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1. INTRODUCTION

1.1 Natural compounds with antiproliferative effect
Tumorigenesis is a multistep process that can be activated by any of various
environmental carcinogens, inflammatory agents, and tumor promoter. In this
context, diet may have a very relevant influence. Indeed, over several decades,
many studies have shown numerous dietary constituents and nutraceuticals as
cancer chemopreventive agents (Aggarwal et al, 2009), and it has been generally
accepted that dietary agents can suppress transformation, hyperproliferation,
invasion, angiogenesis, and metastasis of various tumors (Sarkar and Li, 2006).
The aim of the modern medicine is, in fact, to develop drugs that are safe,
efficacious, and affordable. However, the questions that remain to be answered
are which component of these dietary agents is responsible for the anti-cancer
effects and what is the mechanism by which they suppress cancer. Dietary agents
consist of a wide variety of biologically active compounds that are ubiquitous in
plants, many of which have been used in traditional medicines for thousands of
years.
It is becoming clear, as shown in Figure 1.1, that these agents exert pleiotropic
effects on tumor cells affecting various molecules involved in proliferation,
invasion, and metastasis of cancer (Shanmugam et al, 2011). In this regard,
documented data indicate that many dietary agents, such as curcumin, resveratrol,
genistein, diallyl sulfide, capsaicin, catechins, beta-carotene and dietary fibers act
modulating multiple intracellular signaling molecules, such as transcription
factors, anti-apoptotic and pro-apoptotic proteins, protein kinases, cell cycle
8

proteins and growth factor signaling pathways. For instance, many dietary agents
can down-regulate the expression of anti-apoptotic proteins, such as Bcl-2 and BclXL and up-regulate the expression of pro-apoptotic proteins, such as caspases and
PARP, in several cancer cell lines (Khan et al, 2008).

Figure 1.1: Signal transduction and apoptotic pathways modulated by dietary agents
(Shanmugam et al, 2011).

Hence, because oxidative and inflammatory stress contributes to malignant
transformation, dietary agents with antioxidative, anti-inflammatory, and proapoptotic properties would be good candidates for preventing most human
malignancies. Indeed, modulation of cell signaling and apoptotic pathways by
dietary agents would provide more new opportunities for chemoprevention based
on specific molecular targets.

1.2 CellfoodTM
CellfoodTM (CF; Nu Science Corporation, CA, USA) is a proprietary formulation
containing 78 ionic/colloidal trace elements, deuterium sulfate and minerals
combined with 34 enzymes and 17 amino acids (Iorio, 2006).
9

The organic and inorganic components of this natural supplement are naturally
extracted from marine algae and mineral fossils, whose extracts have shown
growth-inhibitory effects both in vitro on human cancer cells (Aslam et al, 2009), as
well as in vivo on animal models (Aslam et al, 2012).
Referring to CF formulation, previous studies have demonstrated its ability to
furnish effective in vitro antioxidant protection against pathophysiologically
relevant oxidant agents, by preserving both biomolecules, such as glutathione and
DNA, and circulating cells, such as erythrocytes and lymphocytes, from oxidative
damage (Benedetti et al, 2011). In addition, previous observations indicated that CF
administration to endothelial cells helps to modulate O2 availability allowing
optimal O2 consumption, by improving respiratory metabolism and mitochondrial
activity (Ferrero et al, 2011). At the same time it has been documented that CF
regulates reactive oxygen species (ROS) generated by hypoxia (Ferrero et al, 2011).
This evidence suggests that CF is able to improve respiratory metabolism and to
activate antioxidant mechanisms, thus preserving cell function. All these
observations, together with the hypoproliferative effect exerted by the red algae L.
calcareum, led us to wonder whether CF, as whole formula, could be an
antiproliferative agent in vitro, on cultured cancer cells, by inducing metabolism
modifications and apoptosis.
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1.3 Metabolism of cancer cells
Changes in energy metabolism are one of the first identified biochemical
hallmarks of cancer cells. In fact, cell proliferation, that represents the essence of
cancer disease, involves not only a deregulated control of cell proliferation but
also adjustments of energy metabolism in order to fuel cell growth and division.
Among the metabolic changes exhibited by tumor cells, enhanced glucose
metabolism and glucose dependence, compared to normal tissues, are particularly
correlated with tumor aggressiveness and prognosis. Normal cells generate most
of their ATP through glycolysis under anaerobic conditions and mitochondrial
oxidative phosphorylation under aerobic conditions. Furthermore, normal tissues
can use alternative energy sources, such as glucose, fatty acids, amino acids and
other metabolic intermediates, to generate ATP in mitochondria. Tumor cells,
however, generate as much as 60% of their ATP through glycolysis, regardless of
the presence or absence of oxygen, and depend more on glycolysis for ATP
generation (Nam et al, 2013). This phenomenon was originally observed by Otto
Warburg (1930) and is now known as “Warburg effect” (Warburg, 1956) or
“aerobic glycolysis”. Since this first observation, the “aerobic glycolysis” has been
observed in a variety of tumor cells and cumulating studies on various
proliferating cells have led to the evidence of a global metabolic reorganization
concomitant to cancer progression (Moreno-Sánchez et al, 2007). It is known that
proliferation of cancer cells is accompanied by activation of glycolysis and this
altered glucose metabolism, or aerobic glycolysis (Figure 1.2), is recognized as one of
the most common hallmarks of cancer (Cairns et al, 2011).
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Figure 1.2: Energetic metabolism of tumor cells
(Vander Heiden et al, 2009).

