors (TFs) Snail and Slug, belonging to the family of zincproteins, the basic helix-loop-helix family of TFs e.g. Twist and the distantly related zinc
finger E-box-binding homeobox family proteins e.g. zinc-finger E homeobox-binding (Zeb)
(Garg, 2013). Recently, other factors have also been found to be closely related to the EMT
process, including many characteristic stem cell markers, such as transcription factor 4
(Tcf4), sex determining region Y-box 2 (Sox2), Octamer-binding transcription factor 4
(Oct4) and Nanog (Dai et al., 2013; Sánchez-Tilló et al., 2011; Qin et al., 2017). In addition
to these factors in the EMT process, different pathways are also involved, including TGF-β
(Xu et al., 2009) and three pathways (Wnt/β-catenin, Hedgehog (Hh), Notch) that we will
see in detail later as they are closely correlated with the self-renewal capacity of cancer stem
cells (CSCs), suggesting a responsibility of these cell subpopulation in the phenomenon of
EMT in CRC (Jiang et al., 2007; Wang et al., 2016; Kar et al., 2019).
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Figure 1.7. Epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial transition
(MET) in colorectal cancer. In a primary tumor, CRC cells with epithelial phenotype (high
expression of E-cadherin and low of vimentin) through EMT process, that involves different
pathways (TGF-β, Wnt/β-catenin, Hh and Notch) and factors (Snail, Slug, Twist, Zeb and miR-200),
enter the blood circulation acquiring a mesenchymal phenotype (high expression of vimentin and
low of E-cadherin) and eventually settle at distant metastatic sites (e.g. liver). Once at distant targets,
mesenchymal cells transition back to the initial phase via MET thereby resuming tumor expansion.
EMT: Epithelial-mesenchymal transition; MET: Mesenchymal-epithelial transition; E-cadherin:
epithelial cadherin; Zeb: zinc-finger E homeobox-binding.

Angiogenesis is a crucial process both in the growth of the primary tumor (it would
seem to start already in the early stages, when the tumor consists of only 100-300 cells, as it
brings oxygen and nutrients to the tumor mass) (Li et al., 2000) and in the mechanism of
metastasis (Bielenberg et al., 2015). In fact, in the process of metastasization, in addition to
providing nutrients and oxygen as for the primary tumor, it would also seem to contribute to
the infiltration process of cells in the blood vessels, helping tumor dissemination in other
districts (Lugano et al., 2020). In CRC different growth factors have been identified (which
will be taken into consideration and described in paragraph 3.4.4.) which would seem to
play a fundamental role in angiogenesis: among these the most studied are the vascular
endothelial growth factors (VEGF) family members (Ahluwalia et al., 2014), which are also
widely used clinically as markers of metastatic risk in colorectal cancer and its progression
(Berk et al., 2015).
1.1.6. Telomere length and telomerase activity in cancer
Telomeres are complexes of DNA and proteins present in the end points of
chromosomes and have the function of protecting the chromosomal DNA from fusion and
degradation by exonucleases and ligases, to regulate the recognition and separation of the
chromosome during mitosis, to position and anchor the chromosomes to the nuclear
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machinery to facilitate DNA replication at the various stages of the mitotic and meiotic cell
cycle (Blackburn, 1990). Telomeres consist of tandem repeats of G and C-rich nucleotide
sequences that form complementary hexanucleotide strands and proteins that bind these
sequences. Telomeres are present in almost all living organisms, from ciliates to mammals,
and differ in their repeated sequence. In human the sequence is 5'-TTAGGG-3' repeated in
tandem for about 15 kb (Moyzis et al., 1998; Morin, 1989). This extremity constitutes a
protruding flap called “overhang”, which can organize itself into a secondary structure,
following “non-Watson and Crick” pairing between the guanine residues: what is formed is
a sort of loop called T-loop (de Lange, 2004; Griffith et al., 99). The proteins that bind the
telomeric sequences identified in humans are numerous, including telomere repeat-binding
factors (TRF) 1 and 2, telomerase reverse trascriptase (TERT) and telomerase-associated
protein-1 (TEP-1) (Linger et al., 2009). Telomerase was firstly discovered in the
Tetrahymena ciliate (Greider and Blackburn, 1985) and it is a ribonucleoprotein belonging
to the large family of reverse transcriptases, i.e. a polymerase that synthesizes DNA starting
from an RNA template; its peculiarity is in the fact that it presents its own RNA template as
an integral part of the enzyme. Telomerase binds to the 3 'end of the eukaryotic chromosomes
and adds single-stranded TTAGGG repeated units (Morin, 1989). Active telomerase
therefore requires two essential components: an RNA subunit, containing a nucleotide
sequence that acts directly as a template for the addition of telomeric repeats and a protein
subunit, which is instead entrusted with the function of catalysing the synthesis of telomere
(Feng et al.,1995).
Telomerase activity analysis could have diagnostic and prognostic utility in the
context of malignant tumors. In fact, numerous studies have examined the telomerase
activity of tumor samples of different types, comparing it in most cases with that of normal
or non-neoplastic tissue. The results suggested that telomerase could be useful as a
diagnostic marker of malignant neoplastic diseases. Unlike most normal somatic cells,
telomerase activity was detected in about 85-90% of the tumors examined (Dhaene et al.,
2000; Shay et al., 2016; Kim et al., 1994). Analysing some of the most common cancers,
one study initially identified telomerase activity in 89% of colorectal cancers, 88% of breast
cancers, 78% of non-small cell lung cancers, and 100% of small cell lung carcinomas (Shay
et al., 1997) and this greater and elevated activity was then confirmed over the years (Eitsuka
et al., 2018; Fernández-Marcelo et al., 2016). Numerous hopes have been placed on
telomerase as a new target for anti-cancer drugs (Seimiya et al., 2020). The idea is that the
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selective inhibition of telomerase in telomerase-positive neoplasms could lead to the
eventual degradation of chromosomal ends with consequent shortening of these up to a
critical length which could lead to replicative senescence and cell death due to chromosomal
damage. However, much remains to be investigated in this area, as the relationship between
telomere length/telomerase activity and cancer is not yet fully understood.
1.1.7. CRC: tumor stages and current therapies
CRC is classified into stages I, II, III, and IV, respectively. The prognosis of colon
cancer is strictly connected with cancer stages. Stages I and II, that are defined early stages
(localized cancers usually at the adenoma to carcinoma stage), have a survival rate at 8095% and 55-80%, respectively. In advanced stages such as metastatic stage IV, the survival
rate decreases to an unsatisfactory 5-10 % (Simon, 2016). In the early stage, CRC can be
diagnosed by numerous methods such as faecal occult blood test, flexible sigmoidoscopy,
double-contrast barium enema X-ray, computed tomography colonography and colonoscopy
(gold standard) to identify adenomatous polyps, a precursor lesion for colon cancer
(Jenkinson and Steele, 2010). The most commonly used biomarkers, such as DNA, RNA,
proteins or metabolites in CRC for the determination of mutations in tumor samples to
classify the tumor, make a prognosis of the disease and manage therapy (Mármol et al.,
2017). Currently next-generation sequencing applications are being developed for CRC
detection, for example, DNA sequencing by ColoSeqTM assay for screening hereditary
CRC, miRNA sequencing by RT-qPCR or miRNA microarray assay can differentiate the
healthy tissue from CRC tissue and 16S rRNA sequencing can discriminate gut microbiota
composition in healthy and CRC tissue (Li and Martin, 2016). Also, a large number of kits
available for determinations of other gene expression profiling are under clinical
investigation.
Surgical resection is the preferred treatment for localized colorectal cancers, as about
80% of patients present at diagnosis with radically resectable disease. However, 30-40% of
cases develop a relapse after 2-3 or, in any case, within the first 5 years of surgery (Neuman
et al., 2013; Sargent et al., 2009). A further treatment is represented by the administration of
chemotherapeutic agents before or after surgery. Pre-intervention chemotherapy is defined
as neo-adjuvant as it has the function of reducing or eliminating the tumor mass. It can often
be combined with radiation therapy to increase the probability of recovery (Gelibter et al.,
2019). The main drugs used in this type of treatment are capecitabine or fluoropyrimidine
(Zhu et al., 2019). Post-surgery chemotherapy, on the other hand, is defined as adjuvant and
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is aimed at eliminating any cancerous cells and, consequently, decreasing the probability of
relapse.
The most widely used adjuvant drug is 5-Fu (Figure
1.8) (Zhi et al., 2019), which is often combined with a vitamin,
folinic acid (leucovorin), which helps to enhance its effect
(Arkenau et al., 2003). In more advanced stage carcinomas,
oxaliplatin, irinotecan, bevacizumab (Allegra et al., 2013;
Ellis, 2006) and cetuximab (Kim et al., 2017; Rouyer et al.,
2018) are used. Oxaliplatin is often administered together
with capecitabine (XEOX) for more effective treatment
(Haller et al., 2011). However, recent studies have shown
that the combination of oxaliplatin, 5-Fu and folinic acid

Figure 1.8. Chemical
structure of 5-Fluorouracil

(FOLFOX) has an even more powerful action in the treatment of advanced or metastatic
carcinomas (Andrè et al., 2004; Yothers et al., 2011). It has been observed that many patients
undergoing chemotherapy are resistant to treatment with 5-Fu (He et al., 2017) but not to its
combination with other chemotherapies (Violette et al., 2002; De Angelis et al., 2006).
Other studies report that many patients can also develop chemoresistance to all drugs
in use and that is why in recent years research is focusing attention on the discovery of new
therapeutic targets and new potential treatments. In fact, despite the enormous progress in
medicine, the probability of relapse is still high and the possibility of using new anti-tumor
substances is therefore being evaluated and, recently, several studies have focused their
attention on the use of natural substances.
1.2.

Cancer Stem Cells

1.2.1. CSCs: History, identification and the possible role in cancer
For years, tumorigenesis and tumor progression have been explained through
stochastic model, as a multistep process in which cells can potentially become tumorigenic
as a result of the acquisition of different genomic or genetic mutations that are accumulated
and allow cells to survive and proliferate in an uncontrolled manner. This model predicts
that cells within the tumor are equal in the ability to give rise to a new tumor if transplanted
into immunodeficient mice (Schinazi, 2006). The increasing evidence of a high cellular
heterogeneity within the tumor is in contrast with the stochastic model hypothesis which
states that the tumor is derived from the clonal selection from a single cell. Beyond
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heterogeneity, it has been demonstrated in several studies that for the formation of a new
tumor in immunodeficient mice it is necessary to inoculate many cells, being in contrast to
the typical potential of cancer cells (Alizadeh et al., 2015). A possible explanation could be
that some cells within the tumor have a higher differentiation and proliferative potential and
therefore are more tumorigenic. The first evidence of the existence of a rare population of
cells within the tumor with a different and greater capacity to "start the tumor" than the other
cells was supported by Bonnet and Dick in 1997. In their study in fact different
subpopulations were isolated from cells derived from acute myeloid leukemia (AML)
through the flow cytometry and cell sorting, by exploiting the different cell surface markers.
These different cell subpopulations were separately inoculated into non-obese
diabetic/severe combined immunodeficient (NOD/SCID) mice and their leukemogenic
capacity was subsequently analysed. The Cluster of Differentiation (CD) 34+/CD38− cell
phenotype, if inoculated in immunodeficient mice, was capable of inducing the occurrence
of acute myeloid leukemia in the in vivo models. On the contrary, it was not possible to
observe the onset of the tumor if mice were inoculated with cells with a CD34+/ CD38+
phenotype. Cells with CD34+/CD38− phenotype were called AML stem cells and were the
first evidence of the existence of Tumor-Initiating Cells (TICs) or CSCs, thus laying the
foundations for a new model of tumorigenesis that is called hierarchical model or Cancer
Stem Cells model (Figure 1.9) (Bonnet and Dick, 1997).

Figure 1.9. Schematic illustration of tumorigenesis and tumor progression explained through
the stochastic model. (a) and hierarchical/Cancer Stem Cells model (b). In the stochastic model all
cells can potentially become tumorigenic as a result of the acquisition of different genomic or genetic
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mutations that are accumulated. This model predicts that all cells within the tumor are equal in the
ability to give rise to a new tumor. In the hierarchical model only a rare population of cells within
the tumor has the potential to start the tumor creating the heterogeneity present in cancer. Figure
taken from Cianciosi et al., 2018B.

In the following years, CSCs were identified, described and characterized in a large
number of solid tumors (brain, colon, liver, breast, ovaries, lung, prostate, head and neck,
etc.) (Lathia et al., 2015; Barker et al., 2007; Yang et al., 2008; Al-Hajj et al., 2003; Bapat
et al., 2005; Eramo et al., 2008; Prince et al., 2007). This minor population of TICs has an
unlimited proliferative capacity and possesses characteristics of self-renewal and high
potential of differentiation (Figure 1.10) (Soltysova et al., 2005). In addition, many recent
studies stated that these cells are responsible for resistance to chemo- and radiotherapy
(Rycaj et al., 2014) and for the metastatization process (Shiozawa et al., 2013).

Figure 1.10. Properties of Cancer Stem Cells. Cancer Stem Cells with typical self-renewal capacity
are responsible to confer tumor heterogeneity, chemo and radioresistance, to cause metastasis and
tumor initiation if they are transplanted in immunodeficient animals. (Figure taken from Cianciosi et
al., 2018B)

Protein markers used to isolate and discriminate CSCs inside tumors are different,
but some occur more frequently, such as Aldehyde Dehydrogenase (ALDH), CD44, CD133,
Epithelial Cell Adhesion Molecule (EpCAM), Oct4, Nanog, Sox2 (Bao et al., 2013).
Another way to isolate, enrich and characterize the CSCs is the serum-free culture with
appropriate growth factors (insulin, epidermal growth factor, basic fibroblast growth factor)
and in non-adherent conditions. This allows CSCs to grow like spheroids, while
differentiated cells fail to grow under this environment (Duan et al., 2013).
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This section represents a modified version of the paper already published: Cianciosi et al., 2018B
Targeting molecular pathways in cancer stem cells by natural bioactive compounds. Pharmacol Res.
2018 Sep;135:150-165. doi: 10.1016/j.phrs.2018.08.006).

Although it is obvious to say that the tumor is the primary source of these CSCs,
some cancer cell lines could be a valid alternative as a source of CSCs, which are precisely
defined CSCs-like, as it has been observed that, unlike what was previously thought, it is
however possible from cell lines to isolate or allow the enrichment of some cells that possess
some characteristics similar to CSCs, such as the presence of surface markers typical of
CSCs (Shi et al., 2010; Elkashty et al., 2020; Vázquez-Iglesias et al., 2019; Yousefnia et al.,
2019), greater invasion capabilities (Wen et al., 2020; Lin et al., 2018B), greater resistance
to chemotherapeutic agents (Gunduz et al., 2020; Izumiya et al. , 2012), ability to form
spheres (Ma et al., 2019; Chen et al., 2016; Rybak et al, 2011) and higher rate of
tumorigenicity when implanted in immunodeficient mice (Sato et al., 2019; Huang et al.,
2009; Li et al., 2017A). In different cell lines it has been proven the possibility of using this
model to study the characteristics of CSCs, and among these there are also some CRC cell
lines (e.g. HCT-116, HT-29, SW122) (Yeung et al, 2010).
1.2.2. Chemoresistance of CSCs
There are several mechanisms behind the chemoresistance characteristic of CSCs,
among these the most studied are the following:
➢ High survival ability with deregulation of apoptotic pathways (which includes an upregulation of anti-apoptotic proteins such as B-cell lymphoma 2 (Bcl-2), B-cell
lymphoma-extra large (Bcl-xl) (Maji et al., 2018), IAPs (Rathore et al., 2017) and
cellular FLICE-like inhibitory protein (c-FLIP) (Alkurdi et al., 2018) as well as an upregulation of mechanisms of pro-survival like Notch, Wnt/β-catenin (Krishnamurthy et
al., 2018), nuclear factor kappa B (NF-κB) (Godwin et al., 2013) and the
phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR)
(Deng et al., 2019);
➢ Quiescence, as many of the commonly used chemotherapeutic drugs target proliferating
cells (Zeuner, 2014);
➢ Up-regulation of DNA repair mechanisms (Wang, 2015);
➢ Interaction of CSCs with the microenvironment (niche) (Das and Law, 2018) and with
extracellular matrix (ECM) (Brown et al., 2019);
➢ High activity of the detoxifying ALDHs (Clark et al., 2016);
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➢ Up-regulation of ATP-Binding cassette (ABC) transporters with an associated increased
drug efflux (Begicevic and Falasca, 2017).
1.2.3. Self-renewal ability
Among the different signalling pathways present in the cells whose aberrant
regulation has been associated with cancer, those related to embryonic development-related
signalling pathways, such as Wnt/β-catenin, Notch, and Hh, are significantly implicated in
the self-renewal property of CSCs. Deepening their knowledge is particularly interesting
since their inhibition has been proposed as a potential therapeutic strategy to target CSCs.
Below, the three different pathways are briefly described.
This section represents a modified version of the paper already published: Cianciosi et al., 2018B
Targeting molecular pathways in cancer stem cells by natural bioactive compounds. Pharmacol Res.
2018 Sep;135:150-165. doi: 10.1016/j.phrs.2018.08.006).

1.2.3.1.

Wnt/β-catenin pathway

To date, Wnt/β-Catenin signalling pathway (Figure 1.11) is considered one of the
essential signalling pathways for the self-renewal of CSCs (Liu et al., 2005). One of its major
elements, the Wnt ligand, is a secreted glycoprotein, heavily modified, prior to be transported
and released into the extracellular medium. In its absence, β-catenin is bound to a complex
formed by glycogen synthase kinase (GSK) 3β, casein kinase 1α (CK1α), Axin2, and Apc
protein, where β-catenin is phosphorylated by the first two enzymes (Niehrs, 2012; Wend et
al., 2013; Liu et al., 2002). The β-catenin protein is then ubiquitinated by β-transducin repeat
containing protein (TRCP) E3 ubiquitin ligase and subsequently degraded by the proteasome
(Liu et al., 2002). In the canonical Wnt signalling pathway, Wnt ligand binds to Frizzled
(Fzd) and lipoprotein receptor-related protein (LRP)-5/-6 receptors (Wend et al., 2013; Liu
et al., 2002), leading to a blockage of ubiquitination of β-catenin by TRCP, despite GSK3β
and CK1α may continue phosphorylating β-catenin (Liu et al., 2002; Clevers et al., 2012).
LRP5/6 is phosphorylated by CK1α and GSK3β, which then enable Axin2 translocation to
membrane, where it binds to cytoplasmic tail of LRP5/6. Concomitantly, the cytoplasmic
protein Dishevelled (Dvl) is recruited to Fzd (Gao et al., 2010). Axin2 interaction with
phosphorylated LRP5/6 and Dvl finally leads to the inactivation of the degradation complex.
All these events result in a β-catenin accumulation in the cytosol, since its proteolytic
degradation is inhibited (Liu et al., 2002; Clevers et al., 2012), where it is subsequently
translocated to the nucleus (Wend et al., 2013). Thus, β-catenin is stabilized in response to
Wnt activation and acts as integral effector of the present pathway in the nucleus, where it
forms a complex with T-cell factor/Lymphoid enhancer factor (TCF/LEF) by displacing
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transducin-like enhancer protein (TLE) protein (human homolog of Drosophila Groucho
protein) and interacts with multiple co-activators (including B-cell lymphoma 9 (Bcl-9),
Pygopus (PYGO), CREB-binding protein (CBP), and mixed-lineage leukemia (MLL)
proteins) (Wend et al., 2013; ). Overall, these complexes containing β-catenin initiate
transcription of genes involved in determining cell polarity, cytoskeletal activity and cellular
differentiation (MacDonald et al., 2009).

Figure 1.11. Schematic representation of Wnt/β-catenin pathway. Dkk-1: Dickkopf WNT
signaling pathway inhibitor 1; Wnt: Wingless-related integration site; CK1α: Casein kinase 1α;
GSK3: Glycogen synthase kinase 3; Dvl: Dishevelled; Apc: Adenomatous polyposis coli ; Tcf: Tcell factor; Lef: lymphoid enhancer-binding factor. . (Figure modified from Cianciosi et al., 2018B).

Genes up-regulated by this signalling pathway include Fos-related antigen 1, cmyelocytomatosis (c-Myc) proto-oncogene protein, CyclinD1, ABC multidrug transporters,
Matrix metalloproteinase (MMP) 7, CD44, CXCL12, CXC motif chemokine receptor 4
(CXCR4), Fibronectin and Cyclooxygenase-2 (COX2) (Kim et al., 2017).
This section represents a modified version of the paper already published: Cianciosi et al., 2018B
Targeting molecular pathways in cancer stem cells by natural bioactive compounds. Pharmacol Res.
2018 Sep;135:150-165. doi: 10.1016/j.phrs.2018.08.006).

1.2.3.2.

Hedgehog pathway

The Hh canonical signalling pathway (Figure 1.12) involves two transmembrane receptors,
Patched (Ptch) and Smoothened (Smo): Ptch represses Smo in the absence of the ligands
preventing the inhibition of kinases that phosphorylate Glioma-Associated Oncogene
24

Chapter 1. State of Art

Homolog (Gli) proteins when they are bind to microtubules by little proteins, such as
Suppressor of fused homolog (SuFu) and kinesin family protein 7 (Kif7), a signal that
promote Gli degradation. On the other hand, signalling depends on the interaction of Hh
ligands with Ptch of a neighbouring cell. There are three different Hh ligand, Sonic Hh (Shh),
Indian Hh (Ihh), or Dessert Hh (Dhh). In the presence of any Hh ligand, Ptch alleviates the
repression of Smo, leading to the release of activated Gli from microtubules that translocate
Gli proteins to the nucleus, where they act as transcriptional regulators (Zhao et al., 2007;
Robbins et al., 2012; Briscoe et al., 2013). The presence of a regulatory negative feedback
between Gli1 and Ptch have been also suggested (Lee et al., 2013A). The Hh-signalling
pathway plays a crucial role in regulating proliferation, motility, adhesion and cell fate, as
well as maintenance of the stem cell, progenitor cell and self-renewal capacity (Kameda et
al., 2009).

Figure 1.12. Schematic representation Hedgehog pathway. Hh: Hedgehog; PTCH: Patched;
SMO: Smoothened; GSK3: Glycogen synthase kinase 3; PKA: cyclic-AMP dependent protein
kinase/protein kinase A; Klf7: Krüppel‐like factor 7. (Figure modified from Cianciosi et al., 2018B).

Some of up-regulated genes are stemness-associated genes, such as Nanog, Oct4,
Sox2 and polycomb complex protein Bmi-1 (also known as polycomb group RING finger
protein 4 (PCGF4), or RING finger protein 51 (RNF51), thus, Hh also would function as a
signal to determine the CSC phenotype (Clement et al., 2007). Moreover, it has been
evidenced that Hh signalling could contribute not only to the growth and maintenance of
cancer, but also to chemotherapy resistance, thereby inducing a more aggressive phenotype
(Jeng et al., 2013; García-Zaragoza et al., 2012).
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This section represents a modified version of the paper already published: Cianciosi et al., 2018B
Targeting molecular pathways in cancer stem cells by natural bioactive compounds. Pharmacol Res.
2018 Sep;135:150-165. doi: 10.1016/j.phrs.2018.08.006).

1.2.3.3.

Notch pathway

Notch signalling pathway (Figure 1.13) depends on the interaction between
mammalian transmembrane receptors Notch (1–4) and their membrane bound ligands:
Jagged (Jag) 1, Jag 2, and δ-like ligand (Dll) 1, 3 and 4 (Bray et al., 2006). A common feature
of such ligands is their amino-terminal domain known as DSL (Delta/Serrate/Lag2), that is
followed by different numbers of epidermal growth factor-like domains (Bolos et al., 2009).
Mature Notch receptors are constituted by two non-covalently linked subunits, but are
synthesized as single precursor protein that is cleaved by the furinlike convertase enzyme
and glycosylated in the Golgi apparatus during transport to the cell surface (Koch and
Radtke, 2007). On the intracellular surface of the cellular membrane, the Notch receptor has
a structure with several domains, a structure very important for signal transduction. The
extracellular portion presents an epidermal growth factor-like structure followed by a three
cysteine-rich repeat domain that prevents pathway activation in the absence of a signal. After
the interaction of Notch ligands, receptor is cleaved on the face close to the transmembrane
domain by the metalloprotease called Tumor Necrosis Factor-α-converting enzyme (TACE).
The extracellular portion released is finally endocytosed by the signal-sending cell as the
ligand is linked to the extracellular portion. Then, a second cleavage occurs in the
transmembrane domain by the enzyme γ-secretase releasing a Notch intracellular domain
(NICD) to the cytosol. Such enzyme is a complex of multiple sub- protein intramembranecleaving proteases with presenilin, nicastrin, presenilin enhancer 2 (Pen2), and Anterior
Pharynx Defective 1 (Aph1) an essential components for its activity (Konishi et al., 2007).
NICD is able to be translocated to the nucleus, where it heterodimerizes with the C-promoter
binding factor (CBP) that is associated to core co-repressor proteins to recruit different coactivator nuclear proteins such as mastermind-like (MAML1-3) proteins and CBP/p300
(Wang et al., 2015; Sharon et al., 2015). Consequently, the interaction with NICD changes
the CBP from a transcriptional repressor to an activator whose target genes including Hairy
Enhancer of Split 1 (Hes1) and Hey1, cyclin D1, p21, NF-κB and c-Myc (Ronchini and
Capobianco, 2001; Palomero).
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Figure 1.13. Schematic representation Notch pathway. Ub: ubiquinated; JAG: jagged; DLL:
Delta-like; NECD: Notch extracellular domain; TM: trans-membrane; NICD: Notch intracellular
domain; TACE: umour necrosis factor alpha converting enzyme; CBP: C-promoter binding factor;
MAML1: mastermind-like 1; CSL: CBF1/RBP-J, Su(H), Lag-1. (Figure modified from Cianciosi et
al., 2018B).

This signalling pathway is involved in cellular proliferation and differentiation,
playing a crucial role in the differentiation and maintenance of stem cells (Ishii et al., 2008).
In CSCs higher Notch activity has been related to ability to form tumorspheres, resistance to
chemotherapeutic agents and high tumorigenicity (Hassan et al., 2013). Likewise, it
contributes significantly to the acquisition of the EMT phenotype as indicated by the higher
expression of mesenchymal cell markers (Zeb1, Zeb2, SNAIL2 and vimentin), reduction of
epithelial cell marker E-cadherin and CDH1, increased growth and clonogenic capacity in
the pancreatic cancer cell line-AsPC-1 (Bao et al., 2011).
This section represents a modified version of the paper already published: Cianciosi et al., 2018B
Targeting molecular pathways in cancer stem cells by natural bioactive compounds. Pharmacol Res.
2018 Sep;135:150-165. doi: 10.1016/j.phrs.2018.08.006).
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1.2.4. CSCs in CRC: hierarchical model of carcinogenesis and colon CSCs markers
In the paragraph 1.1.3 it was shown the stochastic CRC carcinogenesis model
proposed by Fearon and Vogelstein (1990), and in the same paragraph it was anticipated that
in the deep part of the crypts is present a pool of normal stem cells responsible for the selfrenewal of the intestinal epithelium: these cells migrate along the axis and are capable to
differentiate into all colon-epithelial lineages (Paneth and Globet cells, enterocytes,
enteroendocrine cells) (Spit et al., 2018). Colon has a complex structural organization and
the mucosal lining epithelium is formed by numerous invaginations that penetrate the
underlying connective tissue, called Lieberkuhn's crypts. The latter have the function of
maintaining tissue homeostasis and are also involved in its regeneration, with the production
of new functional cells in the event of damage. The intestinal cells of the crypt are renewed
by multipotent stem cells located at the base of the crypt itself, which divide asymmetrically
moving towards the lumen of the colon and, after a certain number of divisions, differentiate
into the typical populations of this organ: enterocytes, i.e. the epithelial cells lining the
mucosa with an absorbent function; Goblet cells, i.e. muciparous goblet cells with the
function of secreting mucus; enteroendocrine cells, i.e. cells responsible for the secretion of
peptide hormones and Paneth cells responsible for the secretion of some enzymes i.e. αdefensins, C-type lectins, lysozyme, and phospholipase A2 (Clevers, 2013). Normal stem
cells found at the base of the crypt exhibit a high expression of Leucine-rich repeatcontaining G protein-coupled receptor 5 (Lgr5), which is used, among others, as a surface
marker for the isolation and characterization of the cells of this compartment (Barker et al.,
2007). The Lgr5 gene encodes a protein that is part of the receptor complex to which the
proteins of the Wnt/β-catenin pathway bind, taking part in the cellular transduction signals
of this pathway (Carmon et al., 2012).
According to the hierarchical carcinogenesis model (Figure 1.14), the CSCs could
derive from normal stem cells of the tissue in which the tumor has developed, due to an
accumulation of large quantities of gene alterations at the level of the main pathways that
regulate the normal process of self-renewal (Papaccio et al., 2017). This is what could
happen at the level of the crypts of the colon, at the base of which there are stem cells that
regenerate the tissue and which can undergo uncontrolled proliferation and transform into
CSCs capable of generating cancer (Barker et al., 2009). Indeed, CSCs use the same
signalling pathways involved in the replication processes adopted by normal stem cells, for
physiological tissue regeneration (De Lau et al., 2007; Krausova et al., 2014).
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CSCs could also derive from a category of cells called progenitor cells or transit
amplifying cells (Clarke et al., 2006), that represent the first cell generation deriving from
normal stem cells which have a great capacity to divide but lesser than stem cells. If a
progenitor cell undergoes malignant transformation it can reacquire stem-like capacity and
thus contribute to the development of the tumor (Lampretch and Fich, 2015).
However, several studies have suggested that also differentiated somatic cells of the
tissue could reactivate the cell signalling pathways involved in the processes of self-renewal,
acquiring stem-like properties and thus causing a neoplastic transformation. (Welte et al.,
2010). It was also been observed that epithelial cells can acquire the CSC phenotype through
a series of mutations that lead to transformation into a malignant cell, which through EMT
processes manages to acquire a tumor stem phenotype (Hollier et al., 2009).
In all hypothetical cases described and shown in Figure 1.14, the intratumor
heterogeneity observed in the CRC (Sylvester et al., 2015) would be recreated, which instead
would be missing in the stochastic CRC carcinogenesis model.

Figure 1.14. Hierarchical CRC carcinogenesis model.
CSC: Cancer stem cells.

Following this, basically two possible hypotheses on the origin of CRC CSCs have been
advanced:
➢ BOTTOM-UP theory
➢ TOP-DOWN theory
The first theory supports the thesis that the normal stem cells at the base of the crypt are
responsible for the initiation of tumorigenesis and the subsequent invasion of the apical
region above the crypt (Huels et al., 2015; Preston et al., 2003). The second theory, however,
argues that the differentiated cells at the apex of the crypt have a high rate of gene mutations
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so that they can give rise to cancer stem cells capable of invading the entire epithelium up to
the base of the crypt (Preston et al., 2003; Wrightet al., 2002).
The following table (Table 1.1) shows some of the colon CSCs identification markers
with relative function:
Table 1.1. Putative colorectal cancer stem cells markers.

Marker

Function

CD44

Cell surface glycoprotein

CD133

Cell surface glycoprotein

CD166

Cell surface glycoprotein

CD24

Cell surface glycoprotein

CD26

Cell surface glycoprotein

CD29

Cell surface glycoprotein

EpCAM

Cell surface glycoprotein

Lgr5

Cell surface receptor

Nanog

Transcription factor

Oct4

Transcription factor

Sox2

Transcription factor

Bmi1

Protein (nuclear)

ALDHs

Enzymes

ALDHs: Aldehyde dehydrogenases; Bmi-1: B lymphoma Mo-MLV insertion region 1 homolog; CD:
Cluster of differentiation; EpCAM: Epithelial cell adhesion molecule; Lgr-5: Leucine-rich repeatcontaining G protein coupled receptor 5; Oct4: Octamer-binding transcription factor 4; Sox2: (sex
determining region Y)-box 2. Ong BA et al., 2014.

1.2.5. Methods of identification, isolation and enrichment of CSCs
Different methods are used for the identification, isolation and/or enrichment of
CSCs from both primary tumors and cell lines, some of which are based on the expression
patterns on the cell surface of these cells and others which instead depend mainly on some
functionalities of CSCs.
1.2.5.1.

Surface markers assays

Several surface proteins have been identified over the years in the cell membrane of
CSCs, also referring to the fact that the first study on CSCs by Bonnet and Dick (1997) was
based exactly on the identification of the CD34+/CD38-phenotype; among the different
surface markers used by researchers over the years to identify, isolate and enrich CSCs in
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other tumor types, the most common are CD133, CD24, CD13, CD16, CD38, CD44, CD166,
CD176, CD20, EpCAM, used alone or in combination (Akbarzadeh et al., 2018).
Basically, there are two methods used for the isolation of CSCs through
discrimination by surface markers (Figure 1.15):
➢ Fluorescence activated cell sorting (FACS): which involves the use of fluorescently
labelled antibodies targeting the surface markers of the CSCs and subsequent separation
of the fluorescent vs non-fluorescent population. One of the advantages of this method
is that it is a multi-parametric analysis and therefore allows the use of different antibodies
at the same time (Greve et al., 2012). Among the disadvantages there is the fact that a
large number of cells is needed (Akbarzadeh et al., 2018);
➢ Magnetic-activated cell sorting (MACS): cell separation technique based on the use of
monoclonal antibodies conjugated with magnetic beads. After incubating the magnetic
beads with the cell suspension, the cells presenting the selected surface marker are then
attracted and separated by a magnet which allows them bind to a column, from which
they are then eluted. Among the advantages of this technique there is the fact that it is an
easy method that allows the use of few cells, while among the disadvantages there is the
possibility of selecting the cells in a single-parameter manner (Miltenyi et. al., 1990).
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Figure 1.15. Representation of isolation of CSCs based on surface markers. The CSCs were
isolated based on CSC marker expressions by FACS and MACS techniques. CSC: cancer stem cell;
FACS: fluorescence‐activated cell sorting; MACS: magnetic‐activated cell sorting

Among the common advantages that these two techniques offer, there is the greater
specificity compared to other techniques and on the other hand the disadvantages include a
high manufacturing cost and low viability of the separated cells that are easily damaged
during the analyses (Akbarzadeh et al., 2018).
1.2.5.2.