It has been hypothesized that this aerobic glycolytic phenotype provides benefits
to tumor cells compared to oxidative phosphorylation. For instance, aerobic
glycolysis has been shown to protect DNA from damage caused by oxygen
radicals, predominantly produced by oxidative phosphorylation, and to generate
ATP at a faster rate than oxidative phosphorylation (Pfeiffer et al, 2001). As a
consequence of the so-called Warburg phenotype, typical of approximately 60 to
90% of cancers, tumor cells are characterized by high rates of lactate production
and macromolecules biosynthesis, irrespective of the oxygen level (Kluza et al,
2012).
The glycolytic pathway is a series of metabolic reactions catalyzed by multiple
enzymes or enzyme complexes that lead to the production of pyruvate from
glucose. During aerobic glycolysis, most of pyruvate is then converted to lactate,
which is exported out of the cell, contributing to extracellular acidification (pH),
typical of cancer cells. Being glycolysis the preferred reaction of cancer cells to
12

produce energy, an increased expression of many of the glycolytic enzymes has
been observed in tumor cells (Kluza et al, 2012). This preferential use of aerobic
glycolysis seems to be counterintuitive, in that cancer cells must compensate for
the about 18-fold lower efficiency of ATP production afforded by glycolysis as
compared to mitochondrial oxidative phosphorylation. In this context, it is likely
that one of the critical roles of aerobic glycolysis in cancer cells is to provide
essential metabolic intermediates for biosynthesis of macromolecules, such as
lipids, proteins and nucleic acids, in order to support increased proliferation. In
fact, the glycolytic intermediate glucose-6-phosphate (G6P) is also used in the
pentose phosphate pathway (PPP) to synthesize precursors of nucleotides and
amino acids, which are required for tumor cell growth and proliferation (Figure
1.3).

Figure 1.3: Tumor glucose metabolism (Meijer et al, 2012).
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When cells do not require these macromolecules for metabolism, intermediates of
the PPP, such as fructose-6-phosphate and glyceraldehyde-3-phosphate, can be
recycled back in the glycolytic process (Meijer et al, 2012). Moreover, it seems that
the reducing equivalent NADPH generated through the PPP can be used from
cancer cells to balance ROS generation and protect themselves from apoptosis
(Teicher et al, 2012).
As mentioned above, this condition offers several advantages to highly
proliferating cells, that compensate using the most abundant extracellular
nutrient, glucose, by up-regulating its transporters, notably GLUT-1 and by
converting pyruvate, the end-product of glycolysis, into lactate by lactate
dehydrogenase (LDH) rather than oxidizing it in mitochondria (Hsu and Sabatini,
2008). Consequently, the amount of lactate released and the activity of LDH are
up-regulated in transformed cells, as well as other glycolytic enzymes, such as
hexokinase (HK), glyceraldeyde-3-phosphate-dehydrogenase (GAPDH) and
pyruvate kinase (PK), and glucose transporters, such as GLUT-1, which
substantially increase glucose import into their cytoplasm (Jones and Thompson,
2009). LDH is an important enzyme because, converting pyruvate to lactate, it
allows to restore the level of cytosolic NAD+, necessary as a cofactor of the enzyme
GAPDH, NAD+-dependent, to make glycolysis to proceed (Lehningher, 2005)
(Figure 1.4).
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Figure 1.4: Cooperation between GAPDH and LDH (Lehninger, 2005).