Functional assays

As previously mentioned, CSCs have some functional properties that distinguish them
from the remaining tumor cells; these properties have been exploited by researchers to
develop methods to identify, isolate them from the tumor-bulk and allow their enrichment.
The most used are listed and briefly described below (Figure 1.16):
➢ Spheroid formation assay: this method, as will be discussed in detail in the next
paragraph, as it is the one used in this PhD thesis, offers the advantage of working with
a three-dimensional (3D) culture and better mimicking the properties of a tumor tissue
(Zanoni et al., 2016). This technique is founded on the cultivation of a single-cell
suspension in a serum-free medium supplemented with certain growth factors (epidermal
growth factor (EGF) and basic fibroblast growth factor (FGF)) in low-attachment culture
systems. This concept is based on the anchorage-independent growth properties of
CSCs-(like) cells that are able to survive after being detached from niche elements and
form successive spheroids through the clonal proliferation and not for simple aggregation
(Weiswald et al., 2015). This does not occur in the population of non-stem cell tumor
cells which undergo a cell death phenomenon called anoikis under the same culture
conditions (Chen et al., 2012). Other similar cultivation systems allow the enrichment of
these cells on different kind of scaffolds and could have further advantages as they offer
the opportunity, for example, to carry out co-cultures or to study the interaction with the
ECM. Among the main disadvantages of this technique there is a moderate cellular
heterogeneity with the presence in the culture also of differentiated cells (MaliszewskaOlejniczak et al., 2019).
➢ ALDHs activity: it has been observed that CSCs have a greater activity of these enzymes
and therefore they have been considered as a functional parameter for their isolation
which is carried out either through FACS analysis (Leng et al., 2017) or through the
Aldefluor assay, which through a chemical reaction converts the ALDH substrates into
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a fluorescent product: BODIPY‐amino acetate (Marcato et al., 2011). One of the
disadvantages of this method is that many non-tumor stem cells have also been found to
have a high activity of ALDHs (Vassalli, 2019).
➢ Side population (SP) assay: it is based on the assumption of the presence on the surface
of the CSCs of ABC transporters which are able to extrude the fluorescent DNA-binding
dye Hoechst 33342 from the cell. Cells are separated on the basis of this principle by the
FACS into SP+ (ability to extrude Hoechst 33342) and SP- (Shimoda et al., 2018). One
of the disadvantages of this technique is the lack of real standardization of the method
(Akbarzadeh et al., 2018).
➢ Chemoresistance and hypoxic resistance: the approach of this type of method is based
on the exposure of the population to chemotherapeutic agents (Francipane et al., 2019)
and/or to hypoxic condition (Kim et al., 2018), allowing the survival of only those cells
that resist on these conditions. The disadvantage of this method is that it does not
however offer total homogeneity of the selected cells (Akbarzadeh et al., 2018).
➢ Physical CSCs properties (density gradient centrifugation): this separation method is
based on the physical properties of CSCs and uses different density gradients (Ficoll,
Percoll abd Histopaque) (Liu et al., 2012); the advantage is the ease and speed of the
experiment, while one of the disadvantages is the low homogeneity (Akbarzadeh et al.,
2018).
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Figure 1.16. The most used functional assays for the identification, isolation and enrichment of
cancer stem cells. CSC: cancer stem cells. Between the most used functional assays for
identification, isolation and enrichment of CSCs there are spheroid formation assay, ALDHs activity,
selection for chemo and/or hypoxic resistance, density gradient centrifugation and side population
assay.

Among other functional isolation methods we find the tumorigenicity assay (Nguyen et al.,
2012), the label‐retaining methods (lipophilic dyes) (Mauri et al., 2012), colony formation
assay (Munshi et al., 2005), CSC selection by natural killer cells (Duan et al., 2013),
evaluation of autofluorescence (Miranda-Lorenzo et al., 2014), promoter-driven fluorescent
protein expression (Tang et al., 2015A), intracellular concentration of reactive oxygen
species (Diehn et al., 2009) and mitochondrial membrane potential (Sukumar et al., 2016).
1.2.6. Advantages and disadvantages of a three-dimensional culture
It is currently estimated that over 80% of preclinical in vitro studies are still assigned
to two-dimensional (2D) culture techniques that offer quickness, convenience and extensive
literature on protocols and for data comparison. Very often, however, when the results
obtained from these studies are translated to in vivo or even to clinical trials, the same
treatments that had shown efficacy in monolayer culture models have no or very weak
efficacy in animals or patients. This phenomenon has in part been attributed over the years
to the fact that cells in 2D culture some fundamental aspects lack, such as tumor architecture,
cell-cell interactions, thus failing to reflect the real pathophysiology of cancer cells. The first
mentions of 3D cultures were in the late 1980s (Donglai et al., 2017). One of the methods of
propagation and therefore enrichment of CSCs, as seen in the previous paragraph, is the in
vitro sphere forming assay or three-dimensional culture through the use of scaffolds
composed of different materials or the hanging drop method. These enrichment methods
therefore offer, in addition to the opportunity to work with CSCs (strictly involved in the
processes of tumorigenesis, resistance and the presence of metastases), also the opportunity
to work with a three-dimensional model that better mimics what actually happens in vivo,
certainly better than a normal monolayer culture.
Among the main differences between a 2D and 3D culture model we note cell
morphology (Breslin and O’Driscoll, 2016), cell-matrix (Li and Kilina, 2015) and cell-cell
interactions

(Kapałczyńska

et

al.,

2018),

proliferation

(Souza

et

al.,

2018),

microenvironment thanks to the ECM that is formed (Duval et al., 2017), distribution of
nutrients, oxygen and different metabolic waste (Edmondson et al., 2014), different signal
transduction, different gene and protein expression (Eke et al., 2015), reduced sensitivity to
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chemotherapy in 3D cultures (Uematsu et al., 2018), hypoxia and consequent processes (Kim
et al., 2011) (Figure 1.17).

Figure 1.17. Graphical representation of gradients in spheroids. Graphical representation of the
different zones (proliferative, quiescent and necrotic) and the different gradients (oxygen, nutrients,
drug penetration and metabolic waste) in a typical spheroid.

Another advantage offered by 3D cell cultures could be that of partially replacing the
in vivo models allowing to use a smaller number of animals, for example with multicellular
spheroid systems (tumor-fibroblast-endothelial cells) that mimic the tumor heterogeneity
and also vascularization phenomena (Malakpour Permlid et al., 2019).
Cells grown in monolayers have equal access to nutrients, growth factors and oxygen,
which is not what happens in vivo; through 3D cellular models it is possible to recreate this
limitation. In addition, the monolayer cells attached to the surface in a unilateral way induce
an unnatural polarity for many cells, each cell of the monolayer culture is moreover in the
same metabolic status, which is rare in vivo (where there are in fact proliferating cells,
quiescent and necrotic ones): it is possible to recreate this situation in spheroid model
especially thanks to the hypoxic situations (Duval et al., 2017).
In the following paragraphs we will consider the main differences between 3D and 2D
cellular models which also have an implication in the culture of CSCs:
➢ Hypoxia and metabolism in 3D culture models: in general in vivo in tumor masses a
condition of hypoxia is present, especially for the cells located in the core of the mass;
this condition is impossible to reproduce in a monolayer culture system. When the cells,
especially tumor cells, are grown with 3D culture methods, the formed spheroids
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simulate the tumor mass. It has been observed that real oxygen gradients, nutrients and
metabolites are generated in spheroids miming those observed in vivo, even if for
example cellular heterogeneity is not created in single-cell spheroids, but it is however a
system that is closest to the real one. In fact, in the spheroids, as happens in vivo, it has
been observed that in their core, there are cells that live in conditions of hypoxia and
have gene alterations compared to all the other tumor mass (DelNero et al., 2015).
Furthermore, necrotic cells are present in the core of the spheroid, as happens in vivo and
quiescent cells are present immediately outside the necrotic core. As regards the hypoxiaCSCs relationship, this is a fundamental parameter as hypoxia is an essential condition
for the formation and expansion of this cellular niche (Neth and Devi., 2016). In some
studies, it has been observed that these hypoxic conditions activate some pathways
closely related to CSCs, such as Wnt, Hh and Notch (Hiyama et al., 2011). Cells grown
in 2D, on the other hand, have uniform contact with oxygen and therefore is impossible
to observe an oxygen gradient (Duval et al., 2017).
➢ Angiogenesis in 3D CSC models: angiogenesis is the process which in tumor bulk
supplies oxygen and nutrients to cancer cells, allowing their growth, invasion and
metastasis. CSCs are closely linked to the phenomenon of angiogenesis (Bielenberg et
al., 2015). From the point of view of the expression of some genes involved in
angiogenesis, especially 3D multicellular models with endothelial cells is much closer
to the in vivo conditions than a normal 2D culture (Timmins et al., 2004).
➢ EMT in 3D culture models: another difference in the gene expression patterns between
2D and 3D cultures is found in the EMT process, in which CSCs play a fundamental
role. In 2D models the shape of the cells is flattened, while in 3D cultures the cells take
on shapes more similar to what they really are, forming aggregates and cell-cell
interactions that are fundamental characteristics for studying this process, interactions
that are absolutely not recreated in a 2D cellular model (Kim et al., 2019).
➢ Chemoresistance in 3D culture models: CSCs play a fundamental role in
chemoresistance, which is one of the main causes of therapeutic failures in cancer
treatments. 3D culture models could better simulate the in vivo situation for studing drug
penetration, response and resistance. Indeed, it has been observed that the 3D cultures
themselves and even more those that allow the enrichment of CSCs possess greater
resistance to drugs related to the type of architecture of the spheroid (Zhang et al.,
2020A). In 2D cultures, for example, the size of the surface (surface/volume ratio) is
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very large and this allows an easy absorption of the treatment, which is not the case in a
3D culture or even in vivo (Melissaridou et al., 2019).
Among the disadvantages of 3D cultures there are the costs and times that are higher
than 2D culture systems, poor reproducibility, standardization, automation and comparison
with literature data. Furthermore, adapting the protocols used in 2D to the conditions of 3D
is not easy and there is low standardization, especially for cytotoxicity tests, but also for
other analyses, such as Western Blot. Moreover, greater ability and expertise in sample
handling is also required (Ryan et al., 2016).
Main differences between 2D and 3D culture are resumed in Table 1.2.
Table 1.2. Main differences between 2D and 3D culture.
2D CULTURE

1.3.

3D CULTURE

CHEMICAL GRADIENT FORMATION

-

+

PHYSIOLOGICAL ARCHITECTURE

-

+

3D CELL MIGRATION/INTERACTION

-

+

DRUG RESISTANCE

-

+

in vivo-LIKE GENE EXPRESSION

-/+

+

PROTOCOL STANDARDIZATION

+

-

REPRODUCIBILITY

+

+/-

COMPARISON IN SCIENTIFIC LITERATURE

+

+/-

Honey
Honey is a natural substance that bees produce from honeydew or nectar of flowers.

Bees collect nectar or honeydew, transport them into the hive, where begin the processes
that lead to their transformation into honey: the concentration and the enzymatic conversion
of sugar. Honey composition is closely related to its botanical origin and to the processing
and environmental conditions (Manyi-Loh et al., 2011). Since ancient times, honey has been
not only considered a food or a sweetener, but it was also used as a medicine for stimulate
healing of wound, tissue regeneration, alleviate gastrointestinal disorders, gingivitis and
various other pathologies. The therapeutic effect of honey results from the presence of
various antioxidant molecules, including phenolic compounds, such as flavonoids and
phenolic acids (Al-Waili et al., 2014). Several in vitro and in vivo studies have demonstrated
the antimicrobial, antiviral, antifungal, anticancer and antidiabetic activity of honey. In
addition, the protective effect on cardiovascular, nervous, respiratory and gastrointestinal
systems has been also proved. A protective effect of honey was also observed in
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physiological condition characterized by high levels of free radicals, such as those of athletes
practicing different sports (Alvarez-Suarez et al., 2013; Peternelj et al., 2011).
This section represents a modified version of the paper already published: Cianciosi et al., Phenolic
Compounds in Honey and Their Associated Health Benefits: A Review. Molecules. 2018A Sep
11;23(9):2322. doi: 10.3390/molecules23092322.

1.3.1. Chemical composition of honey
Honey contains about 180 types of different compounds, including water, sugars,
free amino acids, proteins, enzymes, essential minerals, vitamins and various
phytochemicals (Table 1.3) (Escuredo et al., 2013). The composition, taste and color of the
different honey depend on the type of flower source, the geographical area, the climate and
the different species of bees involved in honey production, which is also conditioned by the
processing techniques and storage (Puscas et al., 2013).
Table 1.3 Chemical composition of most common types of honey. (Table taken from
Cianciosi et al., 2018A)
Component
Amount in 100 g of Honey
Water
16.9-18 g
Carbohydrates (total)
64.9-73.1 g
-Fructose
35.6-41.8 g
-Glucose
25.4-28.1 g
-Maltose
1.8-2.7g
-Sucrose
0.23-1.21 g
Proteins, vitamins, amino acids and minerals
0.50-1 g

Honey is an important source of macro- and micronutrients. Carbohydrates, monoand disaccharides, are the 95% of its dry weight: glucose and fructose are present in larger
quantities and contribute principally to the energetic value and physical characteristics of
honey, such as hygroscopicity, granulation and viscosity. The concentration of glucose and
fructose and the relationship between them is one of the main classification parameters in
monofloral honeys. Among carbohydrates, maltose, sucrose, turanose, isomaltose,
cellobiose, isopanose and many others in different quantities can be also found. The
disaccharides and trisaccharides present in honey are hydrolyzed into monosaccharides from
different types of enzymes such as invertases and α-glucosidases (Alvarez-Suarez et al.,
2010). These sugars are subjected to chemical changes during honey storage: a long or wrong
conservation can lead to the formation of undesirable compounds derived from pentoses
(furfural) and hexoses (5-hydroxymethylfurfural (5-HMF)). Usually these products derive
from the reaction of Maillard and are used to test the quality of honey, indicating a possible
exposure to high temperatures or to a prolonged storage time (Fallico et al., 2008).
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Minor amounts of proteins are present, mainly in the form of enzymes and free amino
acids, except for asparagine and glutamine. Proline is the main amino acid in honey (50–
85%), resulting primarily from the salivary secretions of honeybees (Apis mellifera L.); it is
used as a parameter to evaluate the degree of honey maturation. Other amino acids are
alanine, phenylalanine, tyrosine, glutamic acid, isoleucine and leucine (Bogdanov et al.,
2008). A portion of proteins present in the honey consists essentially of enzymes derived
from pollen, nectar and bees. The main enzymes are diastase, glucose oxidase and invertase.
Diastases are amylolytic enzymes, such as α-amylases that hydrolyse the chains of starch
producing dextrin and β-amylases that lead to maltose formation and whose activity is an
important factor for honey’s quality. Glucose oxidase converts glucose into δgluconolactone, which is hydrolysed to gluconic acid, the principal acid in honey and
hydrogen peroxide (H2O2), responsible of the antimicrobial activity of honey. The invertase
has the ability to hydrolyse sucrose in glucose and fructose (White et al., 1980).
In honey there is also a variable amount of essential minerals (about 0.2% of its dry
weight), which varies according to its botanical origin, environmental conditions and
processing. Among the most represented minerals, potassium, calcium, copper, iron,
magnesium, manganese, phosphorus, sodium, zinc and selenium can be found. Honey also
contains small amounts of vitamins, such as ascorbic acid (C), thiamine (B1), riboflavin
(B2), niacin (B3), pantothenic acid (B5) and pyridoxine (B6) (Alvarez-Suarez et al., 2013).
All the vitamins of the complex B derive mainly from pollen and, together with vitamin C,
can be influenced by commercial and industrial processes, such as filtration and by oxidation
reactions carried out by glucose oxidase (Ciulu et al., 2011).
All types of honey have some acidity, because of the presence, although low, of
organic acids; these acids contribute both to the honey flavour and to its antimicrobial
activity as well as to the stability of this food matrix. The most important is gluconic acid,
followed by aspartic acid, citric, acetic, formic, fumaric, galacturonic, malonic, formic,
acetoglutaric, gluconic, glutamic, butyric, glutaric, butyric, shikimic, propionic, pyruvic
glyoxylic, 2-hydroxybutyric, α-hydroxyglutaric, isocitric, lactic, malic, methylmalonic,
quinic, succinic, tartaric, oxalic and others (Mato et al., 2006).
This section represents a modified version of the paper already published: Cianciosi et al., Phenolic
Compounds in Honey and Their Associated Health Benefits: A Review. Molecules. 2018A Sep
11;23(9):2322. doi: 10.3390/molecules23092322.

39

Chapter 1. State of Art

1.3.2. Phenolic content of honey
Polyphenols are a heterogeneous class of chemical compounds that can be divided
into flavonoids (flavonols, flavones, flavanols, flavanones, anthocyanidin, chalcones and
isoflavones) and non-flavonoids (phenolic acids). All these compounds are often the product
of secondary plant metabolism and are characterized by the presence of multiple phenolic
groups associated with more or less complex structures. The secondary metabolites differ
from the primary (chlorophyll, amino acids and simple carbohydrates), because, although
they have important ecological functions, they do not mediate in the processes of
assimilation, respiration, transport and differentiation of the plants. Phenolic composition in
honey mainly depends on its floral origin, in fact it can be used as a tool for classification
and authentication, especially in the case of unifloral varieties. The most common phenolic
compounds in honey are shown in Figure 1.18 (Kennedy and Wightman, 2011) and in Table
1.4 it is possible to compare the phenolic compounds identified in the different types of
honey

Figure 1.18. Most common phenolic compounds identified in honey. (Figure taken from
Cianciosi et al., 2018A)
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Table 1.4. Common flavonoids and phenolic acids in honeys. (Table taken from
Cianciosi et al., 2018A)
Presence of phenolic compounds in different Honeys
Flavonoids
Apigenin
C15H10O5
AH, TH, STH
Catechin
C15H14O6
TH, PH
Chrysin
C15H10O4
MH, AH, TH, HH,THH, RH
Galangin
C15H10O5
MH, AH, STH, HH
Genistein
C15H10O5
AH
Isorhamnetin
C16H12O7
MH
Kaempferol
C15H10O6
MH, AH, TH, STH, THH, RH
Luteolin
C15H10O6
MH, AH, TH, STH, THH, RH
Myricetin
C15H10O8
AH, HH, THH
Pinobanksin
C15H12O5
MH, AH, STH, RH
Pinocembrin
C15H12O4
MH, AH, STH, RH
Quercetin
C15H10O7
MH, AH, CH, THH
Rutin
C27H30O16
STH
Phenolic Acids
2-cis,4-trans Abscisic acid C15H20O4
STH
2-Hydroxycinnamic acid
C9H8O3
TH
Caffeic acid
C9H8O4
MH, AH, TH, THH
Chlorogenic acid
C16H18O9
AH, HH, THH
Cinnamic acid
C9H8O2
TH, STH, CH, HH, THH
Ellagic acid
C14H6O8
HH
Ferulic acid
C10H10O4
MH, AH, HH, THH
Gallic acid
C7H6O5
MH, AH, TH, HH, THH, PH
p-Coumaric acid
C9H8O3 MH, AH, TH, HH, THH, RH, PH
p-Hydroxybenzoic acid
C7H6O3
CH, HH
Protocatechuic acid
C7H6O4
HH, PH
Sinapic acid
C11H12O5
HH
Syringic acid
C9H10O5
MH, AH, TH, STH, HH, THH
Vanillic acid
C8H8O4
AH, HH
Manuka Honey (MH) (Chan et al., 2013); Acacia Honey (AH) (Kečkeš et al., 2013; Campone
et al, 2014); Tualang Honey (TH) (Ranneh et al., 2018); Strawberry Tree Honey (STH) (Petretto et
al., 2015); Clover Honey (CH) (Hamdy et al., 2009); Heather Honey (HH) (Kuś et al., 2016);
Thyme Honey (THH) (Campillo et al., 2015); Rosemary Honey (RH) (Ferreres et al, 1994); Pine
Honey (Akalın et al., 2016).

These substances have been recognized as the main responsible for the antioxidant
activity of honey, that is mainly associated with the ability of free radical scavenger, through
the formation of more stable and less toxic molecules. Phenolic compounds stabilize free
radicals when they give off hydrogen from one of their hydroxyl group; the degree of activity
is related to the number of their hydroxyl groups (Rice-Evans and Miller, 1996).
The flavonoids are natural chemical compounds with low molecular weight and are
mainly water-soluble. They are formed by two benzene rings, alternated by a linear chain of
three atoms of carbon (C6-C3-C6); this structure often rearranges itself to form three rings
with 15 carbon atoms called A, B and C (Figure 1.19). Generally these compounds have at
least two phenolic groups (OH) and are often associated with sugars (glycosides), mainly
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glucose together

with

xylose, galactose,

rhamnose, arabinose, rutinoside and

glucorhamnose; when flavonoids are not associated with sugars they are called aglycones.
The flavonoids are then classified according to the degree of oxidation of the C ring in:
flavanols, flavones, flavanonols, flavonols, flavanones, isoflavones, anthocyanins and
anthocyanidins. The most abundant ones in honey are flavones, flavanols and flavonols
(Moniruzzaman et al., 2014).

Figure 1.19. Basic flavonoid structure.

Phenolic acids (phenol carboxylic acid) contain a phenolic ring and at least one organic
carboxylic acid function; they can be divided according to their structure: C6-C3 (e.g. pcoumaric, ferulic and caffeic acid), C6-C2 (e.g. acetophenones and phenylacetic acids) and
C6-C1 structure (e.g. syringic, vanillic and gallic acid). Usually, most of these compounds
are bound to the structural components of the plant (cellulose, lignin), but also to other types
of organic molecules such as glucose, other sugars or flavonoids (Padayachee et al., 2012).
This section represents a modified version of the paper already published: Cianciosi et al., Phenolic
Compounds in Honey and Their Associated Health Benefits: A Review. Molecules. 2018A Sep
11;23(9):2322. doi: 10.3390/molecules23092322.

1.3.2.1.

Metabolism and bioavailability of honey polyphenols

As mentioned previously, the beneficial effect of honey on human health derives
mainly from its content in phenolic compounds. To understand the effects that these phenolic
compounds have, it is appropriate to evaluate their absorption and metabolism. There are
several factors that can influence the bioavailability of dietary polyphenols, such as
environmental factors, food processing, type of matrix, interaction with other compounds
(proteins or other polyphenols), chemical structure of the phenolic compounds and intestinal
factors (composition of microflora). Definitely there isn’t an explanation of the process of
absorption, metabolism and excretion valid for all phenolic compounds (D’Archivio et al.,
2010). There are studies that have been performed both in vitro and in vivo to try to
understand the mechanisms behind the bioavailability of these compounds (Walle, 2004);
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only few studies specifically investigated the polyphenols derived from honey. One of these
researches examined the total amount of polyphenols after honey ingestion in plasma and
found a minimal quantity compared to that present in honey, demonstrating a very low
bioavailability and absorption (Schramm et al., 2003).
Most of the studies on phenol metabolism are on flavonoids. A first phase of
flavonoid metabolism concerns the hydrolysis reaction that can be performed both by
bacterial enzymes present in the intestine and by two kinds of enzymes present in the small
intestine. The β-hydrolysis of the sugar in the glycosylated flavonoids can be in fact
catalyzed by two β-endoglucosidases: the lactase phlorizin hydrolase (LPH) and the
cytosolic β-glucosidase (CBG) (Spencer et al., 1999). When the LPH, that is found in the
brush border of the enterocytes, catalyzes the hydrolytic reaction, the released aglycone can
enter easier to the epithelial cells thanks to the increased lipophilicity. When the hydrolysis
reaction is catalysed by CBG, the polar glucosides are transported inside the epithelial cells
through a sodium-dependent glucose transporter 1 (SGLT1) where they are hydrolysed (Gee
et al., 2000). Some studies have shown that some flavonoids can inhibit Na-dependent
facilitated diffusion of monosaccharides into intestinal epithelial cells (Kimmich and
Randles, 1978).
Regarding honey and its flavonoids it must be taken into account that in this matrix
there are some glucosidases deriving from the salivary glands of bees which could be a
further hydrolysis pathway of these compounds and an explanation to the fact that many
flavonoids are found in honey as aglycones. Phenolic aglycones are more easily absorbed by
intestinal barriers, increasing their bioavailability if compared with the same flavonoids
glycosylated present in different food matrix (Scalbert and Williamson, 2000). Once
absorbed by the intestinal epithelium and before arriving inside the bloodstream, the
flavonoids enter the second phase of the metabolism that leads to the formation of different
conjugated products: in particular, sulfotransferases (SULTs) generate sulfates, uridine-5’diphosphate glucuronosyltransferases (UGT) allows the formation of glucoronides and the
catechol-O-methyltransferase (COMTs) produces methylated derivatives. In addition to
these metabolic biotransformations that affect the absorption, the bioavailability and the
distribution of flavonoids at cellular and tissue level is also mediated by some proteins
associated with the multi-resistance (Multidrug resistance-associated protein (MRP) 1,
MRP2), which are part of the third phase of the metabolism of flavonoids (Del Rio et al.,
2013). MRP2 is located in the apical membrane of the epithelial cells of the small intestine
43

Chapter 1. State of Art

and it transports flavonoids back into the intestinal lumen. MRP1 is located in the vascular
pole of the enterocytes and promotes the transport of flavonoids inside the blood cells
(Hussain et al., 2016). Also MRP3 and the glucose transporter (GLUT) 2 help the transport
of these compounds in the portal venous system; once they enter the latter, the metabolites
quickly reach the hepatocytes, where the aglycones are transferred in the peroxisomes and
in the Golgi apparatus where they are subjected to further metabolic processes (Crozier et
al., 2010). Some flavonoids contain sugars that are resistant to the action of LPH and CBG,
so they are not absorbed by the small intestine and pass directly into the colon where they
can be deglycosylated by enterobacteria present in this district. The microflora of the colon
also transforms the aglycones into various metabolites that can either be excreted from the
faeces or be absorbed by the liver within the enteropathic recirculation of the bile excretion
and be further conjugated by specific enzymes as previously explained (Marìn et al., 2014).
Other metabolites, however, after the metabolic changes that occur in the hepatocytes are
secreted by some organic acid transporters in the systemic circulation and are either absorbed
by cells or tissues or expelled by the kidneys (An et al., 2014).
This section represents a modified version of the paper already published: Cianciosi et al., Phenolic
Compounds in Honey and Their Associated Health Benefits: A Review. Molecules. 2018A Sep
11;23(9):2322. doi: 10.3390/molecules23092322.

1.3.3. Honey and health
The potential benefits of honey on health have attracted increasing attention due to
its high content of bioactive compounds, which are implicated in various health-promoting
and disease preventive effects. Many studies have examined the benefits of honey and its
bioactive compounds on antimicrobial activity, wound healing management, prevention of
inflammation disorders and oxidative stress with protective effect on cardiovascular,
nervous, respiratory and gastrointestinal system and protection against various types of
cancers.
The use of honey as antimicrobial is known since ancient times. There are several
studies regarding the antibacterial activity of honey, which seems to act on both Gram+ and
Gram-, although the first are more sensitive. In general, monofloral honey has a greater
antibacterial effect than multifloral (Kumar et al., 2010). This ability is mainly due to some
physical properties of this matrix, such as low water activity (Aw), high osmotic pressure,
low pH and low protein content, which prevent bacterial growth. In addition to these physical
properties, the antimicrobial activity of honey is also due to the glucose oxidase, H2O2 and
44

Chapter 1. State of Art

to some phenolic compounds such as pinocembrin, syringic acid and some others
compounds (Agbaje et al., 2006). Recent studies focused on the presence and role of
metylglyoxal (CH3-CO-CH=O), especially in Manuka honey (MH) (Leptospermum
scoparium), since it is believed to be the most responsible for the non-peroxide antibacterial
activity of honey (Mavric et al., 2008). An activity closely linked to antibacterial capacity is
the wound healing. The ability of honey to sterilize the wounds, stimulate tissue re-growth,
and reduce edema and scar formation affects simple wounds, burns, diabetic foot ulcers and
pressure ulcers (Mohamed et al., 2015; Mavric et al., 2008).
Several studies have demonstrated an association between a reduced risk of
cardiovascular disorders and consumption of foods enriched with some compounds also
present in honey, such as flavonoids and vitamin C. The cardioprotective effect of flavonoids
has been widely demonstrated and is due to various mechanisms: (i) the reduction of the
activity of blood platelets, (ii) the prevention of oxidation of low-density lipoproteins
(LDLs), and (iii) the improvement of coronary vasodilatation (Khalil and Sulaiman, 2010).
Regarding the protective effect of honey in the nervous system, polyphenols play a
central role. The scavenger activity against ROS, which are neurotoxic, can counteract
various neurologic pathologies involved in aging. In addition, the deposition of misfolded
proteins, such as beta amyloid, is the basis of some age-related neurological pathologies.
Polyphenols are able to counteract this pathological accumulation (Syarifah-Noratiqah et al.,
2018). Studies on anti-hypnotic, anxiolytic, anticonvulsant and antinociceptive of honey
have been performed on mice and rats and a real neuropharmacological effect has been
demonstrated (Akanmu et al., 2011; Aziz et al., 2014).
Even in popular medicine, honey is commonly utilized as a coughing sedative.
Scientific studies regarding the protective activity of honey in respiratory system mainly
concern asthma. Asthma is a chronic inflammatory disease characterized by generally
reversible obstruction of lower airways, often as result of activity of allergens (Bâcvarov,
1970). Kamaruzaman et al. have shown that honey inhalation is able to reduce inflammation
of the lower airways in a rabbit model of ovalbumin-induced chronic asthma. Honey was
capable of both preventing and improving the structural changes that occur following the
induction of asthma through the allergen (105).
A protective effect on the gastrointestinal system has been also demonstrated. An
important antimicrobial activity against Helicobacter pylori, that is responsible for
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gastroduodenal ulcers, has been demonstrated in vitro. The antimicrobial activity of different
types of honey has been evaluated isolating H. pylori from patients with gastric diseases and
its susceptibility to the different types of honey was evaluated by measuring Minimal
Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC). All the
examined honeys possessed a high antibacterial activity with evident therapeutic potential
(Mandal et al., 2011). Clinical studies have similarly shown an improvement in the treatment
of infantile gastroenteritis, with a decrease of duration of diarrhoea, being also useful in the
recovery of hydration post-gastroenteritis (Haffejee and Moosa, 1985).
This section represents a modified version of the paper already published: Cianciosi et al., Phenolic
Compounds in Honey and Their Associated Health Benefits: A Review. Molecules. 2018A Sep
11;23(9):2322. doi: 10.3390/molecules23092322.

1.3.4. Honey and cancer
The potential effects of honey on cancer have been investigated both in terms of
prevention and progression and treatment. Most of the studies are in vitro and have been
carried out on different types of cell lines and different types of honey. Some studies have
also been carried out in vivo on mice/rats, inducing or transplanting the tumour (Miguel et
al., 2017).
Honey acts at different stages of cancer, on the initiation, proliferation and
progression. Its antitumoral effects are generally attributed to different mechanisms, such as
the induction of apoptosis, cell cycle arrest, modulation of oxidative stress, amelioration of
inflammation, induction of mitochondrial outer membrane permeabilization (MOMP) and
inhibition of angiogenesis (Orsolic et al., 2003).
Apoptosis is a programmed cell death process that eliminates damaged cells.
Through the up-regulation of some proapoptotic proteins, such as caspase 3,8,9, Bax, p53
and the down-regulation of other antiapoptotic proteins, such as Bcl2 and poly(ADP-ribose)
polymerase (PARP), honey is considered a good inducer of apoptosis. Another way of honey
of acting against cancer cells is the arrest of the cell cycle by modulation of some molecules
such as cyclooxygenase and some kinases or the induction of MOMP, promoted especially
by flavonoids, that cause the release of intramembrane proteins into the cytosol, resulting in
cell death. Indeed, the permeabilization of mitochondrial membrane is an early event that
leads to the activation of the intrinsic mitochondrial pathway, that induces several processes
including the release of certain proteins such as Cytochrome C, potentially cytotoxic,
causing cell death (Erejuwa et al., 2014).
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Honey is able to counteract chronic inflammatory processes which increase the risk
of cancer. Two important factors of inflammatory pathway in cancer are NF κB and mitogenactivated protein kinase (MAPK), that are involved in the up-regulation of some proinflammatory mediators such as interleukin (IL)-1, IL-6 and Tumor Necrosis Factor (TNF)α (Gasparrini et al., 2017) and some inflammatory proteins such as C-reactive protein (CRP),
COX-2 and lipoxygenase-2 (LOX-2), playing an important role not only in inflammation
but also in angiogenesis, a fundamental process of tumorigenesis (Naldini and Carraro,
2005). Fauzi et al. investigated the effect of Tualang honey in breast (MCF-7 and MDAMB-231) and cervical (HeLa) cancer cell lines, founding a cytotoxic effect, mainly due to a
reduction of mitochondrial membrane potential and to the activation of pro-apoptotic
proteins such as caspase 3 and 9 (Fauzi et al., 2011). Another study has also been carried out
in vivo, investigating the effect of Manuka and Tualang honey on breast cancer. It was
demonstrated a reduction of tumour growth, tumour grading, estrogenic activity, and
haematological parameters. In addition, an increase in the expression of pro-apoptotic
proteins such as Caspase 9 and p53 and the involvement of some protein of the inflammation
pathway such as TNF-α and COX-2 have been demonstrated (Ahmed et al., 2017). Afrin et
al. investigated the in vitro effect of Strawberry tree honey (STH) and Manuka honey against
HCT-116, cells of human colon adenocarcinoma, and LoVo, metastatic cell line. They found
an increase in intracellular ROS production and an antiproliferative effect on both cell lines.
A greater cytotoxic effect has been highlighted for STH, which presented a bigger amount
of phytochemicals and antioxidant properties; these findings demonstrate that the cytotoxic
effect of this honey could be related to the amount of polyphenols present in this matrix
(Afrin et al., 2017; Afrin et al., 2018A). Also Jaganathan and Mandal studied the effect of
some types of Indian honeys against colon cancer cell line (HCT-15 and HT-29), finding a
cytotoxic effect of these honeys executed through the cell cycle arrest in subG1 phase and
through the induction of apoptosis (Jaganathan and Mandal, 2009). Another study also
demonstrated an in vivo anticancer effect on colon cancer in Sprague Dawely rats injected
with N-Nitroso-N-methylurea (NMU), acting primarily on inflammation and oxidative
stress, contrasting the increase in nitric oxide (NO) and malondialdehyde (MDA), which
instead occurred in animals that had not received the honey-based supplement (Mabrouk et
al., 2002) Tsiapara et al. studied the effect of three types of Greek honey (Thyme, Pine and
fir honey) on prostate cancer cells (PC-3) and endometrial cancer (Ishikawa) showing a
reduction in vitality and an increase of pro-apoptotic and apoptotic proteins (Tsiapara et al.,
2009). Similar effects have been demonstrated on the same prostate cellular line with an
47

Chapter 1. State of Art

Iranian honey. Further studies have been carried out to identify the compound responsible
for this antiproliferative activity and the chrysin, a flavonoid widely found in different types
of honey, has been identified (Samarghandian et al., 2011A). In liver cancer cells (HepG2),
honey treatment led to the suppression of angiogenesis, induction of apoptosis and inhibition
of cell proliferation (Hassan et al., 2010). A protective effect of honey has been proven also
in vivo, on rats with diethylnitrosamine (DEN)-induced hepatic cancer, with up-regulation
of p53 (El-Kott et al., 2012). Similar effects have been found also for bladder cancer, both
in vitro (T24, RT4, 253J) and in vivo on mice in which bladder cancer cells (MBT2) were
implanted subcutaneously in the abdomens. The results showed an inhibitory effect on
cellular proliferation and on tumour growth with a reduction in the final tumour volume in
mice treated with honey (Swellam et al., 2003). The antiproliferative and apoptotic effect of
honey and its polyphenols on human renal cancer cell lines (ACHN) was investigated,
confirming the inhibitory activity of honey on these renal adenocarcinoma cells
(Samarghandian et al., 2011B). The effect of honey was also investigated for melanoma both
in vitro and in vivo. Pichichero et al. studied the Acacia honey's activity on human melanoma
(A375) and murine (B16-F1) cell lines. In both cases, an antiproliferative effect of honey
has been demonstrated, mainly due to chrysin that mediated the cell cycle arrest in the G0/G1
phase (Pichichero et al., 2010). Regarding in vivo study, Manuka honey, administered
intravenously in mice where murine melanoma tumor cells (B16F1) were implanted,
induced strong proapoptotic activity in a dose and time dependent manner, decreasing the
final tumour volume. Furthermore, mice in which Manuka honey was given together with
chemotherapy drug (Taxol) had a higher life expectancy compared to those who received
only the chemotherapeutic agent (Fernandez-Cabezudo et al., 2013). Ghashm et al.
investigated the effects of Tualang honey on oral squamous cell carcinomas and human
osteosarcoma, confirming the antiproliferative and proapoptotic effect on both cell lines
(Ghashm et al., 2010). Acacia honey has demonstrated anti-tumor activity in lung cancer
cells (NCI-H460), inhibiting cell proliferation by stopping the cycle in the G0/G1 phase,
stimulating cytokines and downregulating Bcl2 and p53, thus acting as a proapoptotic (Aliyu
et al., 2013). Morales, and Haza studied the effect of three different types of Spanish honeys,
two monofloral (Heather and Rosemary) and one polyfloral in human leukemia cell line
(HL-60). Monofloral honeys, particularly Heather honey, demonstrated a greater cytotoxic
effect, mainly due to induction of apoptosis through ROS-independent pathway (Morales
and Haza, 2013).
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This section represents a modified version of the paper already published: Cianciosi et al., Phenolic
Compounds in Honey and Their Associated Health Benefits: A Review. Molecules. 2018A Sep
11;23(9):2322. doi: 10.3390/molecules23092322.
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OBJECTIVES
The main objective of the present work was to evaluate the effect of MH on in vitro 5-Fu
chemosensitivity in colonspheres enriched with CSCs-like.
For this purpose, CSCs-like were enriched from HCT-116 human colon adenocarcinoma cell
line through the sphere formation assay. The obtained colonspheres were treated with two
different concentration of MH, with 5-Fu and with two combined treatments; the following
specific objectives were set as:
1. To characterize the phytochemical contents of MH and its antioxidant capacity.
2. To evaluate the ability of MH alone and in combination with 5-Fu to decrease some
morphological and physical parameters of colonspheres enriched with CSCs-like.
3. To investigate the effect of MH alone and in combination with 5-Fu on the
intracellular accumulation of ROS and on apoptotic rate in colonspheres enriched
with CSCs-like.
4. To determine the direct effect of MH on the chemoresistance and chemosensitivity
of colon CSCs-like to the 5-Fu.
5. To evaluate the effect of MH alone and in combination with 5-Fu to decrease the
self-renewal ability of CSCs-like.
6. To investigate the effect of MH alone and in combination with 5-Fu to reduce the
migration capacity of CSCs-like and evaluate their effects on some pro-angiogenic
factors.
7. To study the effect of MH alone and in combination with 5-Fu on the length of
telomeres.
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2.

MATERIAL AND METHODS
2.1.

Honey sample and treatment preparation

Manuka Honey Nèctar Plus®, certified raw and pure honey with Unique Manuka Factor
(UMF) 15+, was imported to Italy by Efit SRL from New Zealand and kept at 4°C until the
analysis. For treatment at different concentrations, the honey was weighted and dissolved
into the complete medium. Before being placed in the culture containing the formed
spheroids it was properly filtered with MF-Millipore™ Membrane Filter, 0.45 μm pore size.
2.2.

Preparation of artificial honey

Artificial honey (AH) was prepared by the method described by Alvarez-Suarez et al.,
(2016) with some modifications. The AH was prepared with the main sugar components
which are presents in natural honey: for 100 g of AH: 1.5 g of sucrose, 7.5 g of maltose, 40.5
g of fructose and 33.5 g glucose in 17 mL of sterile MilliQ water. This AH was used to
determine the effect only on morphological parameters of spheroids enriched of colon CSCslike. For the treatment with the same concentrations chosen for MH (paragraph 2.11.), the
AH was weighted and dissolved into the complete medium. Before being placed in the
culture containing the formed spheroids it was properly filtered with MF-Millipore™
Membrane Filter, 0.45 μm pore size.
2.3.

Chemicals

Folin & Ciocalteu’s phenol reagent, bile extract porcine, pepsin, pancreatin, glacial
acetic acid (CH3CO2H), methanol (CH3OH), sodium carbonate (Na2CO3), sodium nitrite
(NaNO2), aluminum chloride hexahydrate (AlCl3*6H2O), potassium peroxodisulfate
(K2S2O8), sodium acetate (CH3COONa), ABTS™ (2,2′-Azino-bis(3-ethylbenzothiazoline6-sulfonic acid) diammonium salt), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), 2,2-Diphenyl1-picrylhydrazyl (DPPH) and ammonium iron (II) sulfate hexahydrate (H₈FeN₂O₈S₂*6H₂O)
were purchased from Sigma Aldrich Chemie GmbH (Steinheim, Germany). (þ)-catechin,
ethanol (EtOH), (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox)
and 3,4,5-trihydroxybenzoic acid (Gallic acid) were purchased from Fluka Chemie (Buchs,
Switzerland). Reagents for cell culture were purchased from Corning® (New York, USA)
and Sigma Aldrich (Milan, Italy) TaliApoptosis assay™ and Cell Cycle kit was bought from
Invitrogen, LifeTechnologies. The primary antibodies E-cadherin, Nanog, CD44 and
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glyceraldehyde-3-phosphate dehydrogenase (GADPH) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA), while goat anti-rabbit and anti-mouse Immunoglobulin
G (IgG) peroxidase secondary antibody was purchased from Sigma-Aldrich (Milan, Italy).
The other chemicals or kits the not cited in this section will be directly mentioned in the
relative descriptive sections of the specific methods.
2.4.

Estimation of total phenolic content

Total phenolic content (TPC) was determined using the Folin-Ciocalteau method
(Singleton et al., 1999). The samples were appropriately diluted (1 g in 10 mL of distilled
water) to be within the standard calibration curve (0.003-0.15 mg/mL of Gallic acid (GA))
and properly filtered with MF-Millipore™ Membrane Filter, 0.45 μm pore size. 1250 μL of
Folin-Ciocalteau reagent (10%) were added to 250 μL of sample or standard, the solution
obtained was incubated in the dark for 5 minutes and to this was then added 1 mL of sodium
carbonate (7M) (Na2CO3). The resulting solution was left in the dark at room temperature
for 2 hours, at the end of which the absorbance was measured at 760 nm with the Ultraviolet–
visible (UV-Vis) spectrophotometer (model DU® 6400 Spectrophotometer, Beckman,
Fullerton, CA, USA). The TPC was expressed in mg GAEq/g honey.
2.5.

Estimation of total flavonoid content

The aluminium chloride method described by Ariza et al. (2016) was used to determine
the total flavonoid content (TFC). The samples were appropriately diluted (1 g in 10 mL of
distilled water) to be within the standard calibration curve (0.0008-0.05 mg/mL of Catechin
(Cat) and properly filtered with MF-Millipore™ Membrane Filter, 0.45 μm pore size. 625
μL of distilled pure water and 37.5 μL of Sodium Nitrite (NaNO2) (5%) were added at 125
μL of standards or samples, 6 minutes after the incubation of this solution, 75 μL of AlCl3
hexahydrate (10%) were added to the solution, which was left 5 minutes to incubate. After
this time, 250 μL of Sodium Hydroxide (NaOH) (4%) and 137.5 μL of distilled water were
added at the solution. The absorbance was measured at 510 nm with the UV-Vis
spectrophotometer (model DU® 6400 Spectrophotometer, Beckman, Fullerton, CA, USA).
The TFC was expressed in mg CatEq/kg honey.
2.6.

Quantification of the total antioxidant capacity

For the quantification of the total antioxidant capacity (TAC), three different techniques
were used: the ferric ion reducing antioxidant power (FRAP) assay, the Trolox equivalent
antioxidant capacity (TEAC) assay and the DPPH assay. The samples were appropriately
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diluted to be within the standard calibration curve and the dilution factor used was
considered for the calculations.
2.6.1. FRAP assay
The method of Deighton et al. (2000) was used to determine the FRAP. For the
construction of the standard curve (50-500 μM) it was used the Ferrous ammonium sulphate
(NH4)2Fe(SO4)2*6H2O). 150 μL of samples or standards were added to 1350 μL of FRAP
solution. The FRAP solution was composed by tripyridyltriazine (TPTZ) (10 mM), Ferric
chloride (FeCl3) *6H2O and Sodium acetate (CH3COONa) *3H2O (300mM) in a ratio of
1:1:10. The solution was mixed with vortex and incubated at room temperature for 4
minutes. The absorbance was measured at 593 nm with the UV-Vis spectrophotometer
(model DU® 6400 Spectrophotometer, Beckman, Fullerton, CA, USA). The results were
expressed in μmol FEq/100g Honey
2.6.2. TEAC assay
The method of Re et al. (1999) was used to evaluate the antioxidant capacity through
the TEAC assay. For the construction of the standard curve (50-1000 μM) Trolox was used.
The ABTS solution (radical solution) was prepared by mixing ABTS (7mM) and K2S2O8
(2.45 mM) in Milli-Q water 12-16 hours before carrying out the analysis and the mix was
stored at 4°C in the dark. After these hours, 115 μL of the radical solution were dissolved in
10 mL of pure EtOH. 1000 μL of this final solution were mixed with 10 μL of standards,
samples or Milli-Q water (for the control), and after vortex for 20 seconds, the mixture was
incubated for 90 seconds and the absorbance was measured at 734 nm with the UV-Vis
spectrophotometer (model DU® 6400 Spectrophotometer, Beckman, Fullerton, CA, USA).
The results were expressed in μmol TEq/100g Honey.
The % of inhibition was calculated with the sequent equation:
%𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =

𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒
∗ 100
𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙

2.6.3. DPPH assay
The method of Kumaran et al. (2007) was used to evaluate the antioxidant capacity
evaluating the capacity of scavenging of DPPH. For the construction of the standard curve
(50-1000 μM) Trolox was used. In the solution consisting of DPPH + methanol (400 μL)
and 550 μL of EtOH (70%) were added 50 μL of samples, standards or Milli-Q water (for
the control). After 15 minutes of incubation in dark at room temperature, the absorbance was
54

Chapter 2. Materials and Methods

measured at 515 nm with the UV-Vis spectrophotometer (model DU® 6400
Spectrophotometer, Beckman, Fullerton, CA, USA). The results were expressed in μmol
TEq/100g Honey.
The % of inhibition was calculated with the sequent equation:
%𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 =

2.7.

𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒
∗ 100
𝐴𝑏𝑠𝑐𝑜𝑛𝑡𝑟𝑜𝑙

Determination of total proteins

The protein content of honey was determined by Bradford’s method (Bradford, 1976). 1
g of honey was dissolved in 1 mL of Milli-Q water. Then 100 µL of standard or honey
solution (1:10 diluted) was added to 5 mL of the Coomassie Brilliant Blue reagent mixture.
The Coomassie Brilliant Blue formed a blue complex with the protein. After incubation (2
min), the absorbance was determined at 595 nm against the blank (the reactive solution
without the sample) using a spectrophotometer (Beckman Du 640, Beckman, Brea, CA,
USA). Bovine serum albumin (BSA) was used as a standard for calculating the calibration
curve 50-1000 µg/mL. The protein content was expressed as mg of BSA per 100 g of honey.
2.8.

Solid-phase extraction and HPLC-ESI-MS/MS condition

Honey samples were pre-concentrated with Strata X-A cartridges 33u Polymeric Strong
Anion sorbent (60 mg, 3 mL size) from Phenomenex (Torrance, CA, USA). The solid-phase
extraction (SPE) method was carried out according to a slight modification of Dimitrova et
al., (2007) and Sun et al., (2016).
Determination of phenolic compounds was performed according to Seraglio et al. (2016)
by using a Liquid Chromatography system (Agilent model 1260 Infinity, Palo Alto, CA,
USA) coupled with triple quadrupole tandem mass spectrometry MS/MS AB SCIEX Triple
Quad 3500 (AB Sciex, Foster City, CA), equipped with an electrospray ionization source
(ESI). The validation parameters, including detection and quantification limits and levels
and linear range of the calibration curves, are in accordance with Seraglio et al. (2016).
The chromatographic separation was achieved in a Phenomenex Luna C18 column (150
mm × 2 mm; 3 μm particle diameter). The flow rate adopted was 300 μL min-1, the injection
volume was 5 μL, and the mobile phase was composed of solvent A (water with 0.1% formic
acid) and solvent B (acetonitrile with 0.1% formic acid). The mobile phase gradient was
programmed as follows: 98% A (v/v) from 0 to 4.0 min, 98-80% A (v/v) from 4.0-7.0 min,
80-10% A (v/v) from 7.0-14.0 min, 10% A (v/v) from 14.0-15.0 min, 10-98% A (v/v) from
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15.0-17.0 min. The diverter valve was open during the first 1.9 min of chromatographic run.
For the mass spectrometric analysis, a turbo V™ source, operating in positive and negative
ionization mode was set with the following parameters: ion spray (IS) voltage: 4500 V;
curtain gas: 25 psi; nebulizer gas (GS1) and auxiliary gas (GS2): 55 psi; source temperature:
400°C. Nitrogen was used as the nebulizer and collision gas. The acquisition was performed
in multiple reaction monitoring (MRM) mode, and the Analyst 1.6.2 software (AB Sciex,
Foster City, CA) was used for data acquisition and processing. The concentration of the
individual phenolic compound was expressed in μg/kg honey.
2.9.

Cell culture

To carry out the experimental design, two cell lines were used: human colon
adenocarcinoma cell line HCT-116 (ATCC® CCL-247™) and human colon fibroblast cell
line CCD-18Co (ATCC® CRL-1459™). HCT-116 was purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA). Medium (McCoys’s 5A) was obtained
from Corning® (New York, USA), supplemented with 10% of fetal bovine serum (FBS)
(Corning®, New York, USA) and Penicillin-Streptomycin 100X (Corning®, New York,
USA). The cells were sub-cultured until 70-80% of confluence, maintained in the incubator
at 37°C, 5% CO2 until 3rd passage. CCD-18Co was kindly provided by Prof. José L. Quiles
(Universidad de Granada, Spain) and was grown in Eagle's Minimum Essential Medium
(EMEM) obtained from Corning® (New York, USA), supplemented with 10% of FBS
(Corning®, New York, USA) and Penicillin-Streptomycin 100X (Corning®, New York,
USA). The cells were maintained in the incubator at 37°C, 5% CO2, cells were used between
the 12th and 14th passages
2.10. In vitro sphere forming assay for the enrichment of CSCs-like population and
serum-free CSCs-medium preparation
HCT-116 from normal monolayer culture at 3rd passage (70% confluence) was detached
with 1X trypsin (Corning®, New York, USA) and washed 4 times with PBS (Corning®,
New York, USA) to remove any FBS residue. The cell suspension was immediately
centrifuged for 3 minutes at 300 g and the supernatant was aspirated and discarded. The cells
were then resuspended in 3 mL of Dulbecco’s Modified Eagle’s Medium F-12 (DMEM F12), (Corning®, New York, USA) without FBS and supplemented with PenicillinStreptomycin 100X, 20 ng/mL of EGF (Gibco, Carlsbad, USA), 10 ng/mL of human FGF
(Rocky Hill, NJ, USA), 0.5 µg/mL hydrocortisone (Sigma-Aldrich, Milan, Italy), 1X of N2
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(Gibco) and 5 µg/mL of insulin (Sigma-Aldrich, Milan, Italy). The medium just described
will be mentioned in the following paragraphs as “CSCs-medium” and was prepared every
time a short time before its use. The cells suspension was separated very well, pipetting with
a 200 µL tip for obtaining a single-cell suspension. The cells were counted and seeded in
plates with ultra-low attachment surface (Corning Costar®, New York, USA) at a density of
1 x 104 cells/mL in 3000 μL of CSCs-medium in 6-wells or in 100 μL for 96-wells. This
culture was maintained in the incubator at 37°C, 5% CO2 and the spheroids were formed
after 10 days (Figure 2.1).

Figure 2.1. Schematic diagram of the in vitro sphere forming assay for the enrichment of
CSCs-like population.

This method is based on the ability of CSCs and CSCs-like to form spheroids from a
single cell in serum-free medium additioned with the above mentioned growth factors
through the clonal proliferation and not for simple aggregation; the other non-CSC cells die
through a process called anoikis (Paolillo et al., 2019).
2.11. Treatment of spheroids and conditions used for the experimental design
Initially the spheroids were treated with the same concentrations of MH, 5-Fu and the
combination of these used in the treatment of HCT-116 grown in monolayer in our previous
works (Afrin et al., 2018A; Afrin et al., 2018B) for 48 hours. The concentrations used for
the preliminary test were 10, 15 and 20 mg/mL for MH; 10, 20 and 50 µM for 5-Fu and 15,
20 mg/mL of MH combined reciprocally with 20 and 50 µM of 5-Fu. With these conditions,
no significant changes were noted in the morphology of the spheroids after 48 hours, so the
doses of the treatments were increased, testing higher ranges: 25-150 mg/mL for MH, 50500 µM for 5-Fu and then on the basis of the results obtained from the single treatments, for
the combined treatments half of the concentrations used in the single treatments was tested,
observing morphological effects on spheroids after 48 hours. Ultimately, the following
treatment conditions for 48 hours were selected for the analyses of the experimental design:
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1) CONTROL (CTL): without treatment
2) MH 50 mg/mL
3) MH 75 mg/mL
4) 5-Fu 100 μM
5) 5-Fu 50 μM + MH 25 mg/mL
6) 5-Fu 50 μM + MH 37.5 mg/mL
The treatment was added together with fresh CSCs-medium to the colonspheres when
these were completely formed (after 10 days), instead for the CTL condition only CSCsmedium was added in the same quantity as provided for the other five conditions. Finally,
for some analyses another condition, cited as 2D, is present which represents the untreated
culture of HCT-116 cells grown in monolayers to observe the differences between these and
the CSC-s like deriving from the spheroids.
2.12. Protein extraction and western blotting analysis
The cells were seeded in ultralow attachment 6-wells plates at a density of 1 x 104
cells/mL in 3000 μL of CSCs-medium and after 10 days, when the spheroids were well
formed, they were collected. The CSCs-like from spheroids treated (following the conditions
described in paragraph 2.11) or not and HCT-116 grown in monolayer condition without
treatment were lysed with the following buffer: 0.9% NaCl, 0.2% Triton X-100, 20 mM
Tris-HCl, 1% protease inhibition cocktail (Sigma-Aldrich, Milan, Italy). and centrifuged for
15 minutes at 13000 g. The same amount of proteins for each sample (80 μg) was loaded in
a 10% polyacrylamide gel, and when they separated, they were transferred using the transblot SD turbo transfer system (BioRad, Hercules, CA, USA) into nitrocellulose membrane
(BioRad, Hercules, CA, USA). Membranes were blocked washing them with 5% non-fat
milk, Tris-HCl buffered saline and Tween 20 (TTBS) for 1 hour at room temperature. The
primary monoclonal antibodies (CD44, Nanog, E-Cadherin and GAPDH) were purchased
from Santa Cruz Biotechnology Inc. (Dallas, Texas). The membranes were incubated
overnight at 4°C with a solution containing the 1° antibody of interest. The day after,
membranes were washed with TTBS and incubated with the secondary anti-mouse IgG
alkaline phosphatase conjugated secondary antibody (Sigma-Aldrich, Milan, Italy) for 1
hour. Proteins were identified using a chemiluminescence method (C-DiGit Blot Scanner,
LICOR, Bad Homburg, Germany) and they were quantified using Image Studio 3 (C-DiGit
Blot Scanner, LICOR, Bad Homburg, Germany).
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2.13. Multi parametric spheroids-toxicity assay
2.13.1. Image acquisition and 3D image analysis of colonspheres with ReViSP and
AnaSP softwares
After the treatment of spheroids, the brightfield images of both the entire culture of
the spheroids and the single spheroids subjected to different treatments were captured with
the microscope Leitz Fluovert FU (Leica Microsystems). The images obtained were
processed using two open-source software: Reconstruction and Visualization from a Single
Projection (ReViSP) and affected morphological parameters of single spheroid (AnaSP)
(Figure 2.2).

Figure 2.2. A snapshot of the ReViSP and AnaSP main window.

ReViSP (https://sourceforge.net/projects/revisp/), a software specifically developed
to analyze the 3D volume of spheroids, was utilized for the reconstruction of the 3D images
of the entire culture and for the estimation of their volumes. Through AnaSP
(https://sourceforge.net/projects/anasp/), binary masks of single spheroids formed in 96wells were generated and morphological parameters (sphericity, solidity, length of minor
diameter), considered valid for evaluating cytotoxicity in spheroids, were automatically
estimated by the software. The algorithm in question is able to create black-white binary
masks both relating to the main spheroid and to any protuberances present. All the algorithms
developed for this study were created using the Matlab programming language. The
spheroids before treatments were selected for their similar volume to ensure the homogeneity
of spheroids and that the effect obtained in the change in volume or in the other
morphological parameters depended directly on the used treatment.
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2.13.2. Flow-Based method for the measure of mass density, size and weight of
colonspheres (W8 analysis, CellDynamics)
W8 (CellDynamics SRL) is a flow-apparatus balance (Figure 2.3) which is able to
simultaneously and accurately measure size, weight and density of the spheroids. The
measurement is based on the terminal velocity of the sample falling in free-fall into the flowchannel of the instrument. The physical approach of this analysis and the mathematical
equations used for the calculation is extensively described by Cristaldi et al. (2020).
A

B

Figure 2.3. W8 (CellDynamics SRL) flow-apparatus balance. (A) Schematic representation of
the device; (B) Representation of the field of view captured by the detection unit. It shows the
effect of the forces on a falling spheroid within the analysis channel. (Figures taken from Cristaldi
et al., 2020)

The spheroids were treated with the concentrations of different conditions described
in paragraph 2.11 and once drug exposure time expired (48h), all samples were contextually
fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich, Milan, Italy). Samples were
resuspended in a final volume of 4 mL of PBS and transferred in a 5 mL flat-bottom cryovial
(Corning®, New York, USA) for the shipment to CellDynamics SRL (Bologna, Italy). The
experiment included six conditions, and all conditions presented a proper number of
spheroids suitable for W8 analysis (≃ 20 spheroids for each condition). Each spheroid was
analysed 10 times with W8. All 10 acquisitions contributed to the measurement of the
spheroid mass density, weight and diameter. Mean values and standard deviations of these
three parameters were consequently calculated for each sample.
2.14. Cell viability assay for CCD-18Co monolayer culture
CCD-18Co cells were seeded in the 96-wells plates at a density of 5 x 103 cells/well in
200 μL of medium. The cells were then left to adhere to the surface of the wells in the
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incubator at 37°C overnight and the next day the cells were treated with different
concentration of MH (0-100 mg/mL) for 48 hours for to assess that these concentrations
were not toxic to healthy colon cells. After the incubation time, the 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) was dissolved in Roswell Park Memorial
Institute Medium (RPMI) medium and it was added in an amount of 30 μL for each well;
the cells were then incubated for about 2 hours and 30 minutes. At the end of this time, to
dissolve the formed formazan crystals, an amount of 100 μL of dimethyl sulfoxide (DMSO)
was added to each well and the absorbance of the samples was measured at 590 nm with a
microplate spectrophotometer (Thermo Scientific Multiskan EX, Monza, Italy). The
percentage of viable cells was calculated with the sequent formula:
%𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 =

𝐴𝑏𝑠𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
∗ 100
𝐴𝑏𝑠𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

2.15. Determination of intracellular ROS levels
The cells were seeded in ultralow attachment 6-wells plates at a density of 1 x 104
cells/mL in 3000 μL of CSCs-medium and after 10 days, when the spheroids were formed,
they were treated with the concentrations of different conditions described in paragraph
2.11. After 48 hours, the spheroids were collected and very gently pipetted for separating the
cells forming the spheroids. The cells were centrifuged for 10 minutes at 1500 revolutions
per minute (rpm). The resulting cellular pellet was resuspended in complete medium with 1
µL of CellROX® Orange reagent. After the incubation at 37°C for 30 minutes, the samples
were centrifuged again for 10 minutes at 1500 rpm and the resulting pellet was resuspended
with PBS (100 µL). The samples were then analysed with Tali® Image-based cytometer
(Thermo Fisher Scientific, Milan, Italy), where cells in an oxidation state were fluorescent
and the non-fluorescent-ones were in the reduced state. The results were expressed as fold
increase of intracellular ROS accumulation respect to the control and all data were reported
as a mean value of three independent analyses ± standard deviation (SD).
2.16. Cellular lysate preparation and reduced glutathione (GSH) determination
The CSCs-like from spheroids treated (following the conditions described in paragraph
2.11.) or not and HCT-116 grown in monolayer condition without treatment lysed with
Radio-Immunoprecipitation Assay (RIPA) buffer (Sigma-Aldrich, Milan, Italy), and stored
at −80 °C until analyses. The method for determination of GSH is based on the reduction of
5,5 dithiobis (2-nitrobenzoic acid) (DTNB) with GSH to produce a yellow-coloured
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compound. 100 µL of cellular lysate were added to 1375 µL of 0.1 mol/L disodium hydrogen
phosphate buffer (pH 8.0) and 25 μL of 0.1 mmol/l DTNB. A calibration curve was prepared
using GSH as standard. The reduced chromogen is directly proportional to GSH
concentration and its absorbance was measured at 412 nm in a Beckman DU-640
spectrophotometer. GSH results were expressed as ng GSH/µg of protein.
2.17. Apoptosis assay
The cells were seeded in ultralow attachment 6-wells plates at a density of 1 x 104
cells/mL in 3000 μL of CSCs-medium and after 10 days, when the spheroids were formed,
they were treated with the concentrations of different conditions described in paragraph
2.11. After 48 hours, the spheroids were collected and gently pipetted for separating the cells
forming the spheroids. After this, the cells were centrifuged for 5 minutes at 1500 rpm and
the pellet was resuspended with Annexin V Binding Buffer (100 µL) (ABB). 5 µL of
Annexin V AlexaFluor®488 were added at this solution and after 20 minutes of incubation
in the dark it was centrifuged for 10 minutes at 1500 rpm. In the cellular pellet 1 µL of
propidium iodide (PI) was added and 100 µL of ABB for resuspending the pellet; this
solution was incubated for 5 minutes in the dark. The samples were then analysed with Tali®
Image-based cytometer (Thermo Fisher Scientific, Milan, Italy) that evaluated the
percentage of live (Annexin V-/PI-), dead (Annexin V+/PI+) and apoptotic cells (Annexin
V+/PI-). All data were reported as a mean value of three independent analyses ± SD.
2.18. Protein array analysis
Protein array analysis was conducted by using Human Apoptosis Antibody Array
(ab134001) and Human Angiogenesis Antibody Array (ab134000) kits (Abcam®,
Cambridge, UK), following the manufacturer’s instructions. These two tests were carried
out only for four of the six experimental spheroids conditions, choosing the most
representative ones (CTL, MH 75 mg/mL, 5-Fu 100 µM and 5-Fu 50 µM + MH 37.5
mg/mL). The membranes were detected using a chemiluminescence method (C-DiGit Blot
Scanner, LICOR, Bad Homburg, Germany) and array spots were quantified using Image
Studio 3 (C-DiGit Blot Scanner, LICOR, Bad Homburg, Germany), normalizing the signal
with spots of positive control present in each membrane as follows:
𝑋(𝑁𝑦) = 𝑋(𝑦) × 𝑃1/𝑃(𝑦)
Where:
P1= mean signal density of positive control spots on reference array
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P(y)= mean signal density of positive control spots on array “y”
X(y)= mean signal density for spot “X” on array for sample “y”
X(Ny)= normalized signal intensity for spot “X” on array “y”
The results were expressed as fold increase of protein expression respect to the CTL
group. All data were reported as a mean value of the two spots present in the membrane ±
SD.
2.19. RNA isolation and quantitative Real-Time PCR analysis
The spheroids were treated with the concentrations of different conditions described in
paragraph 2.11. Total RNA was isolated from CSCs-like forming spheroids and HCT-116
grown in monolayer condition without treatment, using a PureLink® RNA mini kit
(Invitrogen, Carlsbed, Ca, USA) according to the manufacturer’s protocol. RNA purity and
concentration were checked using a microplate spectrophotometer system (BioTek Sinergy
HT, Winooski, USA). Reverse transcription was used to obtain 100 ng of cDNA with 5X
All-In-One RT Mastermix Kit (Applied Biological Materials Inc., Canada). EvaGreen 2X
qPCR Mastermix (Applied Biological Material Inc., Canada) was used for performing RealTime PCR using the following forward (F) and reverse (R) primers (Sigma-Aldrich, Milan,
Italy) (Table2.1):
Table 2.1. Sequences and list of primer utilized for quantitative Real-Time PCR analysis
Primer
GAPDH F

Sequence
5’-GACCCCTTCATTGACCTCAACTACATG-3’

Primer
Cyclin D1 R

Sequence
5’-TGCTCCTGGCAGGCACGGA-3’

GAPDH R

5’-GTGCACCACCCTGTTGCTGTAGCC-3’

SMO F

5’-CTGGTGTGGTTTGGTTTGTG-3’

ABCG2 F

5’-TGGCTTAGACTCAAGCACAGC-3’

SMO R

5’TGGTCTCGTTGATCTTGCTG-3’

ABCG2 R

5’-TCGTCCCTGCTTAGACATCC-3’

Shh F

5’-GCTCGGTGAAAGCAGAGAAC -3’

Frizzled-7 F

5’-GCCTCGTCGCACTCCTCAG-3’

Shh R

5’-CCAGGAAAGTGAGGAAGTCG -3’

Frizzled-7 R

5’-GGGGCTCATACCGCAGTCTC-3’

PTCH F

5-CATCAACTGGAACGAGGACA-’3’

CD44 F

5’-AAGGTGGAGCAAACACAACC-3’

PTCH R

5’-AGGGGCTTGTAAAACAGCAG-3’

CD44 R

5’-ACTGCAATGCAAACTGCAAG-3’

Gli1 F

5’-TCTGCCCCCATTGCCCACTTG-3’

Dickkopf-1 F

5’-TTCCAACGCTATCAAGAACCT-3’

Gli1 R

5’-ACATAGCCCCCAGCCCATACCTC-3’

Dickkopf-1 R

5’-CCAAGGTGCTATGATCATTACC-3’

Bmi1 F

5’-CGTGTATTGTTCGTTACCTGGA-3’

β-catenin F

5’- CGAAATCTTGCCCTTTGTCC-3’

Bmi1 R

5’-TTCAGTAGTGGTCTGGTCTTGT-3’

β-catenin R

5’-GTTGTGAACATCCCGAGCTAG-3’

Oct4 F

5’-CCTGAAGCAGAAGAGGATCA-3’

GSK-3β F

5’-GGTCTATCTTAATCTGGTGCTGG-3’

Oct4 R

5’-CCGCAGCTTACACATGTTCT-3’

GSK-3β R

5’-TGGATATAGGCTAAACTTCGGAAC-3’

Notch1 F

5’-TTGGGAGGAGCAGATTTTTG-3’

Nanog F

5-ATGCCTCACACGGAGACTGT-3’

Notch1 R

5’-CACTGGCATGACACACAACA-3’

Nanog R

5’- AGGGCTGTCCTGAATAAGCA -3’

Dll1 F

5’-AGAAAGTGTGCAACCCTGGC-3’

TYMS F

5’- GGGCAGATCCAACACATCC -3’

Dll1 R

5’-CACTCTGCACTTGCATTCCCC-3’

TYMS R

5’- GGTCAACTCCCTGTCCTGAA -3’

Jag1 F

5’-CAACCGTGCCAGTGACTATTTCTGC-3’

LEF-1 F

5’-CGACGCCAAAGGAACACTGACATC-3’

Jag1 R

5’TGTTCCCGTGAAGCCTTTGTTACAG-3’

LEF-1 R

5’-GCACGCAGATATGGGGGGAGAAA-3’

p21 F

5’-GCGATGGAACTTCGACTTTGT-3’
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Axin2 F

5’- GAGTGGACTTGTGCCGACTTCA-3’

p21 R

5’-GGGCTTCCTCTTGGAGAAGAT-3’

Axin2 R

5’-GGTGGCTGGTGCAAAGACATAG -3’

Slug F

5’-TGGTTGCTTCAAGGACACAT-3’

Dvl2 F

5’-TGAGCAACGATGACGCTGTG-3’

Slug R

5’-GTTGCAGTGAGGGCAAGAA-3’

Dvl2 R

5’-GCAGGGTCAATTGGCTGGA-3’

Snail F

5’-GACCACTATGCCGCGCTCTT-3’

cMyc F

5’-CGTCTCCACACATCAGCACAA-3’

Snail R

5’-TCGCTGTAGTTAGGCTTCCGATT-3’

cMyc R

5’-CACTGTCCAACTTGACCCTCTTG-3’

Twist F

5’-TTTCGGATGGGGTTGTTATC-3’

Cyclin D1 F

5’-GAACAAACAGATCATCCGCAA-3’

Twist R

5’-AAACGACCTAACCCGAACG-3’

F: forward; R: reverse.

GAPDH was used, applying the same PCR condition, for normalizing the
quantitative data, expressed as a relative mRNA level compared to the control. The 2-ΔΔCt
was used for calculating the fold-change value.
2.20.

Self-renewal assay
The cells were seeded in ultralow attachment 6-wells plates at a density of 1 x 104

cells/mL in 3000 μL of CSCs-medium and after 10 days, when the spheroids were formed,
they were treated with the concentrations of different conditions described in paragraph
2.11. After 48 hours, the spheroids were mechanically disrupted with 1000 µL tip, gently
pipetting for separating the cells forming the spheroids. The cells were counted with Tali®
Image-based cytometer (Thermo Fisher Scientific, Milan, Italy) and seeded again in a
density of 1 x 104 cells/mL in an ultralow attachment 6-wells plates in 3000 μL of CSCsmedium and after 10 days the representative images of the culture were captured with a Leitz
Fluovert FU (Leica Microsystems) microscope.
2.21.

Migration assay

The cells were seeded in ultralow attachment 6-wells plates at a density of 1 x 104
cells/mL in 3000 μL of CSCs-medium and after 10 days, when the spheroids were formed,
they were treated with the concentrations of different conditions described in paragraph
2.11. After 48 hours, the spheroids were mechanically disrupted with 1000 µL tip, gently
pipetting for separating the cells forming the spheroids. The cells were counted with Tali®
Image-based cytometer (Thermo Fisher Scientific, Milan, Italy) and seeded again in a
density of 1 x 106 cells/well in 1.5 mL of serum-free DMEM F-12 supplemented with
Penicillin-Streptomycin 100X and 0.1 sterile BSA. The cellular suspension was added in the
upper compartment of the transwell insert of the 6-wells plate Transwell® with 8.0 µm pore
polycarbonate membrane (n.3428, Corning®, New York, USA). In the lower compartment
2.6 mL of DMEM F-12 supplemented with 10% FBS, which acted as a chemoattractant,
were added. After 48 hours in incubator at 37°C with 5% CO2 the migration capacity of the

64

Chapter 2. Materials and Methods

CSCs-like was evaluated; specifically migrated cells could be found in two different parts
of the transwell: dropped in the media of the lower compartment or underside of the basket
membrane. After removing the transwell insert from the plate and collecting the media from
the lower compartment, the cells were counted with Tali® Image-based cytometer (Thermo
Fisher Scientific, Milan, Italy), while for evaluating the migrated cells present in the
underside of the basket’s membranes, these were stained (a cell staining was performed as
followed explained). Using a cotton-tipped applicator carefully the media and the cells
present in the upper side of the membranes (non-migrated ones) were removed and
discarded. The transwell inserts were placed in 70% EtOH for 10 minutes to allow fixation.
After this time, the membranes were let dry for 15 minutes and then they were incubated for
staining in 0.2% crystal violet (CV) solution (MeOH: H2O 20:80) for 15 minutes at room
temperature. The CV was removed from the top with cotton-tipped applicator very gently
and after the membrane were washed with Milli-Q water for removing the excess of CV and
let dry for 20 minutes (Figure 2.4).

Figure 2.4. Schematic representation of the migration assay test.