Therefore, several enzymes involved in the glycolytic pathway have been recently
considered as possible targets for cancer treatment and have gathered interest for
the possibility to develop glycolytic inhibitors as potential anticancer agents (Chen
et al, 2007). Furthermore, recent studies have identified signaling pathways,
oncogene products, tumor suppressor proteins and transcriptional factors that
directly or indirectly affect tumor cell energy metabolism. Therefore, these factors
may also be rational targets for cancer therapy (Nam et al, 2013).

1.4 Involvement of HIF-1 alpha in cancer cell metabolism
It is well established that in cancer cells, in which oxygenation fluctuates
temporally and regionally from normoxia to hypoxia, the hypoxia inducible factor
(HIF-1) plays a fundamental role, because it enables tumor cells to survive by
changing glucose metabolism toward a glycolytic phenotype, by inducing
angiogenesis and by regulating pH balance and proliferation rate (Figure 1.5)
(Meijer et al, 2012).
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Figure 1.5: Stabilization and activation of HIF-1 (Meijer et al, 2012).

In addition to its stabilization under hypoxic conditions, HIF-1 can also be
activated under normoxic conditions by oncogenic signaling pathways, including
the phosphatidylinositol 3-kinase (PI3K).
In cancer cells, characterized by high rate of glycolysis and the consequent upregulation of many glycolytic enzymes and glucose transporters, the transcription
factor HIF-1 plays a critical role (Nam et al, 2013). In fact, it is up-regulated in
malignant cells and its inhibition has been associated to metabolic changes with
decreased rate of glucose uptake and lactate production in vitro (Cairns et al, 2011).
HIF-1 is a heterodimeric protein consisting of an O2-regulated alpha subunit and a
constitutively expressed beta subunit. Under normoxia, HIF-1 alpha is rapidly
degraded, whereas hypoxia leads to its stabilization and accumulation. Once
activated, HIF-1 amplifies the transcription of genes encoding glucose transporters
and most glycolytic enzymes, increasing the capacity of the cell to carry out
glycolysis and probably mediating the metabolic switch from mitochondrial
respiration to glycolysis. In fact, it has been observed that it induces and
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consequently increases the expression of glucose transporters, as GLUT-1, of the
majority of the glycolytic enzymes (Figure 1.6), such as HK, GAPDH, PK, LDH and
pyruvate dehydrogenase kinase (PDK) and of enzymes involved in PPP, such as
glucose 6-phosphate dehydrogenase (G6PDH) (Nam et al, 2013). Therefore, all
these molecules have been found over-expressed in many types of cancer.

Figure 1.6: Relationships between the glycolytic pathway and signaling pathways, oncogenes,
tumor suppressor genes and transcription factors (Nam et al, 2013).

Glucose is a hydrophilic compound and therefore cannot pass through the cell
membrane lipid bilayer via simple diffusion. Instead, it requires a specific
transporter to enter the cytosol. GLUTs are a family of glucose transporters that
transport glucose along a concentration gradient (Rastogi et al, 2007). Tumors
frequently over-express the GLUTs, especially GLUT-1, which facilitate, in turn,
glucose uptake. Following intracellular entry via glucose transporters, glucose is
converted to glucose-6 phosphate, the initial phosphorylated intermediate of the
17