These membranes were observed under the inverted microscope Leitz Fluovert FU
(Leica Microsystems) and the images were processed with an image editing free-software
(http://www.coolphptools.com/) for the evaluation of the percentage of colours present in
the images, which is an estimation of migrated cells. To obtain quantitative information from
the colours present in the images from microscope, the obtained images (three for each
conditions) were uploaded into the Internet-based Cool Hypertext Preprocessor (PHP)
software tool (www.coolphptools.com/color_extract). The application software, which is
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equipped with a Hypertext Markup Language (HTML) embedded web scripting language,
was run setting the different options: “number of colours” set at 10 and “delta” (i.e. distance
in-between colour shades) at 24. From the output of the colour analysis, the hexadecimal
colour codes and the percent value of each of all shades of purple present (corresponding to
the migrated cells) generated by the computer were processed in Microsoft Excel.
2.22. DNA extraction and relative telomere length measurement
The spheroids were treated with the concentrations of different conditions described in
paragraph 2.11. Genomic DNA was isolated from CSCs-like forming spheroids and HCT116 grown in monolayer condition without treatment using Cells and Tissue DNA Isolation
Kit (53100, Norgen Biotek Corp., Thorold, Canada) following the manufacturer’s
instructions. DNA purity and concentration were checked using a microplate
spectrophotometer system (BioTek Sinergy HT, Winooski, USA). The reference DNA was
sequentially diluted for the construction of a standard curve (0.01-50 ng/µL). The samples
were used at the concentration of 2 ng of DNA for each condition analysed and for both
reactions. EvaGreen 2X qPCR Mastermix (Applied Biological Material Inc., Canada) was
used for performing Real-Time PCR using the following forward (F) and reverse (R) primers
(Sigma-Aldrich, Milan, Italy) (Table 2.2):
Table 2.2. Sequences and list of primer utilized for relative Telomere length measurement.
Primer

Sequence

Telomere F

5’-GGTTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGT-3’

Telomere R

5’-TCCCGACTATCCCTATCCCTACCCTATCCCTATCCCTA-3’

Rplp0 F

5’-CAGCAAGTGGGAAGGTGTAATCC-3’

Rplp0 R

5’-CCCATTATATATCATCAACGGGTACAA-3’

F: forward; R: reverse.

Telomere (T) primers F was used at the final concentration of 270 nM and of 900 nM
for TR. For the single (S) gene Rplp0 F was used the final concentration of 300 nM, for
Rplp0 R that one of 500 nM. For telomere amplification there were used the following
conditions: 95°C for 5 minutes, followed by 40 cycles of 95°C for 15 seconds and 58°C for
1 minutes. The Real-Time PCR reaction for Rplp0 consisted of 95°C for 5 minutes, 30 cycles
of 95°C for 15 seconds and 54°C for 2 minutes. At the end of reactions, the mean Ct value
for telomerase sequence and for Rplp0 single copy gene was calculated for each sample. The
next calculation was ΔCt= CtT-CtS that is also called T/S ratio. The results were then
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expressed like relative telomere length (fold change relative to control) calculated with the
following formula:
𝑇

𝑇

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑆 = 2−[𝑆

𝑇
𝑆

(𝑋)− (𝐶𝑇𝐿)

2.23. Statistical analysis
Data were reported as a mean value of at least three independent analyses ± standard
deviation (SD) and the statistical analysis was performed using STATISTICA software
(Statsoft Inc., Tulsa, OK, USA). For the significant differences are used letters that were
acquired using one-way analysis of variance (ANOVA) followed by Tukey’s honest
significant difference post hoc test (p<0.05). Statistical analysis for flow-based method W8
analysis, CellDynamics was done directly from CellDynamics SRL with the following
conditions: Student’s t-test (two-tailed and heteroscedastic) was used to assess statistical
significance between the data of two conditions under testing. p-values: * 0.05; ** 0.01; ***
0.001. The symbol (*, **, or ***) is refer to t-test compared to control.
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3. RESULTS AND DISCUSSION
RESULTS AND DISCUSSION: PART I
3.1.

Characterization of MH
The first part of my PhD project consisted in the characterization of the food matrix.

MH was chosen because in many previous studies its high content of phenolic compounds
and its remarkable antioxidant capacity were proven (Alvarez-Suarez et al., 2014;
Moniruzzaman et al., 2013), which therefore reflects positive effects on health. MH was
analysed for its phenolic, flavonoid and protein contents, as well as their radical scavenging
activities.
3.1.1. Phytochemical content of MH
In the scientific literature concerning the characterization of MH, there are high
quantitative and qualitative differences about phenolic compounds. These differences in
addition to geographical differences, to the bee species involved and to the botanical
chemotype probably also concern the different ways of extraction and analysis of these
molecules and could lead to a difficulty in comparing the data (Alvarez-Suarez et al., 2014).
Table 3.1 shows the data obtained in the present work with the spectrophotometric
determinations of the MH used in this project.
Table 3.1. Spectrofotometric determinations of MH.
TPC (mg
TFC (mg CatEq/Kg
GAEq/g honey)
honey)
MH
1.13 ± 0.01
42.78 ± 3.44
MH: manuka honey; TPC: total phenolic content; GAEq: gallic acid equivalents; TFC: total
flavonoids content; CatEq: catechin equivalents. Data are presented as mean ± SD of three
independent experiments.

MH showed a TPC of 1.13 ± 0.01 mg GAEq/g honey, similar to that obtained by
Chau (2017) with a value of TPC of 1.018 ± 0.07 mg GAEq/g. These values are slightly
higher than the ones obtained in other works for MH: a value of 0.89 ± 0.00 mg GAE/g was
founded by Afrin et al. (2017) and a similar ones (0.90 ± 0.01 mg GAE/g) by Alzahrani et
al. (2012) and Mokaya et al. (2020) with a value of 0.94 ± 0.01 mg GAE/g. A considerably
lower results were found by Jubri et al. (2013) using the same spectrophotometric technique
(0.201 ± 0.03 mg GAE/g) and by Cheung et al. (2019) that found a similar result (0.25 ±
0.03 mg GAE/g).
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It was considered appropriate in my point of view to compare the results obtained
only with the TPC found by other studies on the same type of honey as it was observed that
this content changes considerably according to the botanical origin of the honey. The
quantification of TPC it is in fact considered a parameter for identifying the origin of honey
(Pauliuc et al., 2020). The phenolic compounds present in honey would seem to be the main
ones responsible for the biological, preventive and therapeutic activity of this food matrix
(Cianciosi et al., 2018A) and it would seem that most of these benefits are due to the
flavonoids (Olas, 2020).
The TFC found in present work, was, like shown in Table 3.1, 42.78 ± 3.44
mg/CatEq, A much lower flavonoid content in MH was obtained from Cheung et al. (2019)
in line with the same result shown for the total content of phenolic compounds, with a TFC
value of 14.68 ± 1.26 mg/CatEq. An equally lower result, even if double, was found in
Mokaya et al. (2020) study, with a value of 31.22 ± 1.66 mg/CatEq. Instead, significantly
higher results were those identified in Manuka honey analyzed by Afrin et al. (2017) and
Alvarez-Suarez et al. (2016) with similar values, respectively of 71.90 ± 0.03 mg/CatEq and
of 77 ± 0.02 mg/CatEq.
As said previously, the quantification of the phenolic compounds present in honey
could be used as an identification index of the botanical origin of honey, especially
monofloral ones. Even more than quantification, the parameter most used to identify honey
from a floral and geographical point of view is the characterization of these bioactive
compounds.
As reported by Alvarez-Suarez et al. (2014) from an analysis of the scientific
literature in this regard, it would seem that the compounds most often identified in MH are
kaempferol, pinocembrin, quercetin, pinobanksin, chrysin and luteolin for flavonoids. While
the most often detected phenolic acids would appear to be 4-hydroxybenzoic acid and
syringic acid, these compounds would seem to vary greatly depending on the chemotype of
L. scoparium in New Zealand (Oelschlaegel et al., 2012).
The comparison of these compounds with other data from the scientific literature
could be difficult but also not significant. Regarding HPLC, there are many different
variables in this type of analysis ranging from the extraction method to the analysis phase
and standardization of the results. For this reason, the comparison of the results obtained in
the present study will be compared on a qualitative level in terms of the presence of that
particular compound and the evaluation will be made on percentage terms compared to other
phenolic compounds detected in MH also in other scientific studies.
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The phenolic compounds identified in MH by HPLC-ESI-MS/MS analysis are
reported in Table 3.2. Two different families of flavonoids have been identified: flavanones,
including naringenin and pinocembrin, and flavonols with the detection of quercetin. For
phenolic acids it was observed the presence of ferulic acid, p-coumaric acid, salicylic acid
and syringic acid. All concentrations were calculated using the calibration curves of
quercetin.
Table 3.2. Phytochemical composition of MH.
Quantification ion

Retention time
(min)

Concentration
μg/kg honey

153
151
150

16.36
15.25
14.50

102.20 ± 6.04
6.10 ± 0.36
7.50 ± 0.44
116

89
119
93
155

13.77
13.10
14.43
12.42

3.00 ± 0.18
11.20 ± 0.66
42.40 ± 2.50
1.70 ± 0.10
75
191

Flavonoids
Pinocembrin
Naringenin
Quercetin
Σ flavonoids
Phenolic acid
Ferulic acid
p-coumaric acid
Salicylic acid
Syringic acid
Σ phenolic acids
Total phenolics

Data are presented as mean ± SD of three independent experiments.

Analysing the phenolic compound content of MH used in this PhD project, both in
terms of concentration and percentage, it is first noted that flavonoids are more present than
phenolic acids, representing respectively the 60.73% with a total concentration of 116 µg/Kg
honey and the 39.26 % with a value of 75 µg/Kg honey.
Going into the details of the individual compounds, pinocembrin (5,7dihydroxyflavanone) (chemical structure in Figure
3.1) is the most present phenolic compound in the
investigated sample of MH, with the concentration of
102.2 ± 6.04 µg/Kg honey. It represents the 88.1 %
of all flavonoids identified with this technique and
over half (53.50%) of all phenolic compounds found
Figure 3.1. Chemical structure of
pinocembrin

in this analysis. Also in others studies pinocembrin
was identified in MH with HPLC analysis: Marshall

et al. (2014) found that this flavanon was the 30.65% of all flavoinoids and the 28.97 % of
all polyphenols, while in other two studies the presence of pinocembrin was of the 6.2 %
(Yao et al., 2003) and of 15% of all flavonoids (Chan et al., 2013).
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There are many scientific data in the literature about the biological effects of this
compound and many of these are relate to the antiproliferative effect against different types
of cancer cells, including colorectal ones (Jaganathan et al., 2009). The main mechanisms
by which it exerts this effect would seem to be related to the induction of apoptosis (Kumar
et al., 2017)
Quantitatively,

the

second

flavonoid

identified

is

quercetin

(3,3',4'5,7-

pentahydroxyflavone) (Figure 3.2) from the class
of flavonols, which has been found in an amount
of 7.50 ± 0.44 μg/kg honey, representing the 6.46
% of flavonoids and the 3.92 % of all polyphenols.
Quercetin was also found in other studies of MH’s
characterization, but the percentage against the
total flavonoids identified widely changes from
the 46.62% of Afrin et al. (2018A), 13.8 % in the

Figure 3.2. Chemical structure of
quercetin

study of Yao et al. (2003), 8.51 % in Cheung et al.,
2019, 5.51 % for Marshall et al. (2014) to the 2.08 % for Chan et al. (2013).
For this flavonoid the scientific literature is richer than for pinocembrin. Its in vitro antitumor
effect has been widely verified, including for colon cancer (Darband et al., 2018). It is
interesting to specify that there are several studies that prove a synergy with the
chemotherapeutic drug used also in this study (5-Fu) with a high chemosensitizing effect
(Xavier et al., 2011; Hyun et al., 2018).
The third and last flavonoid identified belonging to the class of flavanones is
naringenin (4, 5, 7-trihydroxyflavanone) (Figure
3.3), which was detected at the concentration of
6.10 ± 0.36 μg/kg honey representing the 5.26 %
of flavonoids characterized and the 3.19 % of all
phenolic compounds. In scientific literature there
is only one other study in which this compound has
Figure 3.3. Chemical structure of
naringenin

been identified in MH, it is instead usually widely
present in European honeys (i.e. clover, orange,

lemon, thyme, linden): Cheung et al. (2017) found it to be 8.03% of all identified flavonoids
in MH. Naringenin is widely studied for its anti-inflammatory (Zaidun et al., 2018) and
immunomodulatory (Zeng et al., 2018) effect. However, there are also works that
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highlighted its antiproliferative effect on cancer cells including colorectal ones, above all
exerting effects on EMT (Song et al., 2016A) and apoptosis (Lou et al., 2012).
Quantitatively, the major phenolic acid detected was salicylic acid (2hydroxybenzoic acid) (Figure 3.4), which was at a
concentration of 42.40 ± 2.350 μg/kg honey, representing
the 56.53 % of all phenolic acids identified and the 22.20
% of polyphenols.
It was not possible to make a comparison in the
literature as its presence in MH has not been detected or
investigated. Instead it has been found in several other
unifloral types of honey, such as linden, acacia (Shen et
al., 2018) and bracatinga (Seraglio et al., 2016a). Salicylic
acid is known for its benefits on the skin (Arif, 2015), but,

Figure 3.4 Chemical structure
of salicylic acid

effects on colon cancer cells have been found, especially with a pro-apoptotic effect (Zitta
et al., 2012). It is also used in a pharmaceutical dermatological formulation in combination
with 5-Fu for the treatment of actinic keratosis, a pre-cancerous lesion (Herranz et al., 2016).
The second phenolic acid identified was p-coumaric acid (4-hydroxycinnamic acid)
(Figure 3.5), found at a concentration of 11.20 ±
0.66 μg/kg honey and representing the 14.93 % of
all phenolic acid and the 5.86 % of phenolic
compounds. Other works showed different
percentages of this in relation with the total
Figure 3.5. Chemical structure of
p-coumaric acid

amount of phenolic acids: from the 7.55 % (Yao
et al., 2003), the 2.72 % for Khalil et al. (2011)

and the similar one 1.83 % of Habib et al. (2014) to the 0.37 % of Afrin et al. (2018A). pcoumaric acid is recognized as a powerful antioxidant and anti-inflammatory agent with
different biofunctions, especially at the cardiovascular and antimicrobial level (Ferreira, et
al., 2019), but there are scientific evidences on its antiproliferative effect on colon cancer
cells (Sharma et al., 2018; Jaganathan et al., 2013).
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Ferulic acid (4-Hydroxy-3-methoxycinnamic acid) (Figure 3.6) represented with the
concentration of 3.00 ± 0.18 μg/kg honey the 4% of
phenolic acids and the 1.57 % of all polyphenols.
Other works found a percentage of ferulic acid of
3.39 % related to other phenolic acids (Yao et al.,
2003) and ones of 0.64 % (Habib et al., 2014) and
0.60 % (Afrin et al., 2018A) related to all
polyphenols detected in MH.

Figure 3.6. Chemical structure of
ferulic acid

As for salicylic acid, its use in the dermatological field is well known (Zduńska et al., 2018),
but there is also evidence of a pro-apoptotic effect against colon cancer cells (Pellerito et al.,
2020).
The last identified phenolic acid is syringic acid (4-hydroxy-3,5-dimethoxybenzoic
acid) (Figure 3.7), with a concentration of 1.70 ±
0.10 μg/kg honey, representing the 2.26 % of
phenolic acids and the 0.89 % of all phenolic
compounds. The percentages identified in other
works are very varied; Habib et al. (2014) found
it in a percentage equal to 5.57 % of all phenolic
compounds identified, a percentage that reaches
Figure 3.7. Chemical structure of
syringic acid

16% of phenolic acids in the study carried by
Cheung et al. (2019) and even 43.59% for Afrin

et al. (2018A). The therapeutic activity of syringic acid has been extensively studied in
models of cardiovascular and neurological disorders (Srinivasulu et al., 2018), but it would
also seem to decrease carcinogenesis in different cellular models (Ha et al., 2018) as well as
exerting a chemosensitizing activity against various chemotherapeutic agents, including 5Fu against colon cancer cells (Abaza et al., 2013).
3.1.2. Antioxidant capacity of MH
The antioxidant capacity of honey is directly correlated with its healthy effects.
Moreover, many bioactive effects of polyphenols are ascribed to this property even if they
are not the only contributors to this capacity (Cianciosi et al., 2018A). In honey, in addition
to phenolic compounds, in fact, there are other bioactive compounds (vitamins, organic
acids, proteins, enzymes) that possess a certain antioxidant activity or that interact with
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phenolic compounds. Chemical methods to determine the antioxidant capacity of food
matrices or pure substances are based on the inhibition of certain oxidation reactions by the
presence of antioxidants. These methodologies differ each other mainly in the substrate used
and in the oxidizing agent.
Among them, the most used are FRAP, based on ferric reducing ability, TEAC and
DPPH, which are based on free radical scavenging. In the Table 3.3, the TAC of MH
determined by three different methods is shown.
Table 3.3. Total antioxidant capacity of MH.
TAC
FRAP (µmol
TEAC (µmol
DPPH (µmol
Fe(II)/100g honey) TEq/100g honey)
TEq/100g honey
MH
222.21 ± 5.69
224.29 ± 5.58
78.16 ± 2.84
MH: Manuka honey; TAC: total antioxidant capacity; FRAP: ferric reducing antioxidant power
assay; TEAC: Trolox equivalent antioxidant capacity assay; DPPH: Diphenyl-1-picrylhydrazyl
assay; TEq: Trolox equivalents; Fe (II): Ferrous ammonium sulphate. Data are presented as mean ±
SD of three independent experiments.

In the results obtained in present work, a clear numerical similarity can be seen
between the TAC obtained through the FRAP method (222.21 ± 5.69 µmol Fe(II)/100 g
honey) and the same obtained with the TEAC method (224.29 ± 5.58 µmol TEq/100 g
honey); with the analysis carried out through the DPPH assay, a lower value is obtained
(78.16 ± 2.84 µmol TEq/100 g honey). Very similar values and trends were found by Afrin
et al., (2017), where the analysis of the antioxidant capacity gave FRAP values (290 ± 0.00
µmol Fe(II)/100 g honey ) and TEAC (220 ± 0.00 µmol TEq/100 g honey) extremely
comparable to each other and a significantly lower DPPH value than the first two analyses
(60 ± 0.00 µmol TEq/100 g honey).
3.1.3. Total protein content of MH
The protein content of honey depends on its botanical origin: since it is variable, the
protein content of honey can be characterized by the presence of enzymes derived from the
pollen, nectar or introduced by the bees (Cianciosi et al., 2018A). Total protein content was
determined by colorimetric methods.
Total protein content of MH was 43.09 ± 3.17 mg BS/100 g honey, comparable with
the results obtained by Afrin et al. (2017) with a value of 50.00 ± 0.00 mg BSA/100 g honey
and that one of Moniruzzaman et al. (2013) with a concentration of 50.40 ± 0.02 mg
BSA/100 g honey. In the literature, the determination of the protein content in Manuka honey
is poor.
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RESULTS AND DISCUSSION: PART II
3.2.

Enrichment of colorectal CSCs-like and evaluation of the effects of treatments

on spheroids and on human colon fibroblasts
In this part of the PhD thesis it will be initially discussed the enrichment of CSCslike with the in vitro sphere forming assay and the subsequent effect of the different
treatments on the formed colonspheres analysed with different methodologies (visual,
morphological and physical). Subsequently, test of non-toxicity of the same treatments used
for spheroids were carried out on healthy colon cells together with the test of formation of
spheroids with the same cell line (CCD18-Co).
3.2.1. Enrichment of colorectal CSCs-like with the in vitro sphere forming assay
There are different ways to isolate or enrich the CSC population and one of these is
the in vitro sphere forming assay in serum-free medium in the presence of appropriate
growth factors; this method, in addition to study the effect of a treatment on this rare tumour
cell population, also offers the opportunity to study a 3D experimental model that better
mimics the tumour environment compared to a normal monolayer 2D culture (Lee at al.,
2016A). CD133, ALDHs, Oct4, CD44 and Nanog are recognized as typical markers of CSCs
in colorectal cancer, and in particular the last two are typical in CSCs-like deriving from
HCT-116 cell line (Tamura et al., 2018).
Initially, different seeding concentrations were tried to identify, specifically the one
that could lead to the formation of spheroids in an optimal way. The seeding densities tested
were between the range of 1 x 103 and 1 x 105 cells/mL. As shown in Figure 3.8A, the culture
of HCT-116 cells under the conditions chosen and described in the paragraph 2.10., for a
period of 10 days, led to the formation of mature spheroids (>50 μm). As it can be seen, the
cells at day 0 were seeded in a "single cell suspension" and then from day 3 they started what
is called “clonal proliferation” which is completely different from an aggregation process
that can be observed in other 3D cell models. In this way, in fact, through clonal proliferation,
each spheroid formed derives from a single cell (Weiswald et al., 2015). On day 3, the size
of neo-spheroids that were formed was approximately of 25 μm. After other 3 days the
growing spheroids began to have a well-defined outline and took on assumed a more
spherical shape, a typical characteristic of spheroids but not of tumor aggregates. On day 6,
the spheroids began to have more consistent dimensions, of the order of ≃ 45 μm and on day
10 they reach an average size of 100 μm.
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To verify that these formed spheroids were actually enriched in CSCs-like, the
expression of two characteristic markers was analysed and compared to that of HCT-116
cells grown in a monolayer culture. As illustrated in the Figure 3.8B,C, the protein levels of
the two typical markers of CSCs-like revealed through Western Blot increased significantly,
about 5 times for CD44 and 2 times for Nanog compared to cells grown in monolayer (2D),
confirming that this culture modality was able to enrich the population of CSCs-like.

Figure 3.8. Enrichment of colorectal CSCs-like by serum-free medium culture. HCT-116 cells
were cultured in serum-free medium for 10 days. (A) Representative images of spheroids formation
from day 0 to day 10 (0, 3, 6, 10). The images were captured with a Leitz Fluovert FU (Leica
Microsystems) microscope. Scale bar =100 μm. (B) Protein expression of CD 44 and Nanog was
assessed by Western Blot to compare the levels of these proteins between cells cultured in monolayer
(2D) and those deriving from formed spheroids; GADPH was utilized as a loading control. Values
are expressed as mean ± SD of three independent experiments (n=3). Different letters in the same
column indicate significant differences (p<0.05). (Figure taken from Cianciosi et al., 2020).

Similar results were found by Olejniczak et al., (2018) in the same cell line and by
Chen et al., (2017) who found a similar pattern in two other colorectal cancer cell lines
(DLD-1 and SW480), where the serum free medium culture had also led to an increase in
other markers of stemness, such as CD133, Oct4 and ALDHA1. Shaheen et al. (2016)
proceeded to enrich CSCs-like from HCT-116 through the in vitro sphere forming assay in
serum-free medium and then confirmed this enrichment by immunofluorescence assay
detecting a greater presence of the same markers analysed in this study (CD44 and Nanog).
Chung et al. (2016) evaluated the gene expression of different stem cell markers in spheroids
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enriched with CSCs-like and noted an evident upregulation of CD133, remarked also by
Zhou et al. (2016) that additionally found in the formed spheroids also an over-expression
of CD44.
Also in others cancer cell lines, the method to enrich the CSCs-like population with
the in vitro sphere forming assay has proved to be effective. For example, in spheroids
resulting from the culture in serum-free medium of human cervical cancer cells (HeLa), the
CSCs-like population enrichment was confirmed by the higher protein level of typical
stemness markers, such as Oct4 and ALDHA1 in the spheroids compared to the adherent
cells (Wang, et al., 2014), while in spheroids formed by murine bladder cancer cell line the
confirmation of enrichment was given by the higher presence of some surface markers of
CSCs, such as CD44 and CD113 tested by cytofluorimetry and Western Blot analysis (Zhu,
et al., 2018). Also in spheroids formed from prostate cancer cell lines the enrichment of
CSCs-like was confirmed by the presence of CD44, Oct4 and CD133 for PCa cell line
(Bahmad et al., 2018) and of CD44 and CD24 for DU145 cell line (Rybak et al., 2011); the
same in Huh7 hepatocellular carcinoma cell line, where Ma et al., (2019) confirmed the upregulation of different CSCs markers (CD44, CD133, CD90 and ABCG2) in the formed
spheroids through the in vitro sphere forming assay respect to the parental cell line cultured
in monolayer.
The method of forming spheres is therefore considered an excellent compromise: in
addition to studying the effect of anti-CSCs drugs (as mentioned, considered the most
resistant cells within the tumor mass), it is an intermediate system between the in vitro
traditional 2D monolayer culture and the in vivo study. In fact, this culture method allows to
re-create some fundamental characteristics of the tumor that are impossible to observe with
the 2D system, like cell-cell interaction, hypoxia condition, drug penetration and spatial
architecture (Pinto et al., 2020). Three-dimensional cell cultures show also peculiar
molecular characteristics that differ, even considerably, from monolayer cultures, but which
are closer to the tumor in vivo model. The initial events of tumor growth, prior to the
formation of an effective vascularization, that is a limitation of this model, seem to be more
faithfully reproduced in three-dimensional systems (Yamada et al., 2007). The lack of a
vascular system that perfuses the tissue and the cells, that provide from the simple diffusion
of oxygen, nutrients and catabolites, is a weak point of 3D cultures. As the size of the
spheroid increases, in fact, the diffusion of oxygen and nutrients, as well as the removal of
cellular catabolites, becomes systematically more complex and can strongly influence cell
physiology and introduce new variables into a system of analysis. However, in the study of
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some neoplastic types, such as colon carcinoma, this feature could represent a point in favor
rather than an obstacle, since the normal physiology of colon carcinoma provides for the
presence of highly hypoxic areas of tissue and necrotic tissue (Väyrynen et al., 2016). A
system capable of mimicking, not only intercellular interactions, but also the chemicalphysical conditions present in tumors in vivo, could be a winning weapon in the study of the
disease and an extremely useful means for testing chemotherapy drugs (Däster et al., 2017).
Mellor et al. (2005), for example, compared the effect of some chemotherapy drugs
such as 5-Fu, cis-platinum and doxorubicin in proliferating and quiescent spheroids of DLD1 colon adenocarcinoma cells. Based on the analysis of the volumetric growth of the
spheroids, they found that the drugs tested had different therapeutic efficacy and, above all,
the efficacy of the same drug varies according to the state of proliferation of the spheroid.
The approach used in this work is mainly based on the cultivation of a low-density
single cell suspension in a special serum-free medium in low adherent condition. This
medium supplemented with some factors, such as hydrocortisone, insulin, EGF and h-FGF,
induces the proliferation of stem cells. In these conditions, where adhesion is inhibited,
differentiated non-stem cells undergo a type of cell death called anoikis, while
undifferentiated malignant cells (CSCs) grow, proliferate (do not aggregate) and form
tumorspheres (Lee at al., 2016A).
3.2.2. Treatment of spheroids and conditions used for the experimental design
To investigate the effect of MH, 5-Fu and of their combination on spheroids enriched
with CSCs-like, initially an image-based method was used which allowed the preliminary
evaluation of the effect on both the entire spheroid culture and the single spheroids. It is
important to start from spheroids that have more or less the same volume and the same
characteristics of sphericity and solidity (these parameters were taken into consideration
before performing image-based analyses). There are some lacks for the evaluation of
cytotoxicity in 3D models, moreover it is important to consider that if the aim is to evaluate
the effect of treatment on spheroids, a method that reveals the number of dead cells, such as
the MTT assay or Trypan blue assay, is not the more adequate (Zanoni et al., 2016). In fact,
the enrichment of CSCs-like with the in vitro spheres forming assay method in serum-free
medium involves the death by anoikis of differentiated non-stem cells and therefore the
result obtained with standard cytotoxicity tests may not be reliable. In this study, preliminary
analyses were initially performed with MTT assay but the results were not considered as
many dead cells were also detected in the not-treated spheroids and their number was not
correlated with the reduction in the size of the spheroids or with their disruption. Between
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the principal promises of the 3D model, including spheroid model, in drug screening there
is the mimicking tumor architecture, among other advantages, in a more adequate manner.
The most studied parameter of drug effects is cytotoxicity and in the 3D model drug
cytotoxicity can easily be followed by measuring the size and shape of spheroids, very often
with simple bright-field microscopy (Baek et al., 2016).
Initially, a preliminary evaluation was made on the images obtained by the
microscope (Leitz Fluovert FU, Leica Microsystems) from cultures of spheroids treated with
the concentrations of MH, 5-Fu and their combination already used in our previous works in
2D monolayer culture of HCT-116, for 48 hours and proved to be effective in the parental
cells. In detail, the following concentrations were tested: MH (10, 15 and 20 mg/mL) (Afrin
et al., 2018A), 5-Fu (10, 20, 50 µM) and their combination (5-Fu 20 µM + MH 15 mg/mL,
5-Fu 20 µM + MH 20 mg/mL, 5-Fu 50 µM + MH 15 mg/mL, 5-Fu 50 µM + MH 20 mg/mL)
(Afrin et al., 2018C) (Figure 3.9).

Figure 3.9. Treatment of spheroids with the concentrations of MH, 5-Fu and their combination
used for HCT-116 cultured in monolayer. Representative images of spheroids treated with MH
(10, 15 and 20 mg/mL), 5-Fu (10, 20, 50 µM) and their combination (5-Fu 20 µM + MH 15 mg/mL,
5-Fu 20 µM + MH 20 mg/mL, 5-Fu 50 µM + MH 15 mg/mL, 5-Fu 50 µM + MH 20 mg/mL). The
images were captured with a Leitz Fluovert FU (Leica Microsystems) microscope. Scale bar=100
μm.

It was observed that the dimensions and morphology of the spheroids did not change
significantly respect to the control with these concentrations, which had instead shown a
80

Chapter 3. Results and Discussion

high cytotoxic effect in normal 2D monolayer culture of HCT-116 (Afrin et al., 2018A, C).
It must be considered that, in general, the spheroids with all the concentrations of the
treatments used did not initiate any process of disruption or loss of spherical shape, a
fundamental parameter for the evaluation of the cytotoxic effect of a certain treatment
(Zanoni et al., 2016) and there was no loss of outer layer, considered another parameter for
evaluating the drug's efficiency on spheroids (Virgone-Carlotta et al., 2017).
Therefore, after these preliminary results, the spheroids were subjected to treatments
with higher concentrations of MH, 5-Fu and their combination, in order to subsequently
choose the lowest concentrations in which a morphological change of the spheroids was
noted and in particular where a disintegration of the spheroid began to be observed.
Regarding the treatment with the only MH, spheroids were treated with the following
concentrations: 25, 50, 75, 100 and 150 mg/mL. As shown in Figure 3.10, also observing
the enlarged square of the spheroids’ culture, the significant change in the morphology began
to be noticed from the concentration of 50 mg/mL of MH where it was possible to note cells
detached from the core of spheroids. For this reason, this concentration and the next one
(MH 75 mg/mL) were chosen for the subsequent analyses for the treatment with MH.

Figure 3.10. Treatment of spheroids with MH. Representative images of spheroids treated with
MH (25, 50, 75, 100 and 150 mg/mL). The photos in the squares represent enlargements of the culture
to underline the disintegration of the spheroids. The red rectangles represent the chosen MH
concentrations that will be used in subsequent analyzes The images were captured with a Leitz
Fluovert FU (Leica Microsystems) microscope. Scale bar=100 μm.

It was not possible to make a comparison with the scientific literature regarding the
treatment of spheroids with MH or with another type of honey, there is in fact only an
abstract which is not followed by an article publication, which concerns mammospheres
enriched in CSCs-like treated with MH, but the concentrations used are not specified (Fatma
et al., 2018). However, it is possible to find works in which honey was used at similar
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concentrations: for example HCT-116 cultivated in monolayers were treated with a
concentration of Gelam honey at a concentration of 75 mg/mL (Hakim et al., 2014), HT-29
colon cancer cells were instead treated with the same honey at a concentration of 80 mg/mL
(Tahir et al., 2015) and LoVo at a concentration of 50 mg/mL of MH (Afrin et al., 2018A).
The same procedure was used for the choice of the concentration of 5-Fu. The 5-Fu
concentrations tested were the following: 50, 100, 200, 300, 400 and 500 µM). As can be
seen from the image (Figure 3.11) and from the magnification shown, the loss of the outer
layer started from the concentration of 100 µM of 5-Fu, so this was the concentration chosen
for the treatment of the spheroids with the chemotherapeutic agent.

Figure 3.11. Treatment of spheroids with 5-Fu. Representative images of spheroids treated with
5-Fu (50, 100, 200, 300, 400, 500 µM). The photos in the square represent enlargement of the culture
to underline the disintegration of the spheroids. The red rectangles represent the chosen 5-Fu
concentration that will be used in subsequent analyzes. The images were captured with a Leitz
Fluovert FU (Leica Microsystems) microscope. Scale bar=100 μm.

As observed in several studies (Zoetemelk et al., 2019; Virgone-Carlotta et al., 2017)
and particularly underlined and well explained by Karlsson et al. (2012), the sensitivity to 5Fu markedly changes between HCT-116 grown in monolayers and a 3D culture of the same
cells even though they are not spheroids that allow the enrichment of CSCs-like. In fact, it
must be considered that in this present work, in addition to taking into account the threedimensionality and therefore an architecture that brings into play different parameters to be
considered including hypoxia, the spheroid formation technique allows to enrich the
population of CSCs-like, that are the main responsible for chemoresistance. In the previously
mentioned works in which a comparison is made on the efficacy of the chemotherapeutic
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agent on a 2D vs a 3D culture, it was observed that this begins to be efficient on the spheroids,
starting to cause loss of homogeneity of the edges of the colonspheres from the concentration
of around 100 µM for 48 hours, while in parental cells an effect was also observed at a
concentration of 10 µM.
As regards as the choice of concentrations for the combined treatments, a slightly
different reasoning was carried out, as the combinations were tested starting with the half of
the concentrations used for the individual compounds, to have a sort of comparison of the
synergistic and chemosensitizing effect, despite the use of a lower concentration of the single
treatments. As can be seen from the images (Figure 3.12), already from the lowest
concentrations used it was possible to notice the phenomenon of the disintegration of the
outer layer of the spheroids, very pronounced, especially in the highest selected
concentration. In particular, therefore, the following concentrations were tested for the
combined treatment: 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 100 μM + MH 25 mg/mL, 5-Fu
200 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL, 5-Fu 100 μM + MH 37.5 mg/mL,
5-Fu 200 μM + MH 37.5 mg/mL. The lowest concentrations for the chemotherapy were then
selected with the combination of the half of the concentrations of the honey used. So
ultimately for the subsequent analyses regarding the combined treatment the following two
concentrations will be used: 5-Fu 50 μM + MH 25 mg/mL and 5-Fu 50 μM + MH 37.5
mg/mL.
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Figure 3.12. Treatment of spheroids with the combination of 5-Fu and MH. Representative
images of spheroids treated with 5-Fu and MH (5-Fu 50 μM + MH 25 mg/mL, 5-Fu 100 μM + MH
25 mg/mL, 5-Fu 200 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL, 5-Fu 100 μM + MH
37.5 mg/mL, 5-Fu 200 μM + MH 37.5 mg/mL). The photos in the squares represent enlargement of
the culture to underline the disintegration of the spheroids. The red rectangles represent the chosen
concentrations of combination treatment that will be used in subsequent analyzes. The images were
captured with a Leitz Fluovert FU (Leica Microsystems) microscope. Scale bar=100 μm.

Ultimately, therefore, the concentrations of spheroids treatment that were used for
the subsequent analyses in this work were the following:
1) CTL (without treatment)
2) MH 50 mg/mL
3) MH 75 mg/mL
4) 5-Fu 100 μM
5) 5-Fu 50 μM + MH 25 mg/mL
6) 5-Fu 50 μM + MH 37.5 mg/mL

3.2.3. Morphological analysis of treated colonspheres: MH, 5-Fu and their
combination reduced the volume of the entire culture (ReViSP) and affected
morphological parameters of single spheroid (AnaSP)
In order to confirm this preliminary assessment of treatments and an initial visual
analysis of the results evaluated through the images captured with a Leitz Fluovert FU (Leica
Microsystems) microscope, two software (ReViSP and AnaSP) described in the paragraph
2.13.1. were used.
Through the ReViSP software, the virtual 3D reconstruction of the entire culture was
obtained from images captured with a microscope (Figure 3.13A) through a first
transformation of the images into binary mask, directly carried out by the software (Figure
3.13B).
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Figure 3.13. MH, 5-Fu and their combination reduce the volume of the entire culture (ReViSP).
(A) Representative images captured with a Leitz Fluovert FU (Leica Microsystems) microscope used
for creation of binary masks through ReViSP software. (B) binary masks of the entire culture of
treated spheroids used for subsequent 3D virtual reconstruction for their volume estimation.

Subsequently, an evaluation of the volume of the entire culture of treated spheroids
was performed automatically from the software and expressed in voxels. In the images
representing the 3D reconstruction (Figure 3.14A), a change in the shape and volume of the
spheroids can be seen. The data provided by this software regarding the volume of the
spheroid cultures were then reported in a histogram (Figure 3.14B).