glycolytic pathway, by hexokinases. In human cells there are four isoforms of HK
(I-IV) with different patterns of tissue expression (Nam et al, 2013). Among them,
HKII plays an important role in the initiation and maintenance of high rates of
glucose catabolism and therefore it is overexpressed in various types of cancer
cells.
Furthermore, GAPDH is another important enzyme which catalyzes the key redox
reaction in the glycolytic pathway by converting glyceraldehyde 3-phosphate to
1,3-bisphosphoglycerate (Nam et al, 2013), and leading to the formation of NADH.
This cofactor is, in turn, necessary for LDH activity and consequently for lactate
production and substantially to make glycolysis to go on.
The generation of energy in the form of ATP through glycolysis is required for
cancer cells proliferation, however studies have shown that ATP generation by
aerobic glycolysis is not the sole metabolic requirement of a cancer cell, and that
alterations

to

metabolism

support

ATP

resources

but

also

stimulate

macromolecule biosynthesis and redox control. In this context, PK catalyzes the
rate-limiting,

ATP-generating

step

of

the

glycolysis

in

which

phosphoenolpyruvate (PEP) is converted to pyruvate and plays an essential role in
regulating the balance between glycolytic ATP generation and biosynthetic
requirements in proliferating cells. Multiple isoenzymes of PK exist in mammals:
type 1 is found in liver and kidneys, type r is expressed in erythrocytes, type M1 is
found in tissues such as muscle and brain and type M2 is present in self-renewing
cells. Intriguingly, cancer cells express higher levels of PKM2 providing a
proliferative advantage for cancer cells and also enhancing the activity of HIF-1
(Nam et al, 2013), raising the possibility that PKM2 may be an attractive target for
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cancer therapy. A recent study showed that inhibiting PKM2 activity using siRNA
increases apoptosis in cell culture and can inhibit tumor cell growth (Goldberg and
Sharp, 2012). Moreover, it has been recently observed that c-myc, a classical
oncogene, in turn up-regulated by AKT, promotes not only the proliferation and
the production of macromolecules required for growth, but also the expression of
the PKM2 isoform. Hence, inhibiting the c-myc oncogene a down-regulation of the
glycolytic pathway may be obtained as a consequence of a decreased activity of
PKM2 (Dando et al, 2013).
In tumor cells, the increased expression of LDH and the inactivation of pyruvate
dehydrogenase (PDH) promote glycolysis via pyruvate to lactate conversion and
suppression of the tricarboxylic acid (TCA) cycle. In fact, upon activation, HIF-1
may lead to the up-regulation of LDH, the NADH-dependent enzyme that
catalyzes the conversion of pyruvate to lactate. HIF-1, in turn, may down-regulate
the mitochondrial activity through several mechanisms and in particular by
inhibiting the conversion of pyruvate to acetyl-CoA via the activation of the gene
encoding PDK (Denko, 2008; Yeung et al, 2008). In fact, PDK, inactivating PDH,
prevents the movement of pyruvate into the mitochondrial matrix. The
expressions of LDH and PDK are increased in human cancer and their activity is
directly regulated not only by HIF-1 but also by a variety of oncogenes, such as cmyc (Fantin et al, 2006).
Finally, the enzyme that initiates the oxidative branch of the PPP, G6PDH, is a
cytosolic enzyme that converts d-glucose 6-phosphate to 6-phospho-d-glucono1,5-lactone reducing NADP to NADPH and thus maintaining the level of this
reduced coenzyme (Majeed et al, 2012). Furthermore, it plays an important role in
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providing ribose-5-phosphate for nucleic acid synthesis and reducing power
(NADPH) to the cells. The attenuation of the PPP in cancer cells, through G6PDH
activity inhibition, would reduce NADPH production and, as a consequence, limit
the maintenance of the antioxidant glutathione in its reduced state (GSH),
decrease macromolecule biosynthesis, such as nucleotides and lipids, and render
the transformed cells vulnerable to free radical-mediated damage. Moreover, it
has been observed that the tumor suppressor gene p53 is a negative regulator of
G6PDH; in fact, it regulates the PPP pathway leading to G6PDH inhibition (Jiang
et al, 2011). For this reason, cancer cells showing p53 inactivation are characterized
by high glucose uptake and glycolytic phenotype (Warburg effect). Being G6PDH
generally increased in cells undergoing neoplastic cell growth, drugs which acts
inhibiting this enzyme, such as 6-amino-nicotinamide (6-AN), have demonstrated
anti-tumorigenic effects in leukemia, glioblastoma and lung cancer cell lines
(Budihardjo et al, 1998). However, additional basic research and complete clinical
trials will be required to properly assess their therapeutic potential. Accordingly,
G6PDH has been recently revealed to be involved in processes such as apoptosis
and angiogenesis, making it as a promising target in cancer therapy (Zhang et al,
2013).
Moreover, in tumor cells the activation of signaling pathways, proto-oncogenes
and transcriptional factors and the inactivation of tumor suppressor genes are
associated with glycolytic fueling, involving a metabolic switch from oxidative
phosphorylation to glycolysis, thereby attenuating mitochondrial respiration
(Vander Heiden et al, 2009).
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Interestingly, HIF-1 alpha seems to be stabilized also by the activation of the
phosphatidylinositol 3-kinase/AKT/mammalian target of rapamycin pathway
(PI3K/AKT/mTOR) (Jiang et al, 2001). This signaling pathway, in turn, is
implicated in the regulation of glucose uptake and in the stimulation of glycolytic
enzymes and results aberrant and activated in many cancer cells (Figure 1.7).