Figure 3.14. 3D virtual reconstruction of entire culture of treated spheroids (ReViSP) and
volume estimation. (A) Representative images of virtual 3D culture of treated spheroids; (B)
histogram of the estimation of the volume of the entire culture. Values are expressed as mean ± SD
of three independent evaluation (n=3). Different letters indicate significant differences (p<0.05).
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In particular, from the obtained data, it can be stated that the volume of the entire
culture of spheroids was reduced by about 2.19 times when the spheroids were treated with
MH 50 mg/mL and the volume was significantly different (p<0.05) from the culture of
untreated colonspheres enriched with CSCs-like. When the spheroids were treated with the
highest concentration of MH (75 mg/mL), the volume of the entire culture became 3.53 times
smaller than the CTL culture. With the 5-Fu 100 μM and 5-Fu 50 μM + MH 25 mg/ mL
treatments, the decrease in the volume of the entire culture was 2.70 and 2.85 fold
respectively, compared to the control culture. When the spheroids were treated with the
highest concentration of the combinatory treatments, the decrease was further accentuated
(4.63 fold respect to the control) and became significantly different (p<0.05) also from the
other groups of treated spheroids, thus suggesting a synergistic effect of the two treatments.
As regards as the evaluation of the effect on the single spheroids subjected to the
treatments with MH, 5-Fu and their combination, it was possible to notice from the images
from the microscope (Figure 3.15A), how the morphology changed, looking at the most
representative images. The spheroids subjected to treatments began to disintegrate, lost the
spherical shape, the linearity of the outlines and decreased their size. This morphological
changes were confirmed through the use of AnaSP, which, through the automatic
segmentation of the binary-mask of the spheroids (Figure 3.15B), estimates some
morphological parameters closely related to the effect of drug treatment: length of minor
diameter, sphericity and solidity (Piccinini; 2015).

Figure 3.15. MH, 5-Fu and their combination affect morphological parameters of single
spheroids (AnaSP). (A) Representative images captured with a Leitz Fluovert FU (Leica
Microsystems) microscope used for creation of binary masks through AnaSP software; (B) binary
masks of the single spheroids were used for subsequent analysis of morphological parameters.

As shown in Figure 3.16, the length of the minor diameter significantly decreased
(p<0.05) with all treatments tested; as can be seen from the yellow histogram (Figure 3.16),
the decrease in the length of minor diameter, measured in pixels by the software, changed
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significantly (p<0.05) already with the use of the lowest concentration of MH, with a
decrease of 1.38 times compared to CTL spheroids.

Figure 3.16. MH, 5-Fu and their combination affect diameter, solidity and sphericity
parameters of single spheroids (AnaSP). Histograms of the estimation of the length of minor
diameter, solidity and sphericity of the single spheroids. Values are expressed as mean ± SD of three
independent evaluation (n=3). Different letters indicate significant differences (p<0.05).

Similar value, with the same significant difference (p<0.05) compared to the control
spheroids, was reported for the single colonspheres treated with MH 75 mg/mL (where the
smaller diameter decreases 1.4 times compared to the control) and with 5-Fu 100 μM (1.43
fold). As regards the combined treatment, at the lowest concentration there was a further
statistical difference (p<0.05) also compared to the other groups with a decrease of 1.91
times compared to not-treated spheroids. As for the last group, that of co-treatment at the
highest concentration tested, it can be seen from the histogram how this decreased extremely
(over 23 times compared to the control). This was because as can be seen both from the
images captured by the microscope (Figure 3.15A) and from the reconstruction of the binary
mask (Figure 3.15B), the spheroid is very tight in some point and the software calculates the
minor diameter detected in the image, which is precisely the smallest distance observed.
As regards as the solidity, it must be underlined that this parameter takes into
consideration the regularity of the surface of the spheroid. A tumor spheroid is considered
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"regular" and therefore more tumorigenic if the sphericity value is > 0.90 (Piccinini; 2015).
The CTL spheroids had a value of solidity index of 0.97 ± 0.02; the treatment with the lowest
concentration of MH (50 mg/mL) and that one with 5-Fu 100 μM lowered this index only
slightly, albeit statistically significantly (p<0.05) respect to the CTL, but did not lead to
going lower than the previously defined threshold; in fact spheroids treated with these two
concentration assumed values of 0.96 ± 0.01 and 0.93 ± 0.01 respectively. On the other hand,
when the spheroids were treated with the highest concentration of MH (75 mg/mL) the index
went below the threshold for which a spheroid is defined as "regular" even if slightly,
reaching the value of 0.89 ± 0.02. Higher differences and stronger criteria for which these
can be defined irregular, were achieved in the spheroids that were subjected to the
combination of the two compounds: in fact the solid index was 0.82 ± 0.04 and 0.61 ± 0.01
for the spheroids treated with 5-Fu 50 μM + MH 25 mg/mL and with 5-Fu 50 μM + MH
37.5 mg/mL, respectively.
According to the parameters of the spherical index value, the 3D tumor aggregates
are considered spherical only if the sphericity index (SI) is ≥ 0.90 and non-spherical if SI
<0.90 (Zanoni, 2016). In this work, the average of the SI of the untreated spheroids was SI=
0.94 ± 0.02. The treatment with the lowest concentration of MH slightly reduced this value
reaching a value of 0.92 ± 0.02 also with a statistically significant difference (p<0.05)
compared to control. Instead, a non-spheroid morphology was reached when the spheroids
were treated with all the other treatments. In particular, the treatment with 5-Fu 100 μM
brought the spheroids to reach a SI of 0.86 ± 0.02 and significantly different (p<0.05) from
the CTL, the spheroids treated with the highest concentration of MH lower the SI to 0.80 ±
0.02. Also in this case the combinatory treatments lead to a further decrease of this index,
assuming a certain synergy of the two compounds. The 5-Fu 50 μM + MH 25 mg/mL
treatment had an index equal to 0.70 ± 0.02, which was even halved with the treatment at
the highest concentration: 0.35 ± 0.02.
Other works have evaluated the effect of natural and non-natural compounds on
spheroids, through the evaluation of morphological parameters processed with different
software. The same software used in this work was used for example by Tan et al., (2019)
to evaluate the effect of curcumin on spheroids deriving from the HCT-116 cell line and it
was noted a decrease of their volume in a dose-dependent manner. Also in spheroids deriving
from renal carcinoma, some morphological parameters, such as the SI, the solidity and
roundness of the spheroids after treatment with doxorubicin (Amaral et al., 2017) were
evaluated and were found to have markedly decreased after treatment. Similarly, an image88
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based approach was used to assess the effect of preussin in spheroids deriving from different
breast cancer cell lines; through the AnaSP software it was evaluated how parameters such
as solidity and sphericity changed significantly decreasing (Malhão et al., 2019).
3.2.4. Physical analysis of treated colonspheres: MH, 5-Fu and their combination
affected mass density, weight, and diameter of spheroids (W8 analysis, CellDynamics)
As repeatedly stated, the description of in vitro drug cytotoxicity models for
monolayer cultures are abundant, but because the three-dimensional models, like the
spheroids, are models used mostly in the last scientific decade, new studies are still in place
that could lead to the definition of protocols useful for finding a standardized methodology
for drug in vitro testing. Several studies, and also this work, are focused on the analysis and
processing of the images obtained from the microscope with the use of mathematical models
that derive the shape and size of these spheroids, which basically give indirect information
about the main parameter to consider in the screening of drugs on spheroids: the spheroid
compactness. In fact, this feature has been shown to be closely correlated with tumor cell
invasiveness (Sodek et al., 2009). Up to now, the methods for determining the mass density
and weight of cells, corpuscles and molecules have been entrusted to methods such as
nanomechanical resonators. However, to be reliable, they must make use of vacuum, which
cannot be used for example for many biological samples and also there are limits in the size
of samples (Bryan et al., 2014) and the spheroids for example exceed these limits.
Subsequently, other methods have been used, such as an optically-induced electrokinetic
system or magnetic levitation which do not allow the analysis of samples of the size of the
spheroids. Recently, a flow-apparatus has been developed for these measurements which,
through the detection of the terminal velocity of free-falling spheroids in a dedicated flowchannel, is able to measure mass density, weight and diameter of spheroids accurately and
simultaneously (Cristaldi et al., 2020).
In this work, mass density, weight and diameter of the treated spheroids were
compared with untreated ones through this flow-apparatus (W8-CellDynamics). As can be
seen in the histogram in Figure 3.17, the mass density analysed varied in a statistically
significant manner (p<0.01) when the spheroids were treated with MH 50 mg/mL, in fact a
mass density of 1017 ± 2.5 fg/μm3 was found, compared to the control spheroids which
instead reported a measurement of 1021.6 ± 4.9 fg/μm3.

89

Chapter 3. Results and Discussion

Figure 3.17. MH, 5-Fu and their combination affect mass density, weight, and diameter of
spheroids (W8 analysis, Cell Dynamics). Histograms of the estimation of the mass density, weight,
and diameter of spheroids. Student’s t-test (two-tailed and heteroscedastic) was used to assess
statistical significance between the data of two conditions under testing. p-values: * 0.05; ** 0.01;
*** 0.001. The symbol (*, **, or ***) is refer to t-test compared to control. Values are expressed as
mean ± SD of 10 measurements for each spheroid for condition (≃ 20 spheroids for condition).

A greater statistically significant difference (p<0.001) was detected when the
spheroids were treated with the highest concentration of MH (75 mg/mL) and with the
highest concentration of the co-treatment (5-Fu 50 μM + MH 37.5 mg/mL), reporting
respectively values of 1016.5 ± 2.2 fg/μm3 and 1014.5 ± 2.5 fg/μm3. Regarding the other
two treatments, i.e. the use of chemotherapeutic drug alone and the lowest concentration of
co-treatment, no statistically significant differences were found compared to the CTL
spheroids; this does not assume that there were no effects of these, in fact it was observed a
great significant difference in weight and diameter parameters. In fact, since mass density is
a measurement that takes into account the relationship between two different variables
(weight and volume), this could means that the volume decreases much more than the
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weight. The observed values for these two treatment conditions were: 1020.0 ± 3.0 fg/μm3
for the 5-Fu 100 μM treatment and 1021.4 ± 2.3 fg/μm3 for the 5-Fu 50 μM + MH 37.5 mg
/mL condition.
Regarding the weight of the spheroids analysed (Figure 3.17), it was noted clear and
significant differences in all the treated spheroids, compared to those that had not received
any treatment. The latter appeared to have a weight of 2322 ± 922 ng, which statistically
decreased (p<0.01) when treated with the three different single treatments. In details, the
spheroids treated with 50 mg/mL of MH reached a weight of 1472 ± 515 ng (1.57 fold lower
than the control), those treated with the highest concentration of MH weigh, very similarly
to the previous, 1443 ± 786 ng (1.60 fold less than the CTL), those treated with the
chemotherapy alone, weigh slightly more than those treated with the two concentrations of
honey (1516 ± 510 ng), decreasing by 1.53 fold compared to the untreated spheroids.
Regarding the co-treatments, it was observed a greater significant statistical difference
(p<0.001) compared with control with values of 977 ± 332 ng for the lowest concentration
(1.32 times lesser than the control) and of 1174 ± 582 ng for 5-Fu 50 μM + MH 37.5 mg/mL
condition with a slightly higher value than the previous one of 1174 ± 582 ng, (1.26 fold
lower than the untreated spheroids). A synergistic effect of the two compounds used was
therefore also assumed in this case.
The last parameter evaluated by this analysis was the diameter (Figure 3.17), that was
significantly affected in all the spheroids treated comparing them with the control. The latter
showed an average diameter of 160 ± 22 μm, single treatments of both honey and 5-Fu led
to a statistically significant decrease (p<0.01) and with very similar values: the diameter of
the spheroids treated with MH 50 mg/mL equal to 138 ± 16 μm, to 138 ± 24 μm for MH 75
mg/mL and to 140 ± 16 μm for the chemotherapy alone. The reductions in diameter
compared to the control were respectively 1.16 fold for the first two treatments and 1.14 fold
for the chemotherapeutic agent. Also in this case, as for the weight analysis, the treatment of
the spheroids with the co-treatment, led to a greater statistically significant reduction
(p<0.001) in the diameter of the spheroids. In fact, the 5-Fu 50 μM + MH 25 mg/mL
condition led to a reduction of 1.32 fold compared to the control with a value of 121 ± 14
μm, and the higher one reduced the diameter by 1.27 times with a value of 126 ± 25 μm.
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3.2.5. Artificial honey had no effect on morphology of colonspheres enriched with
CSCs-like cells
To verify that this effect on the spheroids was not due to the high content of sugars
present in honey, a visual analysis of the images captured from the Leitz Fluovert FU (Leica
Microsystems) microscope of the spheroids treated with AH, prepared as described in
paragraph 2.2 was done. The same concentrations used for MH were used for AH, and in
addition, treatment with chemotherapeutic drug was carried out at a concentration of 50 μM
(not 100 μM, as it is needed as a comparison with the co-treatment with AH) and two cotreatments with the following concentrations: 5-Fu 50 μM + AH 25 mg /mL and 5-Fu 50 μM
+ AH 37.5 mg /mL.
As can be seen from the images (Figure 3.18), the use of both concentrations of AH
alone did not affect in any way the morphology of the spheroids, whose edge remain strong,
regular and well-defined without any loss of cells from the core of the spheroids.

Figure 3.18. Treatment of spheroids with artificial honey (AH), 5-Fu and their combination.
Representative images of spheroids untreated and treated with AH and 5-Fu alone or in co-treatment
(AH 50 mg/mL, AH 75 mg/mL, 5-Fu 50 μM, 5-Fu 50 μM + AH 25 mg/mL, 5-Fu 50 μM + MH 37.5
mg/mL). The images were captured with a Leitz Fluovert FU (Leica Microsystems) microscope.
Scale bar=100 μm.

In addition, some spheroids seemed to have larger dimensions than the control group.
When the 50 μM concentration of 5-Fu was used on the spheroids, a slight change in the
shape of the spheroids and in their outline could be noted, as was also noted in paragraph
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3.3. However, the size of the colonspheres did not seem to change significantly, as observed
previously. However, this condition was tested to see if a clear difference was noticed when
it was used in combination with the two concentrations of AH, as well as for MH to
hypothesize a synergistic effect with the sugars present in honey. As can be seen, although
in the two concentrations of co-treatment there was a difference in the shape of the spheroids
compared to the untreated spheroids, this difference was not noted when comparing the two
co-treatments with the chemotherapeutic drug alone. These results suggest that the
highlighted effect in this analysis was therefore attributable to the 5-Fu and not to its
combination with artificial honey. It can therefore be concluded that the effect observed in
the previous paragraphs with MH and with the combination of this honey with the
chemotherapeutic agent was not attributable to the sugar content present in MH. Similar
results were found by Afrin et al., (2018A), where artificial honey had no cytotoxic effects
on HCT-116 and LoVo colon cancer cell lines.
3.2.6. MH exhibited no-toxic effects on human colon fibroblast cell line CCD-18Co
Subsequently, human colon fibroblasts (CCD-18Co cell line) were used to verify that
MH concentrations were not toxic for non-tumor cells. The fibroblasts were treated with a
range of concentrations (0-100 mg/mL MH), which also included those used in this study,
and as can be seen from the graph (Figure 3.19) the percentage of viable cells, even with
increasing of MH concentrations did not go below the 86.4% with the 50 mg/mL
concentration. In some conditions the cell viability was even increased, for example, with
the concentration of 10 mg/mL of MH, where the cell viability reached the 112%. The noncytotoxic effect of the treatment was also highlighted by the fact that all the conditions used
did not show statistically significant differences (p<0.05) compared to the untreated cells
and that the estimated IC50 is much higher than the concentrations tested.
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Figure 3.19. Cell viability of human colon fibroblast cell line CCD-18Co treated with different
concentrations of MH. CCD-18Co cells were treated with different concentrations of MH (0-100
mg/mL) for 48 h. Cell viability was measured by using MTT assay and results were expressed as a
% of viable cells compared to control cells. Values are expressed as mean ± SD of three independent
evaluation (n=3). Different letters indicate significant differences (p<0.05).

The non-toxicity of honey in healthy cells was also found in other works and in
particular with MH on HDF fibroblast cell line (Afrin et al., 2018A) and with Gelam honey
on the same cell line tested in this experiment (T-Johari SAT et al., 2019).
3.2.7. Human colon fibroblast cell line CCD-18Co had not ability to form spheroids in
ultralow attachment wells in serum-free medium supplemented with specific growth
factors
In this study it was also evaluated if seeding CCD-18 human colon fibroblasts under
the same conditions in which HCT-116 were seeded, they could give the formation of
spheroids. Fibroblasts were seeded at different densities from 0.5 x 104 to 5 x 104 cells/well
in ultra-low attachment wells in serum-free medium and supplemented as described in
paragraph 2.10. After 10 days, as observed in Figure 3.20, no spheroid formation was
observed in all the conditions of cell density tested.
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Figure 3.20. Human colon fibroblast cell line CCD-18Co have not ability to form
spheroids in ultralow attachment wells in serum-free medium supplemented with specific
growth factors. Representative images of CCD-18Co human colon fibroblast cells cultured at
different concentrations (0.5-5 104cells/well) in low-attachment well with serum-free CSCs medium
at day 0 and after 10 days. The spheroids were not formed in any cell density seeded. The images
were captured with a Leitz Fluovert FU (Leica Microsystems) microscope

RESULTS AND DISCUSSION: PART III
3.3.

The effect of MH, -Fu and their combination in ROS intracellular accumulation

and apoptosis in colorectal CSCs-like from spheroids
In this part of the PhD thesis it will be firstly discussed the effect of different tested
treatments in ROS intracellular accumulation in colonspheres, investigated through Tali ™
Image-based Cytometer, and the possible involvement of the CD44 surface antigen, a typical
marker of CSCs. Subsequently, the effect of the treatments on the apoptosis of these CSCs95
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like, which have the capacity of survival ability, was examined. This was investigated first
through Tali ™ Image-based Cytometer and then with Human Apoptosis Antibody Array
for the evaluation of the expression of some proteins involved in apoptosis pathways.
3.3.1. MH, 5-Fu and their combination increase intracellular accumulation of ROS
in colorectal CSCs-like from spheroids
The production and accumulation of ROS in cancer cells has a dual role. On the one
hand, their excessive levels can be an important factor in various processes related to
tumorigenesis, such as metastasis and resistance to chemotherapeutic drugs, on the other
hand it has been observed in different studies that the accumulation of ROS at the
intracellular level could be a therapeutic target of some cancer cells (Liou et al., 2010). In
fact the ROS intracellular accumulation can induce cell death phenomena, such as apoptosis
or avoid the so-called "survival ability" characteristic of some neoplastic cells (RedzaDutordoir et al., 2016) and instead result not excessively toxic for the surrounding healthy
cells (Trachootham et al., 2009). If something is known in the scientific literature about the
behaviour of ROS in cancer cells, little is still understood about the effect and regulation of
these in the tumor subpopulation of CSCs (Shi et al., 2012). In fact, in this population it
would seem that there is a mechanism for which the CD44 surface protein, widely expressed
in CSCs and considered to be one of the identification markers also in colon CSCs-like,
would protect this population of chemoresistant cells from a too high ROS accumulation
(Ishimoto et al., 2011). This phenomenon could be explained, as schematized in Figure 3.21
by the fact that the surface antigen CD44 binds to the functional antiport system cystineglutamate (formed by xCT and CD98hC proteins), allowing a greater uptake of cystine and
therefore an intracellular accumulation of GSH which consequently causes a decrease in
ROS levels (Nagano et al., 2013).
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Figure 3.21. Graphical representation of the possible interaction between the presence of CD44
on the cell surface and the limited level of ROS in CSCs. CD44 binds to the functional antiport
system (formed by xCT and CD98hC) cystine-glutamate allowing a greater uptake of cystine and
therefore an intracellular accumulation of glutathione (GSH) which therefore causes a decrease in
ROS levels.

In this study, therefore, firstly the intracellular levels of ROS in CSC-s like deriving
from the colonspheres treated with the different conditions (MH 50 mg/mL, MH 75 mg/mL,
5-Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL) for 48 hours
and from the untreated ones were analysed and compared by using the CellROX® Orange
assay kit by Tali ™ Image-based Cytometer. Subsequently, the correlation between ROS
levels and CD44 was evaluated, together with the assessment of r the GSH levels in CSCslike deriving from treated and untreated colonspheres.
In the present study a significant increase (p<0.05) in intracellular ROS content was
outlined in the CSCs-like deriving from spheroids treated with all the conditions tested
compared to the CSCs-like deriving from CTL spheroids (17.25 % of ROS) (Figure
3.22A,B).
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Figure 3.22. MH, 5-Fu and their combination increase intracellular accumulation of ROS in
colorectal CSCs-like from spheroids. (A) Histogram of intracellular ROS (fold increase respect to
the control). Values are expressed as mean ± SD of three independent experiments (n=3). Different
letters in the same column indicate significant differences (p<0.05); (B) The spheroids were treated
with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 25
mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL) for 48 h and compared with not-treated spheroids (CTL).
Intracellular ROS accumulation in CSCs-like from spheroids was determined with CellROX®
Orange assay kit with TaliTM Image-Based Cytometer. Representative images of intracellular ROS
quantification are shown (stressed cells appear red, not stressed cells appear blue). Scale bar = 50
μm.

In particular, with both MH treatments, it was observed a very similar increase of
intracellular ROS content of 1.62 (24.5 %) and 1.63 (26 %) fold higher respect to the CTL.
The accumulation of intracellular ROS increased more with the treatment with the
chemotherapeutic agent alone (reaching a level of 2.13 fold more than the CTL with 34.5 %
of ROS). A result statistically similar to this one was obtained with the treatment with the
combination of 5-Fu 50 μM and the lower concentration of MH (25 mg/mL), with an
increase of ROS at intracellular level of 2.48 fold respect to the CSCs deriving from nottreated colonspheres and a 40.5 % of ROS. Also in this case the treatment of spheroids with
the higher combined treatment results to be more “effective” than the other treatments, with
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the 54.5 % of ROS (3.50 fold more than the CTL) suggesting a possible chemosensitizing
effect of MH against 5-Fu on CSCs-like deriving from spheroids.
The next step in this study was to assess whether there was a relationship, as
suggested by Ishimoto et al. (2011) and Nagano et al. (2013), between the presence of CD44
surface antigen on CSCs-like deriving from spheroids and the increased ROS production
found through TaliTM Image-Based Cytometer. The levels of CD44 gene expression were
evaluated by Real-Time PCR, furthermore, as regards as the evaluation of the gene
expression of this surface antigen characteristic of colon CSCs, this was also carried out on
cells deriving from a monolayer (2D) culture of HCT-116 to understand if its mRNA
expression change in CSCs-like deriving from spheroids, as already demonstrated and
discussed through Western-Blot in paragraph 3.2.1.
As can be seen from the graph shown in Figure 3.23A, there was a large statistically
significant difference (p<0.05) in the gene expression of the CD44 surface antigen between
the cells cultured in monolayer (2D) and the CSCs-like deriving from untreated
colonspheres, in fact, this characteristic marker of CSCs is expressed 1.35 fold less in the
2D group respect to the CTL.

Figure 3.23. Effect of MH, 5-Fu and their combination on mRNA expression of CD44 in
colorectal CSCs-like from spheroids and the relationship between its expression and ROS
production. (A) mRNA expression of CD44 was analyzed by Real-Time PCR in cells deriving from
monolayer culture (2D) and cells (CSCs-like) deriving from spheroids not-treated (CTL) or treated
with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 25
mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h). Values are expressed as mean ± SD of three
independent experiments (n=3). Different letters in the same column indicate significant differences
(p<0.05); (B) Graphical representation of the relationship between the level of CD44 and ROS
accumulation in CSCs from not-treated spheroids or treated with the different conditions.

There was no statistical difference compared to the control when the spheroids were
treated with MH at the concentration of 50 mg/mL, instead when the colonspheres were
treated with the highest concentration of MH (75 mg/mL) CD44 was expressed 1.22 fold
less than untreated CSCs-like, showing a significative difference (p<0.05). When the
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spheroids were treated with chemotherapeutic agent alone, a significant difference (p<0.05)
compared to the control was noted, the gene expression of CD44, however, at a numerical
level, is only 1.01 fold lower than the control. More evident statistical differences (p<0.05)
were found when the colonspheres were treated with the combined conditions with an even
more marked decrease in its expression when the highest concentration of MH was used in
combination with 5-Fu. In particular, the gene expression of CD44 decreased 1.62 fold in
CSCs-like treated with 5-Fu 50 μM + MH 25 mg/mL and 1.91 fold when they were treated
with 5-Fu 50 μM + MH 37.5 mg/mL.
If the fold increases resulting from the analysis of the intracellular accumulation of
ROS and from the gene expression of CD44 are plotted, it is possible to notice that there is
an inversely proportional trend (Figure 3.23B), that effectively confirmed the association
between the presence of CD44 on the CSCs-like surface and a lower accumulation of ROS
and that the tested treatments in this study, in particular the combinatory ones could act at
this level.
As described above and highlighted in Figure 3.24, the interaction between CD44,
functional antiport system cystine-glutamate and ROS production is mediated by GSH,
whose synthesis in CSCs would seem to be conditioned by this system. CSCs exhibit
elevated levels of GSH and related enzymes (Peng et al., 2019). Natural compounds such as
phenethyl isothiocyanate (Wang et al., 2017A) and β-phenylethyl isothiocyanate
(Trachootham et al., 2006) have been shown to negatively influence GSH levels and
enzymes related to its metabolism, targeting selectively CSCs-like without affecting normal
cells.
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Figure 3.24. Effect of MH, 5-Fu and their combination on GSH levels in colorectal CSCs-like
from spheroids and the relationship between this level, ROS production and CD44 expression.
(A) Histogram of the GSH content (ng/μg protein); it was analyzed by spectrophotometric assay in
CSCs-like deriving from spheroids not-treated (CTL) or treated with different conditions (MH 50
mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL
for 48 h). Values are expressed as mean ± SD of three independent experiments (n=3). Different
letters in the same column indicate significant differences (p<0.05); (B) Graphical representation of
the relationship between the level of GSH level and ROS accumulation in CSCs from spheroids nottreated or treated with the different conditions; (C) Graphical representation of the relationship
between the level of GSH level and CD44 gene expression in CSCs from spheroids not-treated or
treated with the different conditions.

In this study the GSH levels in CSCs-like deriving from untreated or treated
spheroids with the different conditions were therefore evaluated with spectrophotometric
analysis (MH 50 mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5Fu 50 μM + MH 37.5 mg/mL). Subsequently, the fold increase of GSH levels with respect
to the control spheroids were correlated to both the fold increase in ROS production and that
of CD44 gene expression.
As can be seen from the histogram in Figure 3.24A, the amount of GSH decreased in
a statistically significant manner (p<0.05) with all treatments, compared to CSCs-like
deriving from untreated spheroids, which had a GSH content of 251.23 ± 5.01 ng/µg protein.
When the spheroids were treated with both concentrations of MH alone, there was a
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significant decrease (p<0.05) respect to the control, specifically of 1.16 fold when treated
with MH 50 mg/mL (with a quantity of GSH of 216.42 ± 2.10 ng/µg protein) and similarly
of 1.17 fold when the spheroids were treated with MH 75 mg/mL (213.83 ± 2.33 ng/µg
protein). A more evident decrease in GSH levels occurred when the spheroids were treated
with 5-Fu alone, its levels (189.78 ± 1.42 ng/µg protein) was in fact 1.32 fold lower than the
CSCs-like deriving from untreated spheroids. Also in this case, the co-treatment of the
colonspheres with chemotherapeutic agent and honey further decreased the levels of GSH
present in CSCs-like, exactly of 1.48 fold for the 5-Fu 50 μM + MH 25 mg/mL (169.77 ±
8.48 ng/µg protein) and of 1.68 fold for the 5-Fu 50 μM + MH 37.5 mg/mL treatment (149.59
± 1.02 ng / µg protein).
Analysing the relationship between the levels of GSH and the other protagonists of
the functional antiport system cystine-glutamate i.e. ROS level and CD44 gene expression,
it was evident a proportional relationship. In detail, observing Figure 3.24B, it is possible to
observe how this graph is extremely similar to that one showed in Figure 3.23B, which
plotted ROS levels with CD44 gene expression. Also in this case, in fact there was an
inversely proportional relationship between the levels of GSH, which was lowered in the
treated spheroids, and the intracellular ROS accumulation, which instead increased with the
treatments used. This result could therefore be explained and confirmed by the fact that GSH
levels would seem to have a relationship directly proportional to those of CD44 gene
expression, as shown in the graph (Figure 3.24C). These results would therefore seem to
suggest and speculate that the effect observed in the increased ROS production following
the treatment of the spheroids with MH, 5-Fu, but, above all, with the conditions of cotreatment, was dependent on this functional antiport system cystine-glutamate.
The role of the cystine-glutamate antiporter in CSCs as a potential target of anticancer therapies has also been highlighted in some other works. For example, Ruiu et al.
(2019) observed in tumorspheres enriched with CSCs-like from Her2+ breast cancer cell line
that the xCT transmembrane protein of this system could be an important target of potential
vaccines. The one tested in their study inhibited the growth of these CSCs-like and increased
sensitivity to doxorubicin as well as avoiding lung metastatization in mice in vivo. Wang et
al. (2017) observed that phenethyl isothiocyanate and its analogue are able to inhibit CSCslike deriving from A549 lung cancer cell line through this system. In fact, a clear
downregulation in GSH levels was observed, which subsequently led to an increased
accumulation in intracellular ROS levels, and this effect was also associated with the
downregulation of some typical markers of CSCs such as Oct4, ABCG2 and Sox2. An up102
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regulation of this antiport system was also observed and investigated in spheroids enriched
with CSCs-like from U251 glioblastoma cell line. In this study, this upregulation was
associated with lower ROS production and greater resistance of these cells to the
antineoplastic drug temozolomide (Polewski et al., 2017). Similarly, in radio-resistant
murine melanoma B16F10 cells it has been shown that sulfasalazine, an inhibitor of xCT,
decreases GSH level by increasing the sensitivity of these cells to radiotherapy (Nagane et
al., 2018). Comparably, and with the same mechanism, similar results have been
demonstrated in human breast CSCs-like enriched from different cell lines (Rodman et al.,
2016; Hasegawa et al., 2016) treated with sulfasalazine.
3.3.2. The effect of MH, 5-Fu and their combination on apoptosis in colorectal CSCslike from spheroids
Resistance to cell death phenomena, such as apoptosis, is a typical feature of cancer
cells in general, but even more peculiar to CSCs, where it also contributes to increase the
extensively studied and proven chemoresistance in this cell niche. Basically, there are three
main mechanisms that lead to apoptotic phenomena, one is the intrinsic or mitochondrial
pathway the second one is that of the extrinsic pathway, mediated by membrane receptors,
and the last one is mediated by the endoplasmic reticulum (Safa et al., 2016). In this work
the first two have been studied in depth and are schematized in Figure 3.25.

Figure 3.25. Schematic representation of intrinsic and extrinsic apoptosis. In the intrinsic (or
mitochondrial) apoptosis, exogenous or endogenous stimuli can trigger the cells in apoptosis. This
process is regulated by the ratio of pro and anti-apoptotic proteins and results in a release of
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cytochrome C and SMAC from mitochondria to the cytosol, where cytochrome C can bind to
apoptosome activating Procaspase 9 in Caspase 9, that is able to activate effector caspases (3,7);
SMAC is an inhibitor of X-linked inhibitor of apoptosis protein (XIAP). The extrinsic pathway
begins with the binding between ligand and receptor that leads to the recruitment of some death
domain proteins that start the process of activation of caspase 8, leading to the activation of caspases
3/7 and resulting in apoptosis. UV: ultraviolet; ROS: reactive oxygen species; TNF-α/β: Tumor
Necrosis Factor α/β; FasL: Fas Ligand; TRAIL: TNF-Related Apoptosis-Inducing Ligand; TNF-R:
Tumor Necrosis Factor Receptor; TRAILR: TNF-Related Apoptosis-Inducing Ligand Receptor;
FADD: FAS-associated death domain protein; TRADD: TNFR1-associated death domain protein;
Bcl-2: B-cell lymphoma-2; Bad: Bcl-2-antagonist of cell death; Bax: Bcl-2-associated X protein;
BID: BH3 interacting-domain death agonist; BIM: Bcl-2-like protein 11; Bcl-w: B-cell lymphomaw; Bcl-xl: B-cell lymphoma-extra-large; XIAP: X-linked inhibitor of apoptosis protein; SMAC:
second mitochondria-derived activator of caspases.

The extrinsic apoptotic pathway begins with the binding of a ligand TNF-α/β, Fas
Ligand (FasL), TNF-Related Apoptosis-Inducing Ligand (TRAIL)) to the corresponding
receptor (Tumor Necrosis Factor Receptor (TNF-R), Fas, TNF-Related Apoptosis-Inducing
Ligand Receptor (TRAILR)). This interaction leads to the recruitment of FAS-associated
death domain protein (FADD) or TNFR1-associated death domain protein (TRADD), which
activate a series of processes that lead to the activation of procaspase 8 in caspase 8 through
an autocatalytic reaction. From this caspase, a cascade process is activated, that leads to the
activation of the effector caspases including 3 and 7.
In mitochondrial-mediated apoptosis, which is activated by different exogenous and
endogenous stimuli (chemotherapy, radiotherapy, UV rays, ROS, DNA damage), the main
protagonists are part of the Bcl-2 protein family, which basically regulate the permeability
of the outer mitochondrial membrane and includes both pro-apoptotic (Bcl-2-antagonist of
cell death (Bad), Bcl-2-associated X protein (Bax), Bcl-2-like protein 11 (BIM), BH3
interacting-domain death agonist (BID)) and anti-apoptotic members such as Bcl-2, B-cell
lymphoma w (Bcl-w) and Bcl-xl. If pro-apoptotic signals abound, factors such as
cytochrome C and second mitochondria-derived activator of caspases (SMAC), also called
DIABLO, are released from the mitochondria and when reach the cytosol, trigger apoptotic
phenomena. cytochrome C binds to procaspase 9 promoting its self-activation in caspase 9,
which in turn is able to activate effector caspases, such as 3 and 7. SMAC/DIABLO, on the
other hand, promote apoptosis acting as inhibitors of one member of the IAPs, X-linked
inhibitor of apoptosis protein (XIAP), that if is over-expressed can inactivate the inhibitory
activity of SMAC (Qin et al., 2016). Among the other IAPs there are Survivin, and Livin
(called also Melanoma Inhibitor of Apoptosis (ML-IAP)), those can in turn inhibit SMAC
activity (Galluzzi et al., 2018). It would seem that CSCs evade the apoptotic phenomenon
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through different mechanisms including the presence of an unbalanced relationship between
pro and anti-apoptotic proteins, a dysregulation in the membrane receptors and ligands of
the extrinsic pathway and an up-regulation in the levels of the IAPs (Safa et al., 2016), which,
as will be amply illustrated below, would seem to be the preferential modality by which MH
and the combination of MH and 5-Fu act against CSCs-like deriving from colonspheres
where an increase in apoptotic cells was found.
First of all, with TaliTM apoptosis assay kit with the Tali ™ Image-based Cytometer
the number of live, apoptotic and dead cells was analysed in CSCs-like deriving from
untreated colonspheres or subjected to different treatments for 48 hours. As can be seen in
Figure 3.26, the percentage of apoptotic cells increased significantly (p<0.05) and in a dose
dependent manner when the tumorspheres were treated with MH alone. In fact, in CTL there
was a percentage of apoptotic cells equal to 26.33 ± 1.53 %, this significantly (p<0.05)
increased of 1.22 fold when spheroids were treated with the concentration of 50 mg/mL MH
(reaching the 32.00 ± 1.00 % of cells in apoptosis) and of 1.47 fold when they were instead
treated with the highest concentration of honey (75 mg/mL), reaching a percentage of 38.67
± 1.52 %. When the spheroids were treated with chemotherapeutic agent alone, the cells in
apoptosis did not increase, in fact there was instead a slight decrease in the percentage of
apoptotic cells of 0.96 fold compared to cells deriving from untreated spheroids, reaching a
percentage of 25.33 ± 1.53 % , even if it must be considered that the percentage of dead cells
significantly (p<0.05) increased both with respect to the control and with respect to only two
concentrations of honey alone, suggesting that other cell death phenomena were involved.
This trend of the increase of dead cells was maintained in the colonspheres treated with the
combination of treatments, where, however, in parallel the apoptotic cells also significantly
increased (p<0.05) compared to the CTL. In the combination of the chemotherapeutic agent
with the lowest concentration of honey there was an increase of 1.28 fold of the apoptotic
cells which were the 33.67 ± 1.15 %, while with the highest concentration of MH (37.5
mg/mL) in combination with 5-Fu, apoptotic cells increased by 1.73 fold, reaching a
percentage equal to 45.33 ± 1.52%.
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Figure 3.26. The effect of MH, 5-Fu and their combination in apoptosis. The spheroids were
treated with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH
25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL) for 48 h and compared with not-treated spheroids (CTL).
(A) Histogram representing live, apoptotic and dead cells in CSCs-like from spheroids compared to
the CTL. (B) Representative images established staining cells with Annexin Alexa Fluor® 488 and
PI and processing these with TaliTM Cytometer. Blue represents live cells, green apoptotic cells and
red or yellow dead cells. Values are expressed as mean ± SD of three independent experiments (n=3).
Different letters in the same column indicate significant differences (p<0.05). Scale bar = 50 μm.

The effect on apoptosis was found to be increased above all in the CSCs-like deriving
from the spheroids treated with combined treatments, assuming also in this case a
chemosensitizing effect of honey since the evasion from the phenomena of cell death like
apoptosis contribute to the chemoresistance of CSCs.
Then, the antibody membrane array (ab134001, Abcam) was used, which allowed
the study of the expression of different proteins involved in apoptotic processes and this
analysis was performed in 4 of the 6 treatments used, choosing the most representative ones:
CTL, MH 75 mg/mL, 5-Fu 100 μM and 5-Fu 50 μM + MH 37.5 mg/mL to try to understand
where the treatments acted.
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In the next paragraphs the analysed proteins will be discussed, grouping them by
mechanisms of action, in a first analysis (Figure 3.27), which involves the proteins of the
intrinsic-mitochondrial apoptotic pathway. It is possible to observe how the expression of
the proteins of the Bcl-2 family changed, both the anti-apoptotic (Bcl-2, Bcl-w), and the pro
apoptotic (Bad, Bax, BID, BIM) ones and of those factors released by mitochondria, such as
cytochrome C and SMAC.

Figure 3.27. Human Apoptosis Antibody Array. The spheroids were treated with different
conditions (MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 37.5 mg/mL) for 48 h and compared
with not-treated spheroids (CTL). In evidence (colored rectangles) the proteins involved in the
intrinsic/mitochondrial pathway of apoptosis. Bcl-2: B-cell lymphoma-2; Bad: Bcl-2-antagonist of
cell death; Bax: Bcl-2-associated X protein; BID: BH3 interacting-domain death agonist; BIM: Bcl2-like protein 11; Bcl-w: B-cell lymphoma-w; SMAC: second mitochondria-derived activator of
caspases.

Figure 3.28 shows the histograms relative to the quantification of the protein spots,
highlighted by the coloured rectangles in Figure 3.27, appropriately normalized with the
positive control spots and compared with the control, represented by the CSCs-like deriving
from the untreated colonspheres (the calculation is described in the paragraph 2.18).
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Figure 3.28. The effect of MH, 5-Fu and their combination on intrinsic apoptosis pathway in
spheroids. The expression of Bad, Bax, BID, BIM, Bcl-2, Bcl-w, Cytochrome C and SMAC was
determined by Human apoptosis membrane array. Positive spots were used as a loading control and
for normalization. All data shown are the mean ± SD of two different spots. Different superscripts
letter for each column indicate significant differences (p<0.05). Bcl-2: B-cell lymphoma-2; Bad: Bcl2-antagonist of cell death; Bax: Bcl-2-associated X protein; BID: BH3 interacting-domain death
agonist; BIM: Bcl-2-like protein 11; Bcl-w: B-cell lymphoma-w; SMAC: second mitochondriaderived activator of caspases.

As can be observed (Figure 3.28), significant changes (p<0.05) were noted,
compared to the control, in the expression levels of all proteins belonging to the Bcl-2 family.
In particular, the pro-apoptotic protein Bad was downregulated, resulting significantly
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different from the CTL (p<0.05), when the colonspheres were treated with all three
conditions tested, resulting 2.39 fold lower than the CSCs-like deriving from CTL when
these were treated with MH alone (75 mg / mL), 1.45 fold less expressed in the spheroids
treated with the chemotherapeutic agent and similarly, 1.66 fold lower in those treated with
the combination of the two compounds (5-Fu 50 μM + MH 37.5 mg/mL). Similarly, the
other pro-apoptotic protein Bax was also less expressed with statistically significant
differences (p<0.05) in cells deriving from the treated spheroids compared to the control and
in particular it decreased by 1.48 fold when treated with honey alone, 1.17 fold with 5-Fu
and 1.77 times when the combined treatment. Similarly, this also happened for the other two
pro-apoptotic proteins analysed, BID and BIM, which had a very similar trend and with
statistically significant differences (p<0.05). In particular, the protein expression of BID was
found to be 4.47 fold lower than the CTL in CSCs-like deriving from spheroids treated with
MH alone, 1.49 times when treated with 5-Fu and 2.28 fold when treated with the
combination of these. Regarding BIM, a very similar trend was noted: the decrease in its
expression was 3.83 fold when CSCs-like deriving from spheroids were treated with honey
alone, 1.54 fold when these were treated with only 5-Fu and 2.70 times when treated with
MH and chemotherapeutic agent. At a first analysis it would therefore seem that the proapoptotic proteins were downregulated with the different treatments, finding a sort of
incompatibility with the data observed in flow cytometry where the percentage of apoptotic
cells was shown to be increased with the treatments. To observe whether the effect derives
from the intrinsic pathway it is necessary to observe also the levels of the antiapoptotic
proteins and an even more indicative index would be to estimate the relationships that exist
between the pro-apoptotic and anti-apoptotic proteins, associations that have been
considered in this study and which will be shown later. Returning to the analysis of the
expression of the proteins involved in the intrinsic pathway of apoptosis and taking into
consideration the anti-apoptotic proteins, in fact, a statistically significant downregulation
(p<0.05) could be observed in all treatment conditions (except for Bcl-w for the treatment
with 5-Fu) when compared to the control spheroids, with a trend similar to that observed in
the expression of pro-apoptotic proteins. Regarding Bcl-2, there was a decrease in the
expression level of 1.60 fold when the colonspheres were treated with MH alone, 1.38 fold
when treated with 5-Fu and 1.52 fold when treated with the combination of these. For Bclw there was also a statistically significant (p<0.05) downregulation of protein expression
both for treatment with MH 75 mg/mL (with a decrease in expression of 1.80 fold compared
to CTL) and with the combination of MH + 5-Fu (twice lower than the CSCs-like deriving
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from untreated spheroids). Treatment with chemotherapeutic agent alone led to a decrease
in protein expression of 1.13 fold, however, it did not result in a statistically significant
change (p<0.05) compared to that highlighted in the control.
Regarding the release of the two mitochondrial cofactors, cytochrome C and SMAC,
it can be observed that, as regards the first, although noting a slight increase, the expression
levels did not change in a statistically significant manner (p<0.05) when the spheroids were
treated with the different conditions. With regard to SMAC expression levels, a decrease in
the levels of this mitochondrial protein was noted which, however, was not significant for
the evaluation of a hypothetical induction of apoptosis in terms of its inhibitory activity
against IAPs, in particular of XIAP; in fact several factors would seem to be involved,
including an its inhibition by the other IAPs members, such as Survivin and Livin, but also
by XIAP itself when overexpressed (Qin et al., 2016, Park et al., 2019, Ma et al.,2006). As
previously discussed, in the evaluation of the intrinsic pathway, a preferable index is the
evaluation of the relationships that exist between pro and anti-apoptotic proteins. In this
work, the different relationships that can occur between these members of the Bcl-2 family
have been analysed. Observing the graphs (Figure 3.29), it can be seen that these
relationships, with the exception of the BIM/Bcl-2 ratio, did not change statistical
significantly (p<0.05) in any condition, speculating that the observed pro-apoptotic effect of
the treatments on the CSCs-like was not due to an interaction of these at this level. Bax and
Bcl-2 are the most representative members of this protein family and play a key role in the
progression and inhibition of the mitochondrial apoptotic pathway. The significance of the
evaluation of the relationship between these two factors has also been demonstrated in
colorectal cancer, where different values have been correlated, for example, to a different
tumor location and to the age of patients (Khodapasand et al., 2015). Regarding the
relationship between BID and Bcl-2 expression, it has been observed that an unbalanced
relationship towards Bcl-2 may be correlated with more advanced cancer staging in gastric
tumors (Gryko et al., 2014). For the other two interactions (with BIM and BAD) with the
main anti-apoptotic protein, there are no studies in the scientific literature that correlate an
imbalance state with any predictive factor. The ratio of the other antagonist protein (Bcl-w)
was only studied against BAX as it would appear not to interact with the other pro-apoptotic
proteins analysed in this study (Hartman et al., 2020; Tan et al., 2000).
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Figure 3.29. The ratio between pro and anti-apoptotic Bcl-2 members. The ratio between pro
and anti-apoptotic proteins was evaluated. Different superscripts letter for each column indicate
significant differences (p<0.05). Bcl-2: B-cell lymphoma-2; Bad: Bcl-2-antagonist of cell death;
Bax: Bcl-2-associated X protein; BID: BH3 interacting-domain death agonist; BIM: Bcl-2-like
protein 11; Bcl-w: B-cell lymphoma-w.

After examining the mitochondrial apoptotic pathway, the expression of some
proteins involved in the extrinsic apoptotic pathway will be discussed in the next paragraphs,
including membrane proteins that act as receptors, such as Fas-R, TNF-R, TRAIL-R and
CD- 40R, the ligands TNF-α, TNF-β, TNF-R, Fas-L and CD-40L and two Caspases, 8 and
3 (Figure 3.30).
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Figure 3.30. The effect of MH, 5-Fu and their combination on extrinsic apoptosis pathway and
caspases on spheroids. (A) Human Apoptosis Antibody Array. The spheroids were treated with
different conditions (MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 37.5 mg/mL) for 48 h and
compared with not-treated spheroids (CTL). In evidence (colored rectangles) the proteins involved
in the extrinsic pathway of apoptosis and caspases. The expression level of Fas-L, Fas-R, TNF-α,
TNF-β, TNF-R1, TNF-R2, TRAIL-R1, TRAIL-R2, TRAIL-R3, TRAIL-R4, CD-40L, CD-40R,
Caspase 8 and Caspase 3 was determined by Human apoptosis membrane array. Positive spots were
used as a loading control and for normalization. (B) All data shown are the mean ± SD of two
different spots. Different superscripts letter for each analyzed protein indicated significant
differences (p<0.05) between the different conditions of spheroids. TNF-α: tumor necrosis factor
alpha; TNF-β: tumor necrosis factor beta; TNF-R1/R2: tumor necrosis factor receptor 1/2; TRAILR1-4: TNF-related apoptosis-inducing ligand receptor 1-4; Cas 3/7: Caspase 3/7.

As can be seen in Figure 3.30, as regards as the levels of protein expression of Fas L and Fas-R, it was observed that the Fas ligand decreased when the spheroids were treated
with the different conditions and in particular there was a statistically significant decrease
(p<0.05) of 1.39 fold when the colonspheres were treated with honey alone, of 1.16 fold
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when treated with chemotherapeutic agent and of 1.36 fold when treated with the
combination of these. As for Fas-R, however, no statistically significant change (p<0.05)
was noted compared to the control when the spheroids were treated only with honey, a
statistically significant increase was instead noted when the colonspheres were treated with
5-Fu alone (1.36 fold increase) or in association with MH (1.38 more expressed than the
control). This response would therefore seem to be attributable to the chemotherapeutic
agent without a synergistic effect of honey, as shown by some studies that have demonstrated
an increase in the expression of this receptor as a consequence of the intake of 5-Fu in
patients with colorectal cancer (Backus et al., 2001, Houghton et al., 1997).
Regarding TNF-related apoptosis, which involves all those proteins that are
highlighted in Figure 3.30 by red and yellow rectangles (TNF-R, TRAIL-R TNF-α, TNF-β,
TNF-R, CD-40), it has been observed that this extrinsic pathway has less impact on the
induction of apoptosis respect to the one mediated by Fas (Furuichi et al., 2012). In the
present study it was observed that some of these proteins belonging to the TNF family were
downregulated, and this could be due to the powerful anti-inflammatory activity of the
polyphenols present in honey: indeed, it is also important to consider that the NF-κB pathway
that involves several of the analysed proteins, mediates the inflammatory response and in
some cancers it has the ability to give resistance to apoptosis, as well as it plays an important
role in regulating cancer angiogenesis and invasiveness (Fan et al., 2013A). Going into the
details, it was observed that the TNF-α expression was statistical significantly reduced
(p<0.05) with all the treatments used; in the CSCs treated with honey alone it decreased 1.61
fold compared to the control, 1.28 fold when treated with 5-Fu and 1.74 fold when the
colonspheres were treated with the combined treatment. Regarding the other
proinflammatory cytokines that also acts as a ligand in the TNF-mediated extrinsic apoptosis
pathway, there was no significant change in the expression levels when the tumorspheres
were treated with honey alone, there was a statistically significant slight decrease (p<0.05)
when these were instead treated both with the chemotherapeutic agent alone (1.15 fold) and
with its combination with MH (1.36 fold). For the receptors involved in this apoptotic
pathway, the greatest difference was noted in the protein expression of TNF-R1, where
above all the treatment with honey alone led to a decrease in expression compared to CSCs
deriving from untreated spheroids of 12.84 fold (p<0.05). Treatment with chemotherapy
alone led to a reduction of 1.35 fold, while the combined treatment of 3.01 times. On the
other hand, no statistically significant differences (p<0.05) were observed in the expression
113

Chapter 3. Results and Discussion

of TNF-R2. The ligand of TRAIL and various isoforms of TRAIL-R, which act as receptors,
also belong to the TNF-protein superfamily; in this study the protein expression of different
TRAIL receptor isoforms was analysed; for isoform 1 (TRAIL-R1) and TRAIL-R3, no
statistically significant differences (p<0.05) were noted between the untreated spheroids and
those treated with any of the conditions tested, while, for both TRAIL-2 and TRAIL-4,
statistically significant differences (p<0.05) were noted only when honey was present in the
treatment, either alone or in combination with chemotherapeutic agent. 5-Fu when used
alone did not cause statistically significant changes (p<0.05) in the expression of TRAILR2, while it caused a slightly increase (p<0.05) of 1.30 fold in the expression of TRAIL-R4
compared to the control. For TRAIL-R2 there was a decrease of 1.38 fold compared to the
control when the spheroids were treated with MH alone and of 1.31 fold when treated with
the combination of chemotherapeutic agent and honey. Regarding TRAIL-R4, the decrease
in CSCs deriving from spheroids treated only with honey was of 1.30 fold and of 2.12 fold
when they were treated with the combination. There are two other members that are part of
the TNF superfamily which are CD-40L and CD-40R which are the ligand and receptor
respectively. A statistically significant (p<0.05) change in ligand expression levels was not
observed in this study, while a statistically significant (p<0.05) increase in receptor
expression was observed when the spheroids were treated with 5-Fu alone (increase of 1.30
fold compared to the control) or with the combined treatment (1.43 more expressed than the
CTL).
Observing the expression levels of caspases (in the kit used in this work, for caspase
8 the respective pro-form is also evaluated) (Figure 3.30), which are the proteins that mediate
apoptotic processes and in particular caspase 8 is an initiator caspase, while caspase 3 is
considered an effector one, it is noted that both were downregulated in the treatments, in
particular in those in which honey was present alone or in combination with the
chemotherapeutic agent. Specifically, the expression levels of caspase 8 were lowered by
5.40 fold (p<0.05) when the spheroids were treated only with honey, by 1.27 fold when they
were treated with the chemotherapeutic agent and by 2.76 fold with the combined treatment.
Regarding the effect of the tested treatments on effector caspase 3, it was observed that 5Fu alone increased the expression levels by 1.47 fold compared to the control, suggesting
that the effect observed in the increase of percentage of apoptotic cells with the
chemotherapeutic agent alone was due to an increase in the expression levels of this caspase,
probably mediated by Fas-L/Fas-R pathway. For the treatments with honey (alone or in
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combination with 5-Fu), a downregulation in the levels of caspase 3 compared to the control
was noted, in particular of 1.57 fold when the spheroids were treated with only MH and of
1.50 fold when they were subjected to the combined treatment, speculating that the observed
effect in increasing apoptosis in CSCs-like was not due to this process.
As observed in the previous analysis of the expression levels of caspases and in
particular of the effector caspase 3, it was noticed that the levels of this protein are higher in
the CSCs-like deriving from the control spheroids and in those subjected to treatment with
chemotherapeutic drug, therefore the observed effect in inducing apoptosis by treatments
with MH and 5-Fu + MH was not due to the direct activation of the effector caspase. It is in
fact very important to consider that there are other factors able to influence the regulation of
apoptosis. Normal non-tumor cells are very sensitive to an activation of apoptosis directly
mediated by the activation of caspase 3 (Yang et al., 2003), while for the tumor cells and
even more CSCs, the factor that must be taken into consideration is an up-regulation of some
antiapoptotic factors such as IAPs (Chen et al., 2016), insulin-like growth factor (IGFs)
(Javed et al. ., 2020) and heat shock proteins (HSPs) (Lettini et al., 2020) which confer a sort
of insensitivity state to caspase 3 mediated activation. In this section the protein expression
level of these factors will be analysed to investigate if the observed pro-apoptotic effect of
treatments was due to a downregulation of these factors.
The members of the IAPs family are characterized by a conserved region called
baculoviral IAP repeat (BIR) and a RING domain (Reed, 1999). The BIR region binds to
the active caspases, inactivating them, while the RING domain allows and facilitates the
ubiquitination and degradation of these caspases (Huang et al., 2001). An up-regulation of
IAPs in tumor cells is correlated with a greater chemoresistance and radioresistance,
therefore with a poor clinical outcome (Rathore et al., 2017) and this has also been confirmed
in colon cancer (Miura et al., 2011). The first IAP considered in this study was the cellular
inhibitor of apoptosis protein-2 (cIAP-2), which is the only IAP that is part of the TNFsignaling pathway (Rothe et al., 1995). We do not find statistically significant differences
(p<0.05) from the point of expression between the control spheroids and treated spheroids
for this IAP (Figure 3.31).
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Figure 3.31. The effect of MH, 5-Fu and their combination on the protein expression of
inhibitors of apoptosis. (A) Human Apoptosis Antibody Array. The spheroids were treated with
different conditions (MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 37.5 mg/mL) for 48 h and
compared with not-treated spheroids (CTL). In evidence (colored rectangles) some proteins that have
inhibitory activity on apoptosis. The expression level of c-IAP2, Livin, Survivin, XIAP, IGF-I, IGFII, HSP-27, HSP-60 and HSP-70 was determined by Human apoptosis membrane array. Positive
spots were used as a loading control and for normalization. (B) All data shown are the mean ± SD of
two different spots. Different superscripts letter for each analyzed protein indicated significant
differences (p<0.05) between the different conditions of spheroids. cIAP-2: cellular inhibitor of
apoptosis protein-2; XIAP: X-linked inhibitor of apoptosis; IGF-I/II: insulin-like growth factor-I/II;
IGF-IR: insulin-like growth factor-I -receptor; HSP-27-60-70: heat shock protein 27-60-70.
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Moving on to the observation of the other IAPs (Figure 3.31), it was noted that the
protein expression of Livin (called also ML-IAP), which is able to bind and inhibit the
activity of both SMAC and caspases 3 and 7 (Chang and Schimmer, 2007), remained
statistically unchanged (p<0.05) when the spheroids were treated with 5-Fu, while it
significantly decreased (p<0.05), when these were treated with honey alone (the expression
decreases by 1.39 times) or with the combination of honey and chemotherapeutic drug, with
a decrease from the control of 1.57 fold. Survivin instead acts in upstream of the effector
caspases by inhibiting the activity of caspase 9 (Kelly et al., 2011). It can be observed in
Figure 3.31, that this IAP was overexpressed in CSCs deriving from untreated colonspheres,
single treatment with both honey and 5-Fu alone led to a similar significant reduction
(p<0.05), respectively of 2.24 and 2.10 fold compared to the CTL. Co-treatment led to a
further net reduction of 4.29 fold lower than untreated spheroids. As for the latest IAP
analysed, XIAP, it is known that it is able to inhibit both caspase 9, effector caspases 3 and
7, as well as block the inhibitory activity of SMAC (Li et al., 2004), conferring
chemoresistance also to colorectal cancer cells (Flanagan et al., 2015). In this work, this IAP
was found to be downregulated when colonspheres were treated with MH (of 1.49 times
compared to CTL) and even more when they were treated with MH + 5-Fu (with a decrease
of 2.11 fold compared to CSCs- like untreated). No statistically significant (p<0.05) changes
were observed when the spheroids were treated with chemotherapeutic agent alone.
In scientific literature there are other works that have observed an induction of
apoptosis by some polyphenolic compounds due to the downregulation of these proteins. For
example, Sezer et al., (2019), have shown that some polyphenols, including some identified
also in the present work in MH, extracted from blueberry were able to induce apoptosis in
HCT-116 by lowering the protein expression levels of IAPs. Similarly, an increased
apoptotic rate was observed in MCF-7, associated with an improved sensitivity to 5-Fu
correlated with a marked decrease in Survivin levels when cells were treated with tea
polyphenols (Chen et al., 2014). In myelogenous leukemia cells, treatment with a
polyphenolic extract of piper betel leaf led to a downregulation of XIAP protein levels which
resulted in a greater apoptotic rate (Paul et al., 2019).
About Insulin-like growth factors (IGFs), and in particular IGF-I and its receptor,
these are potent inhibitors of apoptosis both in normal and tumor cells, where they are upregulated (Xie et al., 1999); it seems that these act as inhibitors of apoptosis through the
interaction with other pathways, such as PI3K/Akt/mTOR, which plays fundamental
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functions in cell survival, differentiation and cell metabolism (Costales et al., 2016) and
Ras/ERK- mitogen-activated protein kinase (MAPK), also fundamental in cell proliferation
and in conferring molecular signature in colon cancer (Kiaris et al., 1995). In HCT-116/IGFRI transfectants cells it was shown that these exhibited a more aggressive phenotype than
non-transfected cells, were more resistant to serum-deprivation-induced apoptosis as well as
had a greater capacity of anchorage-independent growth (typical of CSCs) and increased
migration capacity (Sekharam et al., 2013). In this study, the expression levels of IGF-I,
IGF-II and of the IGF-IR receptor were evaluated. As it is possible to observe in Figure 3.31,
the levels of expression of IGF-I did not change significantly (p<0.05) when the spheroids
were treated with the chemotherapeutic agent alone compared to the CTL, instead there was
a drastic reduction (p<0.05), of 3.27 times, when the CSCs-like were treated with the honey
and this decrease nearly doubled (6.36 fold) when the treatment involved the use of 5-Fu
and honey in combination. Regarding IGF-II, there was a statistically significant slight
decrease (1.79 fold) even when the spheroids were treated with 5-Fu alone, the
downregulation became more evident when the colonpheres were treated with both other
two conditions: MH alone and in combination with chemotherapeutic agent, reaching similar
values, respectively 4.64 and 4.53 fold smaller than CSCs-like deriving from untreated
spheroids. Regarding the IGF-IR receptor, there were no statistically significant differences
(p<0.05) in the expression levels when tumorspheres were treated only with
chemotherapeutic agent, while it was shown a statistically significant change (p<0.05) with
similar values between them when they were treated with MH alone or in combination with
5-Fu (respectively 1.44 and 1.48 times lower than the control).
In scientific literature it has been observed that the flavone luteolin was able to induce
apoptosis in human colon cancer cell line HT-29, through the reduction of IGF-I, IGF-II and
IGF-RI (Lim et al., 2012) and in the same cell line similar effects have been demonstrated
by other polyphenols, such as phloroglucinol (Kang et al., 2014) and resveratrol (Vanamala
et al., 2010). Pro-apoptotic effects in colon cancer have also been demonstrated in vivo due
to a reduction in the levels of IGFs by polyphenolic extracts of rosemary (Kim et al., 2014).
In HCT-116 a combined effect of curcumin and the antitumor drug dasatinib was
demonstrated: in fact, as observed in this current study, the levels of gene expression of IGFs
did not change when cells were treated only with chemotherapy, when instead the treatment
was combinatorial with the bioactive compounds there was a 60% reduction (Nautiyal et al.,
2011). However, there are several other studies that demonstrated a downregulatory effect
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on IGFs by different polyphenols in different types of cancer, which often result in a proapoptotic effect (Caban et al., 2019).
Heat shock proteins (HSPs) are a group of proteins with function to maintain cellular
homeostasis in response to stressors, such as hypoxia, anoxia, high temperature, bacterial
and viral infections drugs and other chemical agents that induce protein denaturation. They
facilitate protein folding and maintain protein structures that regulate cellular metabolisms
that are essential for cell survival and proliferation. At the same time, cancer cells exploit
the protective roles of HSPs during carcinogenesis (Lettini et al., 2020). The mechanisms by
which HSPs regulate cancer cell proliferation, invasion, metastasis and evasion of apoptosis
have been recently investigated (Saini and Sharma, 2018). HSPs have also been found to
promote resistance to anti-cancer therapies, such as chemotherapy and radiotherapy, in
which resistance to apoptotic phenomena is involved (Saini and Sharma, 2018). Due to these
extensive associations with cancer development and treatment, targeting HSPs has been
suggested as a potential strategy for anti-cancer therapy.
The ways by which HSPs act in counteracting apoptotic phenomena are different: the
interaction with Cytochrome c with consequent prevention of apoptosome formation, the
interaction with the Akt signaling pathway (Ikwegbue et al., 2017), the binding with the
death ligands and the impeding of the activation of caspases, activities attributable in
particular to HSP-27, HSP-60, HSP-70 and HSP-90 (Lanneau et al., 2008). In this study the
protein expression of the first three was investigated since these would seem to be upregulated in CSCs, allowing them to survive in adverse environmental conditions, such as
inflammation, hypoxia and nutrient deprivation (Lettini et al., 2020). HSP-27 is a small 27
KDa protein and an overexpression of this chaperone is closely related to apoptosis,
tumorigenesis, metastasis, invasiveness, cancer stem cell programming in various cancers,
such as head and neck squamous cell carcinoma, pediatric acute myeloid leukemia, breast
cancer, and colorectal cancer (Yun et al., 2019). Regarding its interaction with apoptosis,
different mechanisms have been demonstrated, among which the most confirmed are the
interaction with Cytochrome c with consequent prevention of apoptosome formation and a
downstream interaction with procaspase 3. How is it can be seen in Figure 3.31, the protein
expression levels of this HSP did not change significantly (p<0.05) when the colonspheres
were treated with 5-Fu alone, while there was a significant decrease (p<0.05) of 1.42 times
when these were treated with MH and of 1.99 fold when they were treated with the
combination of MH and 5-Fu.
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HSP-60 is a protein of 60 KDa and is one of the most conserved proteins from
bacteria to mammals, HSP-60 (HSPD1) plays an essential role in mitochondrial protein
import and quality control machinery. In colon cancer (HCT-116) it was proven its antiapoptotic function and cellular proliferation induction (Ghosh et al., 2007). The mechanisms
of HSP-60 in the inhibition of apoptosis, in addition to those mentioned above also, concern
a sort of protective function of this protein against the degradation of Survivin (Huang et al.,
2019). In this study it was observed a statistically significant slight decrease (p<0.05) in the
expression levels of this chaperone when the colonspheres were treated with 5-Fu (1.07
times less than CTL). When CSCs-like were treated with MH there were a 1.53 fold decrease
and 2.25 fold when tumorspheres are treated with the combination of MH and 5-Fu.
HSP-70 is a 70 KDa protein that plays an essential role in protein folding and
homeostasis, as well as in the promotion of cell survival under various stress conditions. In
cancer cells, HSP-70 induces mitotic signals and suppresses apoptosis, as well as oncogene
induced senescence. The increased expression of HSP-70 has been indicated as a poor
prognostic marker for a variety of cancers, including breast, lung, ovarian, pancreatic and
colorectal cancers (Yun et al., 2019). In rat colon cancer cells, it has been shown that its
depletion is able to allow the activation of caspase 3, promoting apoptosis (Nylandsted et
al., 2000); in fact it has been shown that this HSP acts mainly by inactivating this effector
caspase (Sabirzhanov et al., 2012). In this present work it has been observed that, when the
spheroids were treated with the chemotherapeutic agent alone there was a statistically
significant slight decrease (p<0.05) in the expression levels of this HSP (1.13 times lower
than the control). When the colonspheres were treated with honey the decrease became more
marked, reaching a decrease of 1.54 times, when the two treatments were used in
combination the expression levels were 3.48 times lower than the CSCs-like deriving from
the untreated spheroids. Similar effects (with the reduction in HSP-60 and HSP-70 protein
levels) were observed in kaempferol-treated HCT-116 with consequent increase in apoptotic
rates (Sezer et al., 2019). Comparably, punicalagin, a polyphenol extracted from
pomegranate, was able to downregulate the protein expression of HSP-27 and HSP-60 in the
same human colon cancer cell line, promoting apoptosis (Ganesan et al., 2020), while
isorhamnetin lowered the levels of HSP-70 in HCT-116 and SW480 colon cancer cell,
reducing also their survival ability (Luan et al., 2019). A downregulation of HSPs by others
different bioactive compounds has however been widely observed in various tumor cell lines
(Moura et al., 2018).
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Therefore, observing the results obtained, it is possible to speculate that MH and even
more the combination of MH and 5-Fu was able to induce apoptosis in CSCs-like deriving
from spheroids through the downregulation of many apoptosis inhibitors, including IAPs
(Livin, Survivin, XIAP), IGFs (IGF-I, IGF-II and IGF-IR) and HSPs (HSP-27, HSP-60 and
HSP-70), with a pronounced synergistic effect of honey and the chemotherapeutic agent.
These findings, which lead to a reduction in the survival ability of CSCs-like, could therefore
lead also to a chemosensitizing effect of honey towards 5-Fu, considering that the resistance
to apoptotic phenomena is one of the causes of the chemoresistance of CSCs. In the next
chapter, further effects related to resistance to tumor drugs of this cancer sub-population will
be evaluated and discussed.

RESULTS AND DISCUSSION: PART IV
3.4.

The effect of MH, 5-Fu and their combination in some peculiar characteristic of

CSCs-like (chemoresistance, self-renewal, migration, angiogenesis and telomere
lenght)
In this last part of PhD thesis, it will be discussed the effect of the treatments on
different typical characteristic of CSCs. In order to evaluate if MH could decrease the
chemoresistance of CSCs-like it was evaluated if honey alone and the combination with 5Fu could downregulate, at gene expression level, one of the most responsible actor of this
feature: the ABC transporters G2. Moreover, it was also investigated if MH was able to
improve the chemosensitivity to 5-Fu by increasing the inhibition of thymidylate synthase
(TYMS), one of the targets of this chemotherapeutic drug. For the evaluation of self-renewal
ability of CSCs-like the capacity of these cells to re-create spheroids, after being destroyed
were investigated together with the expression levels of the main players of the three
pathways involved (Wnt/β-catenin, Hh and Notch). The effects on two other very important
characteristics in cancer cells, such as angiogenesis and EMT, were also assessed. It was
also investigated if the treatments used had any effect on telomere length, since this feature
would seem to be associated in CSCs with many of the characteristics studied in this thesis,
such as self-renewal ability, survival signalling and the presence of metastasis.
3.4.1. MH lowered chemoresistance and increased chemosensitivity to 5-Fu in CSCslike from colonspheres
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The presence of ABC transporters on the surface of the CSCs is strictly associated
with a higher chemoresistance, specifically ABCG1, ABCC1 and ABCG2 act as efflux
pumps and extrude the chemotherapy drugs from inside to outside of the cells (Figure 3.32).
It was observed that in colorectal cancer and especially in HCT-116 cell line, an overexpression of ABCG2 has been associated with a higher resistance to different chemotherapy
drugs (Candeil et al., 2004).
Figure 3.32. ABC transporters in CSCs.
Graphical and schematical representation of
the mechanism through which ABC (ATP
binding cassette) transporters release
chemotherapy drugs out of the membrane of
cancer stem cells (CSC). (Figure taken from
Cianciosi et al., 2020).

Since ABCG2 seems to be the most expressed ABC transporters in cell line used in
this study, we proceeded to evaluate the effect of MH, 5-Fu and their combination on gene
expression of this efflux pump, evaluated by Real-Time PCR. Furthermore, the expression
values obtained in the CTL spheroids were compared not only with those of the spheroids
treated with the different conditions but also with those of cells deriving from 2D culture,
since it would seem that the CSCs-like have this efflux pump over-expressed in the
comparisons of the parental cell line (Zhang et al., 2013). As can be seen in Figure 3.33, the
expression of ABCG2 in HCT-116 grown in monolayer was 1.54 fold (p<0.05) lower
compared to CSCs-like deriving from untreated spheroids. There was no statistically
significant change (p<0.05) when cells were treated with the lowest concentration of MH,
while there was a significant reduction (p<0.05) when the highest MH concentration (75
mg/mL) was used, with a 1.20 fold reduction in mRNA levels compared to CTL. When the
spheroids were treated with chemotherapeutic agent there was a slight decrease in ABCG2
mRNA levels (1.04 times lower than in untreated spheroids). The most significant effect was
noted when the colonspheres were treated with the combination of MH and 5-Fu: with the
co-treatment with the lowest concentration of MH, parental culture levels were reached
(decrease of 1.64 times compared to CTL), with the combination 5-Fu 50 μM + MH 37.5
mg/mL the values were lowered by 3.09 times with respect to control.
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Figure 3.33. mRNA expression of ABCG2. mRNA expression was analyzed by Real-Time PCR in
cells deriving from monolayer culture (2D) and cells (CSCs-like) deriving from spheroids not-treated
(CTL) or treated with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50
μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h). Values are expressed as mean ± SD
of three independent experiments (n=3). Different letters in the same column indicate significant
differences (p<0.05). ABCG2: ATP-binding cassette (ABC) transporters G2; 2D: two dimensional;
CTL: control; MH: manuka honey; 5-Fu: 5-fluorouracil.

Several other natural compounds have shown a down-regulatory effect against the
different ABC transporters. For example, epigallocatechin was able to reduce the levels of
gene expression of ABCG1 in CSCs-like from spheroids of HCT-116 and human hepatoma
cancer cell line (HepG2) (Iwahashi et al., 2017). Resveratrol decreased the protein levels of
ABCG2 and the gene expression of ABCC1 and ABCC2 in lung cancer cell line
(Karthukeyan et al., 2014), chrysin reduced the gene expression of ABCG2 in human MCF7
breast cancer cell line and bacalein and apigenin were down-regulators of ABCG1 in
different types of cancer (Ye et al., 2019). Quercetin was able to act on the regulation of
different types of ABC transporters (ABCB1, ABCC1 and ABCC2) in breast, lung and
ovarian cancer cell lines (Ye et al., 2019). Also non-flavonoid phytochemicals (berberine,
elagic acid, sinapic acid) were able to regulate the levels of gene and/or protein expression
of ABC transporters and in particular those of ABCG2 in different cancer cell lines (breast,
lung, colon) (Moselhy, et al., 2015).
Furthermore, it would seem that in addition to a down-regulation of gene and/or
protein expression from natural compounds and in particular flavonoids with respect of ABC
transporters, some of these are in fact hydrophobic molecules that could act on the
functionality of these efflux pumps binding to these proteins and causing a competitive
inhibition with the substrate as well as interacting with their ATPase activity (Alvarez et al.,
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2010). This interaction with some ABC transporters could therefore preserve and increase
the intracellular accumulation of chemotherapy drugs without affecting their uptake which
occurs through other transport systems. The MH used in this study is rich in flavonoids and
in particular in pinocembrin, naringenin and quercetin. A study was carried out on the ability
of different flavonoids to inhibit the functional activity of efflux transport ABCG2 allowing
a greater accumulation at intracellular level of the mitoxantrone in HEK293 cell line. It was
observed that the three flavonoids most present in MH (pinocembrin, naringenin and
quercetin) were among those with the greatest inhibitory activity on this pump (Tan et al.,
2013).
In this study, in addition to evaluate the possible effect of honey on the 5-Fu
chemoresistance of CSCs-like from colonsphere, we proceeded to evaluate the effect of the
treatments on the gene expression of TYMS, evaluating whether these compounds were able
to increase also chemosensitivity. TYMS is an enzyme that regulates the ex-novo synthesis
of DNA and is the target of 5-fluorodeoxyuridine monophosphate, the active metabolite of
5-Fu, and its level of expression is the most important molecular determinant of the clinical
efficacy of this drug (Figure 3.34) (Marsh, 2005). Previous in vitro and in vivo studies have
shown that a low level of transcription of the TYMS gene at the tumor level in subjects with
colorectal cancer is a predictor of response to 5-Fu treatment, while high levels of TYMS
transcription in cancer is correlate with a low response to treatment (Lecomte et al., 2004).
Figure 3.34. Graphical rapresentation of the 5Fu mechanism of action. The fluoropyrimidines
(5-Fu) are broken down into three metabolites,
fluorodeoxyuridine monophosphate (FdUMP),
fluoro-deoxyuridine triphosphate (FdUTP) and
fluorouridine triphosphate (FUTP). The principal
mechanism of action of 5-Fu is the inhibition of
thymidylate synthase (TYMS), but alternative
pharmacodynamic pathways acting through
incorporation of drug metabolites into DNA and
RNA.

As can be seen in Figure 3.35, the CSCs-like deriving from untreated spheroids
showed TYMS expression levels 1.93 times higher (p<0.05) than the cells cultured in
monolayer, confirming some works that showed a lower chemosensitivity of the CSCs
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compared to parental cells (Shen et al., 2020; Very et al., 2018). There were no statistically
significant differences (p<0.05) when the colonspheres were treated with both
concentrations of honey, while the 5-Fu treatment, as expected, downregulated TYMS levels
by 1.28 times compared to the control. It is interesting to observe, however, how the
treatment of tumorspheres with the combination of chemotherapeutic drug with MH at both
concentrations, further lowered the expression levels of this enzyme, bringing its levels to
values statistically similar (p<0.05) to those observed in 2D (in fact there is a decrease of
1.56 times with the lowest concentration and of 1.72 fold with the highest one). These results
suggest a chemosensitizing effect of honey towards 5-Fu in these CSCs-like, which have
been shown to be more chemoresistant than the parental phenotype grown in 2D conditions.

Figure 3.35. mRNA expression of TYMS. mRNA expression was analyzed by Real-Time PCR in
cells deriving from monolayer culture (2D) and cells (CSCs-like) deriving from spheroids not-treated
(CTL) or treated with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50
μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h). Values are expressed as mean ± SD
of three independent experiments (n=3). Different letters in the same column indicate significant
differences (p<0.05). TYMS: thymidylate synthase; 2D: two dimensional; CTL: control; MH:
manuka honey; 5-Fu: 5-fluorouracil.

Similarly, it was observed that a rosemary extract in combination with 5-Fu was able
to downregulate TYMS levels more markedly than the treatment with chemotherapeutic
agent alone in human colorectal cancer cells (SW620 and DLD-1) both grown in monolayers
and as spheroids enriched with CSCs-like (González-Vallinas et al., 2013). Kaempferol has
been shown to be able to overcome resistance to 5-Fu, downregulating the levels of gene
expression of TYMS when used in combination with the drug in human resistant LS174
colon cancer cells (Riahi-Chebbi et al., 2019). Another phenolic compound, gossypol,
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extracted from cottonseed, was also able to increase the effect of 5-Fu, downregulating the
levels of TYMS in human colon cancer cells (HCT-116 and HT-29), increasing their
sensitivity to the chemotherapeutic agent (Yang et al., 2015).
The results obtained in this study therefore highlighted a decrease in the
chemoresistance of CSCs-like and an increased chemosensitivity to 5-Fu. This could be very
interesting as only the 10-15% of patients with advanced colorectal cancer respond to
administration of 5-Fu alone (Zhang et al., 2008). The development of new strategies that
cover this poor response is therefore necessary and the study of compounds, including
natural ones, which are able to enhance the effect of chemotherapeutic agents and increase
the sensitivity of cancer cells towards them could be an excellent starting point to solve one
of the causes of tumor therapeutic failure.
3.4.2. MH, 5-Fu and their combination reduced the self-renewal ability of CSCs-like
from colonspheres through the modulation of Wnt/β-Catenin, Hh and Notch pathways
The ability of self-renewal is one of the typical characteristics of all stem cells and
therefore also of CSCs, allowing them to maintain the population of undifferentiated CSCs
within the tumor mass. Behind this property of CSCs there are basically three different
pathways: Wnt/β-catenin, Hh and Notch; targeting the ability of this rare cell population
could be a good chance to eradicate them (Cianciosi et al., 2018B). In this study the selfrenewal capacity of CSCs forming spheroids subjected to the different conditions (MH 50
mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH
37.5 mg/mL) for 48 hours was evaluated. The spheroids from each treatment group were
mechanically destroyed and the derived cells were reseeded in the same initial conditions to
evaluate after 10 days the sphere formation efficiency, that reflects the self-renewal capacity
of the cells. As shown in Figure 3.36, in the CTL conditions, where the spheroids were not
undergone any treatment, once destroyed they were able to perfectly reform spheroids
exactly thanks to this self-renewal feature. Already the treatment with MH alone decreased
this characteristic capacity of CSCs-like and in a similar way the chemotherapeutic drug.
However, when these two treatments were used together, this ability is completely lost at
least in the tested time (10 days).
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Figure 3.36. MH, 5-Fu and their combination reduce self-renewal ability of CSCs-like.
Representative images of cultures deriving from the previous treatment of spheroids with
different condition treatments (MH 50 mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM
+ MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL) for 48 hours, destroyed and reseeded in
the same initial condition to evaluate after 10 days the sphere formation efficiency. The
images were captured with a Leitz Fluovert FU (Leica Microsystems) microscope. Scale
bar=100 μm.
This inhibitory ability was also found with the use of other natural compounds, for
example apigenin exercised it against ovarian CSCs from SKOV3 cell line (Tang et al.,
2015B) and walnut phenolic extract in primary colon CSCs (Lee et al., 2016B).
Epigallocatechin-3-gallate alone or in combination with quercetin also inhibited this feature
in prostatic CSCs-like from PC-3 and LNCaP cell lines and in primary prostatic CSCs
resveratrol exerted its inhibitory activity (Shankar et al., 2011). The synergistic action of
phenolic compounds with chemotherapeutic drugs in inhibiting this ability of CSCs has also
been demonstrated in several other studies. Epigallocatechin-3-gallate in combination with
5-Fu was able to attenuate the ability to reform spheres in HCT-116 (Toden et al., 2016) and
in TW01 and TW06 nasopharyngeal cancer cell lines (Lin et al., 2012). Similarly,
sulforaphane was able to increase the effect of 5-Fu in counteracting the self-renewal
capacity of CSCs-like from SCC12 and SCC38 head and neck squamous cell carcinoma cell
lines (Elkashty et al., 2020) and polymethoxylated flavones in combination with 5-Fu was
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reported to strongly inhibit the self-renewal ability of CSCs-like from HT-29 colon cancer
cell line (Pereira et al., 2019).
In order to understand the mechanism through which treatments and in particular
combined ones exercised this activity, the expression levels of some genes of Wnt/β-catenin,
Hh and Notch pathways, were investigated through Real-Time PCR.
Wnt/β-catenin (canonical) pathway plays a central role in the self-renewal capacity
of CSCs and in the majority of cases of colorectal cancer it would seem constitutively active
for mutations in Apc (Zhang et al., 2017). In the inactive state, β-catenin located in the
cytoplasm is incorporated into a degradation complex formed by Apc, GSK3, Axin2, cyclindependent kinase inhibitor (CKI) and TRCP, which through phosphorylation and
ubiquitination processes bring the β-catenin to a proteosomal degradation. If Wnt binds to
the receptor of the pathway, which is Fzd, Dvl protein binds to the cell membrane and allows
the translocation to this level of the degradation complex, not allowing the ubiquitination
and phosphorylation of the β-catenin, which is therefore not degraded and translocates into
the nucleus. Here it binds to the TCF/LEF complex, initiating the transcription of target
genes, including CD44, c-Myc, Cyclin D1. Dickkopf-1 (Dkk-1) is an inhibitor of this
pathway (Matsui, 2016). In addition to the self-renewal feature of CSCs, this pathway also
regulates other processes related to cancer progression, such as EMT, angiogenesis and cell
proliferation (Zhan et al., 2017).
Regarding this pathway, in this study no statistically significant changes (p<0.05) in
the gene expression of many of the protagonists were noted. As can be seen in Figure 3.37,
in fact it was not noted a statistically significant change (p<0.05) in the expression levels of
β-catenin, GSK3, Axin2, TCF-1 and LEF-1 between the parental cells and CSCs-like and
also the different treatments used did not lead to significant changes (p<0.05) in the
expression levels of these genes.
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Figure 3.37. mRNA expression of β-catenin, GSK3, Axin2, TCF-1 and LEF-1. mRNA
expression was analyzed by Real-Time PCR in cells deriving from monolayer culture (2D) and cells
(CSCs-like) deriving from spheroids not-treated (CTL) or treated with different conditions (MH 50
mg/mL, MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL
for 48 h). Values are expressed as mean ± SD of three independent experiments (n=3). Different
letters in the same column indicate significant differences (p<0.05). GSK3: glycogen synthase kinase
3; TCF-1: T-cell factor-1; LEF-1: lymphoid enhancer-binding factor-1.

However, the results obtained do not indicate that the tested treatments did not act at
this level, in fact it must be considered that there are several others processes that could
influence the regulation of this pathway, such as phosphorylation of β-catenin and GSK3
(Zhang et al., 2020B; Duda et al., 2020), ubiquitination and translocation of β-catenin into
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the nucleus (Tauriello et al., 2010): factors that were not evaluated in this study, but that are
planned to be evaluated in the next future.
It was then evaluated if honey and its combination with chemotherapeutic agent had
any effect on other key protagonists of this pathway at the cell membrane level and in
particular, as shown in Figure 3.38, changes in the levels of gene expression of some genes
were noted: Dkk-1, which as mentioned is an inhibitor of this pathway, Fzd-7, which is the
isoform of the family of membrane receptors of this pathway most expressed in colorectal
cancer and Dvl-2.

Figure 3.38. mRNA expression of Dkk-1, Fzd-7 and Dvl-2. mRNA expression was analyzed by
Real-Time PCR in cells deriving from monolayer culture (2D) and cells (CSCs-like) deriving from
spheroids not-treated (CTL) or treated with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h). Values are
expressed as mean ± SD of three independent experiments (n=3). Different letters in the same column
indicate significant differences (p<0.05). Dkk-1: Dickkopf-1; Fzd-7: Friizzled-7; Dvl-2: Dishevelled.

In detail, the levels of expression of the inhibitor Dkk-1 change in a statistically
significant manner (p<0.05) between the parental cells and the CSCs-like deriving from
untreated spheroids. In the parental cell line, Dkk-1 was expressed 1.11 times higher than in
the control. When the spheroids were subjected to the different treatments, there were no
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statistically significant differences (p<0.05) in the expression levels of this gene when the
colonspheres were treated with both concentrations of MH, instead there was a significant
(p<0.05) decrease compared to the CTL when CSCs-like were treated with
chemotherapeutic agent of 1.69 fold. When tumorspheres were treated with the combined
treatments, the expression levels of the inhibitor of the Wnt/β-catenin pathway were
statistically similar to those of the cells grown in monolayer (1.43 times more expressed than
the CTL) when they were treated with the combination with the lowest concentration of MH,
while there was a 1.55 fold increase using the 5-Fu 50 μM + MH 37.5 mg/mL treatment.
Dkk-1 has been shown to be also an inhibitor of the EMT process in HCT-116, as well as
being inversely related to the presence of metastasis and recurrence in colon cancer (Qi et
al., 2012). Dkk-1 gene expression was increased by the isoflavone genistein in HCT-15 and
SW480 colorectal cancer cell lines (Wang et al., 2012) and in 4T1 breast cancer cell line, in
both cases preventing cell proliferation (Kim et al., 2011). A synergistic effect against 5-Fu
was found also for Vitamin D3: the gene expression levels of the inhibitor of this pathway
increased significantly when the chemotherapeutic drug was used in combination in rat
model of colon cancer (Refaat et al., 2015) and also used alone it was able to increase the
expression levels of Dkk-1 in Caco-2 and HT-29 colon cancer cell lines, promoting a
differentiated cellular phenotype (Aguilera et al., 2007).
Regarding the membrane receptor Fzd-7, also closely correlated with the process of
EMT and apoptosis, in the present study it was noted that the cells cultivated in monolayer
had 1.53 times lower levels of Fzd-7 gene expression compared to CSCs-like deriving from
untreated spheroids. When colonspheres were treated with the different conditions used in
this study, there was a statistically significant decrease (p<0.05) both with the two
concentrations of MH alone (1.08 and 1.29 fold respectively) and with the treatment with
only 5 -Fu (1.11 fold). The difference with respect to the CSCs-like deriving from the CTL
was greater when these were treated with the combined conditions, in fact there was a
decrease of 1.88 times when the lower concentration of MH was used together with 5-Fu
and a decrease of 3.62 times when the tumorsphere were treated with the condition 5-Fu 50
μM + MH 37.5 mg/mL. An up-regulation of this membrane receptor has been identified in
many studies comparing its expression in parental cell lines and in CSCs and CSCs-like and
it has been confirmed in SKOV3 ovarian cancer cell line, where it is associated with
increased aggressiveness (Asad et al., 2014), in biopsy from patients with gastric cancer (Li
et al., 2018), but also in different colorectal cancer cell lines (LS180, HT-29, and SW480)
(Guo et al., 2014). Several natural compounds, including polyphenols, have been shown to
131

Chapter 3. Results and Discussion

have an effect on different members of the Fzd protein family. Curcumin reduced the
expression of Fzd-1 in head and neck squamous carcinoma cells increasing the apoptosis
rate (Yan et al., 2005) and quercetin was found to increase the sensitivity of hepatocellular
carcinoma cell line BEL-7402 to rhodamine-123, doxorubicin and 5-Fu downregulating the
gene expression of Fzd-7 (Chen et al., 2018). Another natural compound, not belonging to
the class of polyphenols, diosgenin, was able to inhibit the ability of self-renewal and
increase the apoptosis rate of CSCs-like from different breast cancer cell lines
downregulating the gene expression of Fzd-4 (Bhuvanalakshmi et al., 2017). Pomegranate
fruit extract was found to reduce induced colon carcinogenesis in rats through the
downregulation of different key-players of this pathway, including Fzd-8 (Sadik et al.,
2013).
Regarding Dvl-2, a key-mediator of Wnt/β-catenin pathway, in this study its
expression was found to be significantly (p<0.05) higher (1.24 times) in the parental lineage
compared to CSCs-like deriving from untreated spheroids. The different treatments did not
lead to statistically significant levels of expression (p<0.05) compared to the control, a
significant difference (p<0.05) was instead noted when the 5-Fu 50 μM + MH 37.5 mg/mL
treatment was used, which led to a 1.31 fold reduction in Dvl-2 expression levels compared
to CTL. In a clinical trial in which curcumin was used in combination with 5-Fu in metastatic
colon cancer patients, a downregulation of nuclear expression of different proteins of the
Dvl family was observed, as well as a lower rate of phosphorylation of GSK3 and
translocation in the nucleus of β-catenin (Sferrazza et al., 2020).
Finally, some of the target genes of this important pathway were evaluated: CD44,
c-Myc and Cyclin D1. Regarding CD44, it has already been discussed in the paragraph
3.3.1., talking about its relationship with GSH and ROS production, and as can also be seen
from Figure 3.23 it appears significantly decreased, especially with the use of combined
treatments. Another target gene of this pathway analysed in this study is c-Myc (Figure 3.39),
it has recently been considered that this gene, in addition to being involved in EMT process,
tumor progression and development (Meyer and Penn, 2008), telomere lenght/telomerase
activity (Wang et al., 1998), could also be related to some stemness property of CSCs in
colon cancer, such as self-renewal and chemoresistance (Zhang et al., 2019): a
downregulation of this gene has in fact been associated with a decrease in these capacities,
for example in brain tumors (Wang et al. , 2008), but also in HT-29 colon cancer cell line
(Zhang et al., 2010). In this study, no statistically significant difference (p<0.05) was noted
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between monolayer cultured cells and CSCs-like deriving from untreated spheroids. Even
when the spheroids were treated with the lowest concentration of MH alone and with 5-Fu
alone, no statistically significant change (p<0.05) was noted, which on the contrary occurred
when the colonspheres were treated with MH 75 mg/mL, which resulted in a 1.08 fold
decrease in c-Myc expression levels compared to the control. The decrease in the expression
levels of this proto-oncogene was greater when the cells were subjected to the combined
treatments, resulting respectively 1.25 and 1.28 times less than in the control. In 5-Fu
resistant colorectal cancer HCT-116 cell line, epigallocatechin gallate (EGCG) was able to
decrease c-Myc expression alone or in combination with 5-Fu decreasing their self-renewal
ability (Toden et al., 2016). In CSCs-like from non-small cell lung cancer it was observed
that sulforaphane was able to suppress self-renewal ability and to increase sensitivity to
chemotherapeutic cisplatin through a downregulation of c-Myc (Li et al., 2017B). EGCG
significantly inhibited the invasiveness of breast CSCs-like by suppressing the Wnt signaling
pathway, reducing c-Myc expression (Kim et al., 2006) and also curcumin in sulindac
resistant colon CSCs was able in association with vitamin A to inhibits tumor spheroids
formation downregulating the gene expression of c-Myc and CD44 (Telang, 2020). A
downregulation of c-Myc by Gelam honey has also been observed in different colon cancer
cell lines grown in monolayers (Wee et al., 2015;)
Regarding Cyclin D1 (Figure 3.39), the other target gene of the Wnt/β-catenin
pathway that is involved in cancer cell cycle progression and in CSCs also in the EMT
process (Li et al., 2014), as well as in self-renewal (Jiao et al., 2013), no statistically
significant (p<0.05) changes in gene expression levels were noted under all conditions
analysed.

Figure 3.39. mRNA expression of Dkk-1, Fzd-7 and Dvl-2. mRNA expression was analyzed by
Real-Time PCR in cells deriving from monolayer culture (2D) and cells (CSCs-like) deriving from
spheroids not-treated (CTL) or treated with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5133
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Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h). Values are
expressed as mean ± SD of three independent experiments (n=3). Different letters in the same column
indicate significant differences (p<0.05). c-Myc: cellular Myelocytomatosis.

The second pathway involved in the self-renewal ability of CSCs is Hh pathway, that
is normally involved in controlling cell and tissue growth, embryological development and
various processes of animal development (Ingham et al., 2011). However, its deregulation
could contribute to the development and progression of tumors, especially of the
gastrointestinal tract and contribute also to EMT process, angiogenesis and apoptosis
suppression, as well as to the self-renewal feature of CSCs (Cochrane et al., 2015). In
mammals there are three different ligands of the pathway, which are: Shh that is the most
common in colon, Ihh and Dhh, the latter, however, is mostly expressed in the brain and
testicles (Merchant, 2012). In the presence of ligand Hh, this one binds to Ptch and, therefore,
induces the translocation of Smo to the primary cilium and initiates an intracellular signalling
cascade that leads to the activation of the Gli1 transcription factor and to the upregulation of
the downstream target genes. If there are not ligands, the function of Smo is suppressed by
Ptch and Gli1 is maintained in a complex that leads to Gli1 phosphorylation and
subsequently degradation (Carballo et al., 2018).
In this study, the expression levels of some of the aforementioned protagonists were
analysed, such as Shh, Ptch, Smo, Gli1 and GSK3 (not shown in the Figure 3.40 as already
taken into consideration for the analysis and discussion about the Wnt/β-catenin pathway).
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Figure 3.40. mRNA expression of Shh, Ptch, Smo and Gli1. mRNA expression was analyzed by
Real-Time PCR in cells deriving from monolayer culture (2D) and cells (CSCs-like) deriving from
spheroids not-treated (CTL) or treated with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h). Values are
expressed as mean ± SD of three independent experiments (n=3). Different letters in the same column
indicate significant differences (p<0.05). Shh: Sonic Hedgehog; Ptch: Patched; Smo: Smoothened.

Regarding Shh, as shown in Figure 3.40, the difference in expression levels between
cells cultured in monolayer and CSCs-like deriving from not-treated spheroids was very high
(p<0.05), being 3.56 fold lower than in parental cells. Very similar results were found by
Batsaikhan et al., (2014) who in the same cell line found comparable differences between
cells cultured in 2D manner and CSCs-like deriving from spheroids. When the colonspheres
werre treated with the single treatments, both honey and 5-Fu, and with their combination
with the lowest concentration of MH there was a very similar decrease (p<0.05) in
expression levels of the ligand of this pathway (from 1.69 to 1.86 times less expressed than
in untreated tumorspheres). When colonspheres were treated with 5-Fu + MH 37.5 mg/mL
combined treatment, the decrease in Shh expression levels compared to CTL was 2.23 fold
(p<0.05), reaching a group value statistically similar to that obtained in cells grown in 2D.
Similarly, it has been observed that other phenolic compounds, such as EGCG, sulforaphane,
curcumin and resveratrol, were able, alone or in combination with chemotherapeutic drugs,
to downregulate the levels of Shh expression in different types of CSCs deriving from colon
and pancreas cancer cell lines and medulloblastoma (La et al., 2019; Rodova et al., 2012;
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Elamin et al., 2010; Fu et al., 2019). Regarding Ptch (Figure 3.40), the membrane receptor
of this pathway, no statistically significant differences (p<0.05) were found either between
conventionally cultured cells and untreated spheroids, nor with the treatment of these.
Regarding Smo (Figure 3.40), statistically significant changes (p<0.05) were noted in the
expression levels between cells grown in 2D and CSCs-like from spheroids, in the latter in
fact it was expressed 2.57 times more than in parental cells, also confirmed in the study by
Batsaikhan et al., (2014). Treatment of the colonspheres with the lowest MH concentration
did not lead to a statistically significant changes (p<0.05) in the expression levels of this Shh
pathway mediator. On the contrary, when the tumorsphere were treated with the highest
concentration of MH, with the 5-Fu and with both combined treatments, there was a
statistically significant reduction on its expression levels. Treatment with MH 75 mg/mL led
to a reduction of 1.29 times, that one with 5-Fu to one of 1.18 fold and the combined
treatments to a reduction of 1.28 and 1.44 times respectively compared to CSCs-like deriving
from untreated spheroids. Genistein has been observed to inhibit the self-renewal capacity
of breast CSCs-like through a strong downregulation of this gene (Fan et al., 2013B) and
similarly resveratrol on pancreatic CSCs-like (Fu et al., 2019), EGCG in bladder CSCs-like
(Sun et al., 2019) and resveratrol in renal carcinoma stem cells (Sun et al., 2020). The last
protagonist of this pathway analysed in this study is Gli1 (Figure 3.40) and also in this case
there was a clear difference (p<0.05) in the expression levels of this transcription factor
between the parental cells and the CSCs-like deriving from untreated spheroids (6.24 times
more expressed), a similar difference was also found in the aforementioned study of
Batsaikhan et al., (2014). Also for this gene, all the treatments used downregulated the
expression levels of Gli1. The two treatments with MH alone led to a reduction of 2.42 and
2.84 times respectively, 5-Fu lowered its levels by 3.04 times and the combination of the
two treatments led respectively to a downregulation of 4.79 and 4.65 fold compared to CTL.
Similar results were obtained with genistein in breast CSCs-like (Fan et al., 2013B),
resveratrol in pancreatic ones (Qin et al., 2014) and luteolin and quercetin in prostatic CSCslike (Tsai et al., 2016).
Among the different target genes of this pathway, there is Nanog which was also
mentioned at the beginning of the results of this thesis as it is considered to be one of the
stemness genes, moreover one of the responsible for their self-renewal characteristic and
also considered a prognostic marker in many types of cancer (Zhang et al., 2016). In this
study, confirming its higher expression in CSCs-like compared to a monolayer culture, as
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can be observed in Figure 3.41, in CSCs-like from untreated spheroids Nanog was 1.76 times
more expressed (p<0.05) than in parental cells. A higher expression of Nanog in CSCs-like
than in conventionally cultured HCT-116 cells has been found and confirmed in several other
studies (Toden et al., 2016; Ibrahim et al., 2012; Lai et al., 2020). The treatments used in this
study led to a slight, but significant decrease (p<0.05) when the colonspheres were treated
with the lowest concentration of MH and with 5-Fu (in both cases 1.08 times less expressed).
The treatment of the spheroids with the highest concentration of MH led to a reduction in
Nanog expression levels of 1.21 fold, while combined treatments further lowered the
expression levels, which became respectively 1.96 and 2.88 times less expressed (p<0.05)
than those found in CSCs-like deriving from untreated spheroids. Similarly, EGCG was able
to suppress Nanog expression levels alone and even more in combination with 5-Fu in colon
CSCs-like from HCT-116 and SW480 cell lines (Toden et al., 2016) and sibilin lowered the
self-renewal capacity of CSCs-like resulting from different colon cancer cell lines
downregulating the expression level of this gene (Kumar et al., 2014).
Regarding Bmi1 (Figure 3.41), another target gene of the Hh pathway, it is also
associated with the ability of self-renewal, as well as chemoresistance and tumor-initiation
(Siddique et al., 2012). In this study no statistically significant changes (p<0.05) in its
expression levels were noted neither between the cells grown in 2D and the CSCs-like
deriving from untreated spheroids, nor when these were subjected to the different treatments.
The last target gene of Hh pathway analysed in this study was Octamer-binding transcription
factor 4 (Oct4) (Figure 3.41), one of the stemness markers, essential in pluripotency and in
embryogenesis. Oct4 seems to be upregulated in CSCs of various type of cancers. Most
studies described an inverse correlation between Oct4 and clinical prognosis and a positive
association between the expression of this gene and self-renewal ability and chemoresistance
of CSCs (Mohiuddin et al., 2020). In this study it was found that the gene expression of this
stemness gene was 3.12 times more expressed (p<0.05) in CSCs-like from untreated
spheroids than in parental cells. This result is confirmed in several other studies, both in the
same cell line used in this thesis (Batsaikhan et al., 2014; Fujiki et al., 2017), and in other
cell lines of different other types of neoplasms such as glioblastoma, melanoma and breast
cancer (Zhao et al., 2015; Kumar et al, 2012; Ghanei et al., 2020). In this study, treatment of
colonspheres with MH at the lowest concentration or chemotherapeutic drug alone led to a
similar reduction in gene expression levels (p<0.05) of 1.34 and 1.30 times, respectively,
compared to CTL. When the spheroids were treated with MH at a concentration of 75 mg/mL
the reduction reached 1.76 times (p<0.05); combined treatment with 5-Fu and the lowest
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concentration of MH led to expression levels of Oct4 1.65 times lower than CSCs-like from
untreated spheroids, whereas the combined treatment with the highest concentration of MH
reported expression levels similar to those observed in cells cultured in the conventional
manner, resulting 2.68 times less expressed than in CTL. In head and neck squamous CSCslike, EGCG was able to increase sensitivity to cisplatin and decrease self-renewal ability by
downregulating Oct4 expression levels (Lee et al., 2013B), similarly resveratrol was able to
downregulate this stemness gene alone or in combination with chemotherapeutic agents in
breast CSCs-like (Choi et al., 2016; Das et al., 2019).

Figure 3.41. mRNA expression of Nanog, Bmi1 and Oct4. mRNA expression was analyzed by
Real-Time PCR in cells deriving from monolayer culture (2D) and cells (CSCs-like) deriving from
spheroids not-treated (CTL) or treated with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h). Values are
expressed as mean ± SD of three independent experiments (n=3). Different letters in the same column
indicate significant differences (p<0.05). Oct4: octamer-binding transcription factor 4.

Notch pathway is the third pathway involved in the self-renewal feature of CSCs. It
is a highly conserved pathway and in physiological condition is involved in cell proliferation
and differentiation, it is also crucial for embryogenesis. In many cancers it also plays a key
role in EMT process, angiogenesis, cell proliferation and drug resistance. This pathway
involves two different kinds of cells: one is signalling sending cell that possess ligands like
Jag or Dll and the other one that is the signalling receiving cell. If the ligands are
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ubiquitinated, they are able to bind to the receptor of the receiving cell that is Notch, and
activate the pathway (Moretti and Brou, 2013). In this work, two ligands of this pathway
Dll1 and Jag1 and the Notch1 receptor were analysed. Regarding Dll1, as can also be
observed in Figure 3.42, no statistically significant differences (p<0.05) were noted either
between cells cultured in a conventional manner compared to CSCs-like from untreated
spheroids or when the latter ones were subjected to any of the tested treatments. Regarding
the other ligand of this pathway, Jag1 (Figure 3.42), that modulates stem cell-like features
and cell sphere-forming capability (Lu et al., 2013), there was a statistically significant
difference (p<0.05) between conventionally cultured cells and CSCs-like from untreated
colonspheres, in which the expression levels of this ligand were 1.72 times higher (p<0.05)
than in parental cells. The treatment of the colonspheres with the different treatments led in
all cases to a statistically significant differences (p<0.05) compared to the CTL. With the use
of the MH treatment at the lowest concentration, the gene expression levels of this ligand
were 1.42 times lower than in untreated spheroids and a reduction of 1.50 times was achieved
when treated with MH at the concentration of 75 mg/mL. The use of 5-Fu alone led to a 1.22
fold downregulation of this gene compared to CTL and this reduction in expression levels
was greater when combined treatment is applied: using 5-Fu with the MH at the
concentration of 25 mg/mL the decrease was 1.44 fold compared to the CTL and reached
1.85 fold, when the chemotherapeutic agent was used in combination with the highest
concentration of MH, bringing the Jag1 expression levels to be statistically similar (p<0.05)
to those found in parental cells. In a similar way it was observed that the tea polyphenols
were able to inhibit the proliferation of CSCs-like deriving from different colorectal cancer
cell lines (LoVo and SW480) through the downregulation of several genes including Jag1
(Xu et al., 2010; Jin et al., 2013). Oligomeric proanthocyanidins similarly inhibited the
formation of spheroids in colon HCT-116 and HT-29 cell lines through gene downregulation
of this ligand (Toden et al., 2018) and honokiol lignan was able to do the same in HCT-116
and SW480 cells by increasing the sensitivity of CSCs-like to ionizing radiations, as well as
significantly decreasing their capacity for self-renewal (Ponnunrangam et al., 2012). In this
study it was analysed whether the levels of expression of the receptor of this pathway,
Notch1 (Figure 3.42), also varied and it was observed that there was no statistically
significant difference (p<0.05) between the various conditions observed. Among the target
genes of this pathway there are c-Myc and p21: c-Myc, being also regulated by the Wnt/βcatenin pathway, was discussed previously and was found to be downregulated especially
with the use of the two combined treatments; p21, member of cyclin-dependent kinase
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inhibitors, in addition to being involved in cell cycle regulation, in differentiation and cell
migration, apoptosis and cytoskeletal dynamics (Kreis et al., 2019), in CSCs contributes to
protect CSCs from self-renewal exhaustion (Pan et al., 2017). As shown in Figure 3.42, the
gene expression of p21 in untreated spheroids was slightly higher (p<0.05), by 1.20 times
compared to parental cells. When the colonspheres were subjected to the different treatments
there was a statistically significant decrease (p<0.05) in the expression levels of this cyclindependent kinase inhibitors compared to the CTL. The expression level was 1.79 and 2.02
times lower (p<0.05) when tumorsphere were treated with the two increasing concentrations
of MH, respectively. Treatment with chemotherapeutic drug caused a decrease in the
expression levels of p21 of 1.47 times compared to CTL and when 5-Fu was used in
combination with MH, the reduction became even more pronounced and there was a
reduction of 1.98 fold when honey was used with the concentration of 25 mg/mL and of 3.16
times when the highest concentration of MH was used in the combined treatment. A decrease
in p21 levels in rats with induced colorectal cancer previously treated with polymeric black
tea polyphenols was associated with an increased chemosensitivity to conventional
treatments (Patel et al., 2008). Few studies have evaluated the effect of polyphenols on the
expression levels of this gene in CSCs, although in scientific literature it is possible to
observe, for example, that contrary to what was observed in this study, MH acted in a dosedependent manner on HCT-116 grown in monolayer by up-regulating the gene expression
levels of p21, affecting the cell cycle, arresting cells in phase S (Afrin et al., 2018A).
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Figure 3.42. mRNA expression of Dll1, Jag1, Notch1 and p21. mRNA expression was analyzed
by Real-Time PCR in cells deriving from monolayer culture (2D) and cells (CSCs-like) deriving
from spheroids not-treated (CTL) or treated with different conditions (MH 50 mg/mL, MH 75
mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h).
Values are expressed as mean ± SD of three independent experiments (n=3). Different letters in the
same column indicate significant differences (p<0.05). Dll1: Delta-like 1; Jag1: Jagged1.

In conclusion, therefore, from the results obtained in this study, it can be remarked
that Manuka honey is able to increase the effect of 5-Fu on one of the fundamental
characteristics of CSCs-like which is the self-renewal ability, by acting on all three
pathways. In the Wnt/β-catenin pathway it acts mainly at upstream level, up-regulating the
inhibitor (Dkk1) of the pathway and downregulating the membrane receptor Fzd7 as well as
decreasing the expression levels of Dvl2. As for the Hh pathway, it is interesting to note how
the levels of genes expression of the main actors of this pathway changed a lot between the
parental cell line and the CSCs-like; in these pathways the combined treatment would seem
to act upstream both at the level of the Hh ligand and the Smo activator, without altering the
expression levels of the Ptch receptor, in this case a decrease in the expression levels of the
transcription factor Gli1 was also noted. Regarding Notch pathway, only an upstream
downregulation of the Jag1 ligand was noted among the actors studied.
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3.4.3. MH in combination with 5-Fu decrease the migration capacity of CSCs-like
from spheroids downregulating the transcription factors Slug, Snail and Twist and
up-regulating E-cadherin protein expression
The EMT process is considered to be a key point in tumor progression, activated
especially during the phenomenon of metastasis and tumor invasion, and as mentioned in
different parts of this thesis, CSCs would seem to play a key role in this. The molecular
mechanisms behind the relationship between EMT and CSCs are still under study, but
different associations have been found between this feature and the activation of the three
pathways linked to self-renewal ability discussed in the previous paragraphs. even if in this
small cellular subpopulation, the EMT process would seem to be largely regulated by some
TFs, considered regulators of this important process which are Slug, Snail and Twist, which
directly or indirectly inhibit the transcription of E-Cadherin (Wang et al., 2015). Transwell
migration assay was used to detect the migration ability of CSCs-like from untreated or
treated spheroids. Briefly, the spheroids were let formed and after 10 days they were treated
with the different conditions. After 48 hours the spheroids were collected and gently
mechanically disrupted. The cells derived from the disruption of treated or not were counted
and seeded in same cell density in a basket transwells characterized by the presence of a
membrane with micropores of the size of 8 μm. In the bottom of the well was placed CSCsmedium with serum, which acts as a chemoattractant for the cells. After 48 hours we
proceeded to count cells present in the media in the lower compartment (data not shown
because there were not present cells), to clean the upper part of basket and to stain this with
0.2% of CV the underside of the basket membrane that contained the migrated cells. These
were observed under the microscope. As can be seen in Figure 3.43A, which shows a
representative image of what it was observed under the microscope and where the migrated
cells are represented by the purple colour, it was already possible to speculate that the used
treatments strongly affected the migration capacity of CSCs-like. Many studies in the
literature proceeded to count migrated stained cells, in this study it was not possible to clearly
distinguish the cells and make an assessment of their number, so to get a numerical idea on
the effect of the treatments tested on the migratory capacity it was used a software
(http://www.coolphptools.com/) that calculates the percentage of the colours present in a
single image and in this case all the percentages of the violet colours shade obtained have
been summed, which as previously mentioned represent the migrated cells. The analysis was
carried out using three different fields of view for each condition used. However, this must
be considered an indicative estimation as the real migrated cells have not been counted since
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it was not possible to count the number of single migrated cells as most likely the cells were
aggregated, but this software and others similar for colorimetric analysis are used in other
scientific studies (Ogunkunle, et al., 2019). From the histogram in Figure 3.43B, it can be
seen that the use of honey alone already decreased the migratory capacity of CSCs-like
respectively by 1.23 and 1.30 times (p<0.05) compared to the CTL. The use of
chemotherapeutic agent led to a reduction of 3.30 fold and the combination that used the
lowest concentration of MH to 3.96 times (p<0.05). The observed reduction became even
higher when the spheroids were treated with the combined treatment 5-Fu 50 μM + MH 37.5
mg/mL: there was an estimated 7.51 fold reduction in migrated cells compared to CSCs-like
deriving from untreated spheroids.

Figure 3.43. Transwell migration assay. (A) Transwell migration assay of CSCs-like deriving from
spheroids untreated (CTL) or treated with different conditions (MH 50 mg/mL, MH 75 mg/mL, 5Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h). After 48 hours
the spheroids were collected and gently mechanically disrupted. The cells deriving from the
disruption of treated or not spheroids were counted and seeded in same cell density in a basket
transwells. After 48 hours they were stained with 0.2% of crystal violet the underside of the basket
membrane that contained the migrated cells. The images were captured with a Leitz Fluovert FU
(Leica Microsystems) microscope. (B) Histogram of the percentage of shade of violet color
(representing an estimation of migrated cells) detected with http://www.coolphptools.com/ free
software from three selected field of view for each analyzed condition. Values are expressed as mean
± SD of three different field (n=3). Different letters in the same column indicate significant
differences (p<0.05).
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As mentioned previously, in addition to the pathways also involved in self-renewal
capacity of CSCs-like, which would also seem to play a role in the EMT capacity of this
tumor subpopulation, there are EMT TFs, such as Slug, Snail and Twist, that would seem to
functionally contribute to this process in CSCs-like. In this study it was evaluated how the
tested conditions of MH, 5-Fu and their combination acted on these TFs, evaluating their
gene expression levels and how these, in turn, regulated the protein expression of ECadherin, which plays a fundamental role in this process, as its loss is synonymous of the
loss of the epithelial cell phenotype and the acquisition of the mesenchymal one, which
allows the cells to acquire invasion characteristics and start, for example, the process of
metastasis (Carrizzo, 2017). Slug has been reported to be related to CSCs traits in a several
number of cancer and its expression is correlated with metastasis, invasiveness and poor
prognosis, also in colon cancer (Yao et al., 2016). In this study, as can be seen in Figure
3.44A, there is a clear difference (p<0.05) in the expression levels of this zinc finger TF
between conventionally cultured cells and CSCs-like deriving from untreated spheroids,
where it was expressed 1.59 times more than the parental cells, confirmed in the same cell
line and in HT-29 colon cancer cell line also by Han et al., (2013). When colonspheres were
treated with both concentrations of honey alone, with 5-Fu and with the combination of these
with the lowest concentration of MH, there was a downregulation (p<0.05) which leds to
very similar values in the expression levels (with a decrease range of 1.18-1.27 fold). The
use of the combined treatment 5-Fu 50 μM + MH 37.5 mg/mL made the Slug expression
levels even more down-regulated, reaching 1.56 times lower than those observed in the CTL,
bringing the expression levels to be statistically similar (p<0.05) to their adherent
counterparts. A downregulation of this TF was also observed in CSCs-like from H1299 and
Lu99 human non-small cell lung cancer cell lines treated with EGCG (Fuijiki et al., 2017)
and breast CSCs-like subjected to treatments with baicalin, baicalein (Chung et al., 2015),
chrysin and honeycomb (Yang et al., 2014). Similarly, quercetin, alone or in synergy with
EGCG, inhibited the invasive and metastatic characteristics of prostatic CSCs (Tang et al.,
2010) and resveratrol and carnosol had the same effects in glioblastoma CSCs-like (Song et
al., 2010; Giacomelli et al., 2017). The other zinc finger TF capable of inducing EMT
phenomena in CSCs, analysed in this study is Snail, whose over-expression is also associated
with a higher EMT activity and CSCs-like phenotype in human colorectal cancer cells (Fan
et al., 2012). From the results obtained in this study, Snail was also found to be up-regulated
in spheroids compared with their parental cells, where expression levels were found to be
4.95 times lower (p<0.05) than those obtained in untreated spheroids. These results were
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also found by Han et al., (2013) in HCT-116 and HT-29 colon cancer cell lines. When the
colonspheres were treated with both concentrations of MH alone and with chemotherapeutic
drug alone, there was a significant decrease (p<0.05) in its expression level, with similar
values between them with a range that goes from 1.71 to 1.92 times lower compared to the
CTL. The observed decrease became greater with the use of combined treatment and reached
a reduction of 2.62 times when the tumorspheres were treated with 5-Fu 50 μM + MH 25
mg/mL, and of one of 3.20 times when they were treated with the combination which
involved the highest concentration of MH in association with 5-Fu. As discussed for the Slug
gene, in the same studies that found a downregulation, an associated downregulation of Snail
was also observed by the different compounds discussed above. The third EMT TF discussed
in this study is Twist, overexpressed in colorectal cancer and closely associated not only
with a metastatic phenotype with higher invasiveness and migration capacity but also with a
high chemoresistance, so much to be considered a marker of colon CSCs (Yang et al., 2017).
Again, a clear significant difference (p<0.05) was found between conventionally cultured
cells and CSCs-like from untreated spheroids, where expression levels were 3.80 times
higher. Similar results were also found by Ayinde et al., (2019) in HCT-116 and SW620
colon cell lines. Treatment of the spheroids with MH at a concentration of 50 mg/mL resulted
in a statistically significant reduction (p<0.05) compared to the CTL of 1.83 times, the
highest concentration of MH let to a decrease of 1.71 fold (p<0.05). The reduction was less
when the colonspheres were treated with chemotherapeutic agent alone (1.20 times less
expressed), while the use of combined treatments led to a decrease of 1.43 times when the
condition 50 μM + MH 25 mg/mL was used, and an even greater one, of 2.00 fold, when the
concentration of MH equal to 37.5 mg/mL was used in association with 5-Fu. A
downregulation of Twist was also observed in colon CSCs-like (SW480 cell line) treated
with quercetin (Feng et al., 2018), but also in cervical CSCs-like from HeLa cell line treated
with chrysin, reducing their ability to migration (Dong et al., 2019), in prostatic CSCs-like
from PC-3 and LNCaP cell lines by EGCG (Tang et al., 2010) and in breast CSCs-like from
different cell lines by flavonoid wogonoside (a glucuronide of wogonin) (Yao et al., 2017).
It was also observed that another natural non-polyphenolic compound, the triptolide isolated
from a Chinese herbs, was able to inhibit the spheroid formation capacity, EMT processes
and migration ability in colon CSCs-like from HT-29 cell line by lowering the expression
levels of Twist (Acikgoz et al., 2020).
As mentioned at the beginning of this paragraph, these three EMT TFs, directly or
indirectly and at different levels, regulate the main actor of this process, which is E-Cadherin,
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whose loss or downregulation is associated with the loss of the cellular epithelial phenotype
and the acquisition of the mesenchymal one. In this study the E-Cadherin protein expression
levels were investigated through Western Blot analysis (Figure 3.44B), and as can be seen
from the histogram in Figure 3.44C, there was a trend that was inversely proportional to the
levels of gene expression observed for TFs. In conventionally cultured cells, the protein
expression levels of this hallmark of the EMT process were 1.98 times higher (p<0.05) than
that one observed in CSCs-like deriving from untreated colonspheres. Similar results were
found in the same cell line and in colorectal SW480 and HT-29 cell lines by Zhao et al.,
(2013) and Barbáchano et al. (2010). Treatment of colonspheres with the lowest MH
concentration increased E-Cadherin protein expression levels by 1.39 fold (p<0.05)
compared to CTL, while treatment of tumorsphere with the highest MH concentration and
the chemotherapeutic drug alone or in combination with MH at the concentration of 25
mg/mL led to an increase in expression levels with statistically similar values (p<0.05)
between them and between the cells cultured in monolayer, respectively of 2.32, 2.06 and
2.25 times more than the CTL. The tumorsphere subjected instead to treatment with 5-Fu 50
μM + MH 37.5 mg/mL showed an even greater increase, equal to 3.08 fold higher than that
one observed in CSCs-like deriving from untreated spheroids. While not in CSCs, an effect
of MH and of another type of honey (Strawberry tree honey) alone or in combination with
5-Fu in increasing E-Cadherin protein expression was observed in the same cell line used in
this study (Afrin et al., 2018C). Also in different type of CSCs-like an up-regulation of ECadherin by phenolic compounds was observed, such as resveratrol in colon CSCs-like
(SW480 and SW620 cell lines) (Yuan et al., 2019), EGCG in human non-small cell lung
CSCs-like (Fujiki et al., 2017) and curcumin in breast CSCs-like (from MCF7 cell line)
(Mukherjee et al., 2014).
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Figure 3.44. The effect of MH, 5-Fu and their combination on EMT TF related genes expression
and E-Cadherin protein expression. (A) mRNA expression of Slug, Snail and Twist was analyzed
by Real-Time PCR in cells deriving from monolayer culture (2D) and cells (CSCs-like) deriving
from spheroids not-treated (CTL) or treated with different conditions (MH 50 mg/mL, MH 75
mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48 h).
Values are expressed as mean ± SD of three independent experiments (n=3). Different letters in the
same column indicate significant differences (p<0.05). (B, C) Protein expression of E-Cadherin was
assessed by Western Blot to compare the levels of these proteins between cells cultured in monolayer
(2D) and those deriving from formed spheroids; GADPH was utilized as a loading control. Values
are expressed as mean ± SD of three independent experiments (n=3). Different letters in the same
column indicate significant differences (p<0.05).

From the results obtained it can be asserted that MH is able to lower the migration
capacity of colon CSCs-like alone but even more when it is used in combination with 5-Fu,
acting synergistically with this chemotherapeutic drug, as well as through the
downregulation of the pathways responsible for the self-renewal ability of these cells also
downregulating some inhibitors (the EMT TFs) of the main protagonist of the EMT process,
E-Cadherin. The combined treatments of MH and 5-Fu, in fact, were able to downregulate
the gene expression of Slug, Snail and Twist, resulting in a higher protein expression of E-

147

Chapter 3. Results and Discussion

Cadherin correlated with a higher epithelial cell phenotype and a lower mesenchymal one,
more associated with the ability of tumor invasion and migration.
3.4.4. MH in combination with 5-Fu downregulate pro-angiogenic proteins
Angiogenesis is a complicated process based on the balancing of inhibitors and
inducers of angiogenesis, in which new blood vessels are formed from endothelial
precursors; in cancers it is of fundamental importance as it guarantees the supply of nutrients
and oxygen necessary for the mass tumor to be able to develop, contributing to its
invasiveness in secondary districts and therefore to the formation of metastases (Wang et al.,
2017B). Recent studies have reported that CSCs could be defined as “angiogenic cells” since
some of their properties, including the high migration and self-renewal capacity of these rare
tumor cells, are essential for endothelial vessel formation (Ribatti, 2012). In this study
Human angiogenesis antibody membrane array (ab134000, Abcam) was used, which
allowed the study of the expression of different proteins involved in angiogenesis processes
and this analysis was performed in 4 of the 6 treatments used, choosing the most
representative ones: CTL, MH 75 mg/mL, 5-Fu 100 μM and 5-Fu 50 μM + MH 37.5 mg/mL
to try to understand if there was some effect of honey and its combination with 5-Fu on this
process (Figure 3.45).
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Figure 3.45. The effect of MH, 5-Fu and their combination on the protein expression of
angiogenesis. (A) Human Angiogenesis Antibody Array. The spheroids were treated with different
conditions (MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 37.5 mg/mL) for 48 h and compared
with untreated spheroids (CTL). Positive spots were used as a loading control and for normalization.
(B) Array map used in this study. (C) All data shown are the mean ± SD of two different spots.
Different superscripts letter for each analysed protein indicated significant differences (p<0.05)
between the different conditions of spheroids. EGF: epidermal growth factor; ENA-78: Epithelial
Neutrophil-Activating peptide 78; b-FGF: basal fibroblast growth factor; GRO: Growth-regulated
oncogene ; IFN-γ: Interferon gamma; IGF-I: Insulin growth factor; IL-6: Interleukin-6; IL-8:
Interleukin-8; MCP-1: Monocyte Chemoattractant Protein-1; PDGF-BB: Platelet Derived Growth
Factor-BB; PlGF: Placental growth factor ; TGF-β1: Transforming growth factor beta 1; TIMP-1:
Tissue inhibitor of metalloproteinase 1; TIMP-2: Tissue inhibitor of metalloproteinase 2; VEGF-A:
Vascular endothelial growth factor-A; VEGF-D: Vascular endothelial growth factor-D.

Proteins for which statistically significant differences (p<0.05) in expression levels
between untreated spheroids and different treatment conditions have been found will be
extensively discussed. On the other hand, no statistically significant differences (p<0.05)
were found in the protein expression of the following factors related to the angiogenesis
process: angiogenin, EGF, Epithelial Neutrophil-Activating peptide 78 (ENA78), Interferon
gamma (IFN-γ), IL-6, IL-8, Leptin, Monocyte Chemoattractant Protein-1 (MCP-1),
RANTES, Thrombopoietin and Vascular endothelial growth factor (VEGF) A (Figure
3.45A,C).
Basic (b)-FGF (Figure 3.45A,C), whose the main bio-physiological function is to
promote proliferation, was the first pro-angiogenic factor identified (Rak and Kerbel, 1997)
and it was found that in different types of cancer, including colorectal one, its overexpression is associated with the presence of lymph node metastasis. In cancer cells it acts
both by promoting an over-proliferation of these cells and by stimulating angiogenesis (Liu
and Xing, 2017). In this study it was observed that the MH at a concentration of 75 mg/mL
was able to statistically (p<0.05) down-regulate the levels of b-FGF compared to the CTL,
with a protein expression 1.44 fold lower. It is interesting to observe that there was instead
an increase in the levels of this pro-angiogenic factor when the spheroids were treated with
5-Fu alone (resulting 1.67 times higher), which could be indicative of a greater
chemoresistance of CSCs-like; in fact it has been observed in some colon cancer cell lines
(LoVo, DLD1 and HT-15) that 48 h of incubation of these cells with 5-Fu increased the
expression levels of b-FGF from 1.96 times to 3.51 times and that a knockdown of b-FGF
led to a decrease in the IC50 of 5-Fu (Stahler et al., 2016). Finally it was possible to observe
that the treatment of spheroids with the combined treatment 5-Fu 50 μM + MH 37.5 mg/mL
led to a reduction in the levels of protein expression of b-FGF of 3.01 times compared to the
CTL (p<0.05). In colon cancer cells LoVo it was found that EGCG was able to suppress the
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protein levels of b-FGF and to decrease angiogenesis in EGCG-treated mice (Sukhthankar
et al., 2008).
Another factor involved in angiogenesis where statistically significant differences
(p<0.05) were noted in this study is Growth-regulated oncogene (GRO) (Figure 3.45A,C), a
chemokine also called chemokine (C-X-C motif) ligand 1 (CXCL1) that appears to be overexpressed in different types of cancer, including colorectal, melanoma, hepatocellular and
melanoma where it is associated with a higher proliferation rate, metastasis, leukocyte
infiltration and angiogenesis (Lian et al., 2016; Loukinova et al., 2000). The angiogenesis
process associated with this oncogene seems to be linked to the activation of thrombin
(Karpatkin et al., 2008). In this study it was observed that both MH used alone and 5-Fu
statistically significantly increased (p<0.05) GRO protein levels compared to CSCs-like
deriving from untreated spheroids by 1.49 and 3.34 times, respectively, while their use in
combination caused a decrease in the protein level of 1.23 fold compared to CTL. Similar
results were observed in a study that demonstrated in vivo that the administration of 5-Fu
increased the mRNA expression level of GRO in the colon of mice and this up-regulation
was instead suppressed by the use of curcumin in combination with 5-Fu by targeting NFκB signaling pathway, also reducing some side effects of chemotherapy, such as the presence
of diarrhea (Sakai et al., 2016).
IGF-I (Figure 3.45A,C), as also discussed in the paragraph on apoptosis, has an antiapoptotic and cell proliferation-promoting effect, but its local expression would also seem
to be associated with the angiogenesis process in colorectal cancer (Bustin et al., 2002). The
intensity of the spots observed in this experiment is not particularly evident for any sample,
but in any case the software used for the detection was able to identify the intensity of the
bands, differentiating them from the negative spots: it was observed that single treatments,
both with MH and with 5-Fu alone, did not lead to statistically significant changes (p<0.05)
in the IGF-I protein levels, while the combined treatment significantly lowered (p<0.05) )
its levels, which were found to be 1.39 times lower than those observed in CSCs-like
deriving from untreated spheroids. It has been observed in other studies that EGCG alone or
in combination with chemotherapy was able to inhibit angiogenesis in lung cancer cell lines
and in vivo in mice by downregulating the expression of IGF-I (Relat et al., 2012; Sakamoto
et al., 2013).
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Platelet Derived Growth Factor-BB (PDGF-BB) (Figure 3.45A,C) isomer mitogen
has been found to be a critical factor in angiogenesis and appears to be over-expressed in
tumor cells and also closely associated in colon carcinogenesis, where it also plays a role in
stimulating autocrine growth of cancer cells (Sae-lim et al., 2019). In this current study, a
downregulation (p<0.05) of this pro-angiogenic factor with respect to the CTL was noted,
both with the use of MH alone (1.73 times less expressed) and with 5-Fu alone (1.79 times
less expressed). When MH and 5-Fu were used as a combined treatment, the observed
decrease was very higher (p<0.05), in fact it was 10.08 times less expressed than in the CTL.
Also in this case an inhibitory action was observed by EGCG against PDGF-BB in hepatic
cancer cell line (Sakata et al., 2004) and moreover a downregulatory effect against this
growth factor was also observed with baicalin in the same cancer cell line (Dong et al., 2010).
Placental growth factor (PlGF) (Figure 3.45A,C), a glycoprotein with high homology
to VEGF, is another proangiogenic factor that is very often responsible for antiangiogenic
drug resistance in colorectal cancer (Maraculla et al., 2020) and it would also seem to be
correlated with less survival rate in patients with colorectal cancer (Wei et al., 2005). In the
present study, the intensity of the observed spots is not particularly evident for any sample,
but the software used for the detection was able to identify the intensity of the bands,
differentiating them from the negative spots: homologue of VEGF was found to be
significantly (p<0.05) downregulated and in a similar manner, both with treatment with MH
alone and with the combination of this with 5-Fu (respectively 1.85 and 1.82 fold less than
the CTL), while treatment colonspheres with 5-Fu alone led to a statistically significant
(p<0.05) increase in protein levels of PlGF compared to CTL (1.39 fold greater). There are
no studies in the literature that evaluated how polyphenols could affect this factor in cancer,
but there is a study that evaluated the levels of this protein in human retinal endothelial cells
treated with kaempferol and it was observed that it was able to downregulate its protein level
(Xu et al., 2017).
TGF-β1 (Figure 3.45A,C) is an inducer of angiogenesis which, however, seems to
have a dualistic role as it has been observed that in vivo it is capable of inducing
angiogenesis, while in vitro it inhibits cell proliferation (Ferrari et al., 2009), for this reason
it will not be discussed in this work also because the intensity of the detected spots is very
weak.
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Tissue inhibitor of metalloproteinase (TIMP) 1 (Figure 3.45A,C) is an inhibitor of
MMPs and therefore is able to inhibit by forming noncovalent 1:1 stoichiometric complexes
their proteolytic activity towards the extracellular matrix, which is a necessary process in
angiogenesis (Rundhaug et al., 2005). To make an assessment of the effect of this MMP
inhibitor on angiogenesis, the levels of the latter should also be evaluated. On the other hand,
however, as regards TIMP-1, it has been observed that this inhibitor of MMPs plays a
fundamental role in the regulation of tumor cell proliferation as well as decreases the drug
sensitivity to many chemotherapy drugs (Sørensen et al., 2007). Recently, a series of clinical
studies have also shown that increased TIMP-1 expression is closely associated with a poor
prognosis in several types of cancer, including colorectal cancer (Song et al., 2016B; Meng
et al., 2018). In this study, TIMP-1 protein levels were observed to rise slightly, albeit
statistically significantly (p<0.05) when the colonspheres were treated with both MH (1.06
fold higher compared to CTL) and only chemotherapeutic agent (1.13 fold). On the other
hand, when the spheroids were treated with the combination of MH and 5-Fu, the expression
levels were statistically significantly (p<0.05) lower than in the CTL (1.24 fold). A
downregulatory effect of this protein was observed in HT1080 fibrosarcoma cells, where
both myricetin and quercetin were able to lower its protein level, while having an inhibitory
effect on MMPs and therefore on angiogenesis (Bae et al., 2017).
TIMP-2 (Figure 3.45A,C) is also an inhibitor of MMPs, in particular of MMP2 and
MMP9 and therefore the expression of MMPs should be evaluated simultaneously for the
evaluation of its effect on angiogenesis. In this case, an association with tumor staging was
found in colorectal cancer, also related in this case to the relationship with MMP2: a high
MMP2/TIMP-2 ratio is correlated with a poor prognosis (Banday et al., 2019). In the present
work it has been observed that TIMP-2 levels were statistically significantly up-regulated
(p<0.05) only with the treatment of colonspheres with MH alone (1.29 times more expressed
than CTL). Treatment of the spheroids with both 5-Fu and with this in combination with MH
did not cause statistically significant (p<0.05) changes in the expression levels of this MMPs
inhibitor. The effects of polyphenols on the levels of this protein in cancer cells are
contrasting, in fact it was found that in human colorectal cancer cell lines DLD-1 the
Hibiscus sabdariffa polyphenol-enriched extract was able to increase the protein level of
TIMP-2 (Huang et al., 2018) and the same happened in HCT-116 treated with a polyphenol
extract deriving from green tea (Roomi et al., 2015). In contrast in SCC4 oral cancer cells,
kaempferol was able to downregulate TIMP-2 mRNA and protein expression (Avtanski et
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al., 2018) and in B16/F10 mouse melanoma cells carnosol was shown to do the same,
decreasing invasion and angiogenic capacity of these cells (Huang et al., 2005).
The last protein analysed in this Antibody array in which changes in expression levels
were noted is VEGF-D (Figure 3.45A,C), which is considered to be a potent pro-angiogenic
factor as well as lymphoangiogenic one in colon cancer (George et al., 2001). In the present
study no significant differences (p<0.05) were found in the protein levels of this proangiogenic factor when the spheroids were treated with the single treatments, either MH or
5-Fu. While the combined use of these led to a strong downregulation (p<0.05) in the protein
levels of VEGF-2, which are 2.10 times lower than those found in CSCs-like deriving from
untreated spheroids. Similarly, in breast CSCs-like (from SUM-149 and SUM-190) EGCG
in association with the chemotherapeutic agent was found to downregulate this
lymphoangiogenesis promoting protein (Mineva et al., 2013).
In conclusion it can be affirmed that through this experiment which analysed the
levels of different proteins involved in angiogenesis it is possible to note that some of the
pro-angiogenic factors (b-FGF, GRO, PIGF) were strongly up-regulated by the use of
chemotherapeutic agent alone; this could be due to the fact that it has been found in several
studies that different stressful conditions are able to up-regulate the levels of these factors
(Fan et al., 2008) and it could be speculated that the 5-Fu could act as a stressful agent
favouring an up-regulation of these pro-angiogenic proteins. It is also interesting to observe
how MH acted synergistically in the downregulation of some pro-angiogenic factors (b-FGF,
IGF-I, PDGF-BB, PIGF, TGF-β1 and VEGF-D) respect to single treatments. It could
therefore be said that the use of MH in combination with 5-Fu was able to decrease the
protein levels of some pro-angiogenic factors, and could also be able to mitigate a
physiological increase in the protein levels of these pro-angiogenic factors due to the
chemotherapeutic drug, which as seen for GRO could be also related to some side effects
encountered after taking chemotherapeutic agents.
3.4.5. MH in combination with 5-Fu reduces telomere length of colon CSCs-like from
spheroids
There are some studies that link the ability to self-renewal of stem-cells (Li et al.,
2020), EMT in cancer cells (Xue et al., 2011), resistance to apoptotic phenomena (Zhang et
al., 1999) also to telomere (repetitive hexamer of TTAGGGs) length, which, however, has a
controversial role in the onset and in the progression of cancer (Aviv et al., 2017) and is still
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being studied especially regarding CSCs. In fact, there are some scientific studies that
associate a shortening of telomeres with carcinogenesis phenomena (Zhang et al., 2015;
Haycock et al., 2017), on the other hand there are many others that instead attribute a greater
length of telomeres to increased survival capacity with associated immortality in tumor cells
(McNally et al., 2019; Rode et al., 2016; Seow et al., 2014; Rudolph et al., 2001); cancertelomere length paradox seems to be associated with the type of cancer and the relationships
between chromosomal ends and cancer have yet to be fully studied and understood.
In this last part of thesis, it was evaluated the effect of the different treatments on
telomere length by quantitative Real-Time PCR using telomere specific primers and DNA
extracted from cells deriving from monolayer culture or from colonspheres treated or not.
The results were adjusted to the single copy gene Rplp0 evaluated also for each condition.
As can be seen in Figure 3.46, there was a statistically significant difference (p<0.05),
albeit slight, in telomere length between HCT-116 conventionally cultured and CSCs-like
deriving from untreated spheroids (1.08 fold decrease). Similarly, when the colonspheres
were treated with the two MH concentrations, the telomere length was less than the control,
by 1.53 and 1.57 times, respectively. Treatment with 5-Fu alone and the combination with
the lowest concentration of MH also lowered the values compared to the CTL respectively
1.27 and 1.21 times. When, on the other hand, the tumorsphere were treated with the 5-Fu
50 μM + MH 37.5 mg/mL treatment, the reduction observed was more evident, in fact a
statistically significant reduction (p<0.05) was detected, equal to a value 1.74 times smaller
than that observed in CSCs-like deriving from untreated spheroids. Similar results were
observed in colon CSCs-like (from HCT-116 cell line) treated with walnut phenolic extracts
in association with a decreased enzymatic activity of telomerase (enzyme that adds repetitive
sequences of non-coding DNA), associated with a reduction of c-Myc (Shin et al., 2019),
which seems to be involved in the activation of telomerase (Wang et al., 1998). As discussed
in paragraph 3.4.2., also in this study a reduction in the levels of this proto-oncogene was
observed (Figure 3.39). Similar results were also observed by Chung et al., 2018 in colon
cancer cells from HCT-116 and DLD1 cell lines, where resveratrol and even more the
combination of this phenolic compound with 5-Fu significantly decreased telomerase
activity in association with a decrease in typical stem cell markers.
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Figure 3.46. The effect of MH, 5-Fu and their combination on telomere length. Telomere length
was analyzed by Real-Time PCR in cells deriving from monolayer culture (2D) and cells (CSCslike) deriving from spheroids not-treated (CTL) or treated with different conditions (MH 50 mg/mL,
MH 75 mg/mL, 5-Fu 100 μM, 5-Fu 50 μM + MH 25 mg/mL, 5-Fu 50 μM + MH 37.5 mg/mL for 48
h). Values are expressed as mean ± SD of three independent experiments (n=3). Different letters in
the same column indicate significant differences (p<0.05).

In conclusion it can be said that in this study it was found that MH, in particular in
combination with 5-Fu, was able to influence the length of telomeres, which appears to be
less in treated CSCs-like and most likely it may be speculated that it acts on telomerase
activity through the downregulation of c-Myc.
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CONCLUSIONS, FUTURE PERSPECTIVES AND LIMITATIONS
Based on the results obtained on the evaluation of the effect of MH on 5-Fu
chemosensitivity in colonspheres enriched with CSCs-like, the following conclusions can be
drawn:
1. MH, used in this work, possessed a content of total phenolic compounds of 1.13 ± 0.01
mg GAEq/g honey and a content of flavonoids of 42.78 ± 3.44 mg CatEq/Kg honey; the
most representatives phenolic compounds are pinocembrin for flavonoids and salicylic
acid for phenolic acids. The antioxidant activity of this honey was also evaluated through
three different methods and the values obtained were the following: FRAP= 221.21 ±
5.69 µmol Fe(II)/100g honey, TEAC= 224.29 ± 5.58 µmol TEq/100g honey and DPPH=
78.16 ± 2.84 µmol TEq/100g honey.
2. It was possible to enrich a population of CSCs-like from HCT-116 colon
adenocarcinoma cell line through the in vitro sphere forming assay, which also made
possible to work with a three-dimensional culture model that better mimics the real
conditions.
3. MH alone and more in combination with 5-Fu was able to decrease some morphological
and physical parameters of colonspheres enriched with CSCs-like, closely correlated
with the pharmacological efficacy in 3D models, such as the volume of the entire culture,
the diameter, solidity, sphericity, mass density and weight of the spheroids without
showing, at the same time, any cytotoxic effect in healthy colon cells.
4. MH and even more its combination with 5-Fu induced intracellular accumulation of ROS
in colorectal CSCs-like from spheroids, associated with a reduction of CD44 gene
expression, which would seem to "protect" CSCs-like from a too high ROS accumulation
through its binding to the functional antiport system cystine-glutamate, which allows a
greater accumulation of GSH and therefore a decrease in ROS levels. Also GSH levels
were found to be decreased by MH alone and by its combination with chemotherapeutic
agent.
5. MH and even more the combination of MH with 5-Fu was able to induce apoptosis in
CSCs-like deriving from spheroids through the downregulation of many apoptosis
inhibitors, including IAPs (Livin, Survivin, XIAP), IGFs (IGF-I, IGF-II and IGF-IR) and
HSPs (HSP-27, HSP-60 and HSP-70), with a pronounced synergistic effect of honey and
the chemotherapeutic agent. These results, which led to a reduction in the survival ability
of CSCs-like, could therefore lead also to a chemosensitizing effect of honey towards 5156
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Fu, considering that the resistance to apoptotic phenomena is one of the causes of the
chemoresistance of CSCs.
6. MH in combination with 5-Fu was able to downregulate the gene expression of ABCG2,
one of the members of ABC transporters, present on the surface of the CSCs and strictly
associated with a higher chemoresistance, acting as efflux pumps extruding the
chemotherapeutic drugs from inside to outside the cells.
7. MH was able to enhance the effect of 5-Fu in the downregulation of one of the main
targets of this chemotherapeutic agent: TYMS, an enzyme that regulates the ex novo
DNA synthesis.
8. MH was able to increase the effect of 5-Fu on one of the fundamental characteristics of
CSCs-like: the self-renewal ability by acting on all three pathways. In the Wnt/β-catenin
pathway it acted mainly at upstream level, up-regulating the inhibitor (Dkk1) of the
pathway and downregulating the membrane receptor Fzd7, as well as decreasing the
expression levels of Dvl2, resulting in the downregulation of two target genes CD44 and
c-Myc. As for the Hh pathway, it is interesting to note how the levels of genes expression
of the main actors of this pathway changed a lot between the parental cell line and the
CSCs-like; in this pathway the combinatorial treatment would seem to act upstream both
at the level of the Hh ligand and the Smo activator, without altering the expression levels
of the Ptch receptor, in this case a decrease in the expression levels of the transcription
factor Gli1 was also noted resulting in the downregulation of target genes Nanog and
Oct4. Regarding Notch pathway, only an upstream downregulation of the Jag1 ligand
was noted among the actors studied, resulted in the downregulation of the target genes
c-Myc and p21.
9. MH, especially in combination with 5-Fu, was able to significantly reduce the migration
capacity of CSCs-like, ability closely related with the EMT process and therefore with
metastasis; this reduced migratory capacity was correlated with a clear reduction in
CSCs-like treated with MH and 5-Fu of the gene expression levels of some TFs, such as
Slug, Snail and Twist associated with an increase in E-cadherin protein levels, the
adhesion protein associated with the epithelial phenotype.
10. Some of the pro-angiogenic factors (b-FGF, GRO, PIGF) resulted to be strongly upregulated by the use of chemotherapeutic agent alone, this could be due to the fact that
different stressful conditions are able to up-regulate the levels of these factors and it
could be speculated that 5-Fu could act as a stressful agent favouring an up-regulation of
these pro-angiogenic proteins. It was observed that instead MH acted synergistically with
157

Conclusions, Future Perspectives and Limitations

5-Fu in the downregulation of some pro-angiogenic factors (b-FGF, IGF-I, PDGF-BB,
PlGF, TGF-β1 and VEGF-D). Therefore the use of MH in combination with 5-Fu was
able to decrease the protein levels of some pro-angiogenic factors, and to mitigate a
physiological increase in the protein levels of these pro-angiogenic factors due to the
chemotherapeutic drug, which, as seen for GRO, could be also related to some side
effects encountered after taking chemotherapeutic agents.
11. MH, in particular in combination with 5-Fu, was able to influence the length of
telomeres, which appears to be shorter in treated CSCs-like; it may be speculated that it
may act on telomerase activity through the downregulation of c-Myc.
These results indicate that MH has an in vitro chemosensitizing effect against 5-Fu on
colon CSCs-like; these interesting findings, although preliminary, suggest a potential
synergistic action of MH with 5-Fu, which could be useful in deepening the studies on
natural compounds to be used in association with conventional medical therapies as already
happens with folinic acid (leucovorin), which, in addition to increase the effectiveness of 5Fu, also decreases its side effects. For example, it would be interesting to evaluate the effect
of the individual compounds identified in MH in combination with 5-Fu on CSCs isolated
from biopsies of colon cancer patients on a model that is therefore more in line with the in
vivo conditions, to contribute to development of new approaches: (i) to increase the
effectiveness of conventional chemotherapy, (ii) to overcome the cancer cell resistance, and
(iii) to reduce the severity of adverse toxicity.
The present work has some limitations. First of all, the main one is related to the
bioavailability and bioaccessibility of phenolic compounds, since it is known that after
digestion the structure of the metabolites are usually different from the parental one: these
phenomena involve various factors not only related to the food matrix but also to other
aspects, such as the gut mcrobiota of each subject. However, it should be taken into account
that this study represents a starting point for obtaining preliminary data, for subsequent
studies involving in vitro simulated digestion processes. The treatment with the digested
fraction could allow an approach to a physiological condition closer to the real one which
takes into consideration all those aspects related to the metabolic transformation of phenolic
compounds that occurs during digestion. Among the other limitations there is the use of
concentrations of honey that correspond to an intake of honey much higher than the
recommended one, however, again, it must be considered that these are preliminary
evaluations and that the aim of this project was to observe if honey could exert anticancer
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effects on CSC spheroids, also considering that scarsity of published data related to this
topic. Another obvious limitation is the failure to evaluate which is really the main
responsible compound or compounds for the highlighted effects: also this point actually
represents a possible implication for future projects in which this current work lays the
foundations, even if we can postulate that the effects of honey could be essentially due to
the synergistic effects of all the bioactive compounds present in this type of honey.
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