Figure 1.7: Molecular mechanisms driving the Warburg effect (Cairns et al, 2011).

Not only HIF-1 but also the oncogene c-myc and the tumor suppressor gene p53
are closely related to PI3K/AKT/mTOR pathway activation (Figure 1.6 and 1.7).
The oncogene c-myc, that stimulates the expression of glycolytic enzymes,
collaborates with HIF-1 to confer metabolic advantages to tumor cells, allowing
them to thrive in a hypoxic microenvironment (Warburg effect), while p53
regulates the expression of genes inducing cell cycle arrest, apoptosis and
senescence under stress conditions. Its activation indirectly decreases the activity
of several glycolytic enzymes and increases the use of the TCA cycle and oxidative
phosphorylation. Activated p53 inhibits the PI3K/AKT/mTOR pathway activity,
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but when mutated, as in many types of cancer, it loses its activity and leads to the
Warburg effect (Nam et al, 2013).
Recent studies have demonstrated an association between the epidermal growth
factor receptor (EGFR) pathway and metabolic abnormalities in cancer cells. In
fact, the EGFR pathway is upstream of the PI3K/AKT/mTOR signaling pathway
and of HIF-1 alpha and p53 and thus it could be an important therapeutic target in
aerobic glycolysis (Nam et al, 2013) (Figure 1.6).
According to one long-forgotten and recently revived and refined hypothesis
(Vander Heiden et al, 2009), increasing glycolysis and thus shifting metabolism
away from glucose oxidation at mitochondrial level and towards cytoplasmic
glycolysis might suppress apoptosis, a form of cell death that is dependent on
mitochondrial energy production (Elmore, 2007). Therefore, the glycolytic
phenotype has been associated to apoptosis resistance and consequently increased
tumor proliferation (Hanahan et al, 2011), moreover, it seems to allow the diversion
of glycolytic intermediates into various biosynthetic pathways, such as those
generating nucleosides and amino acids facilitating, in turn, the biosynthesis of the
macromolecules required for assembling new cells (Gatenby and Gillies, 2004).
Understanding the metabolic basis of cancer has the potential to provide the
foundation for the development of novel approaches targeting tumor metabolism.
In this regard, recent observations suggest that reversing the glycolytic phenotype
may render tumor cells susceptible to apoptosis and decrease their growth rate
(Michelakis et al, 2010; Kumar et al, 2012).
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1.5 Involvement of ROS production in cancer cells
ROS are chemically defined as oxidant compounds containing one or more
unpaired electrons. They are instable and highly reactive, because they try to
obtain required electrons from other compounds to become more stable. The term
ROS encompasses a wide range of molecules, such as the hydrogen atom, most
transition metal ions, nitric oxide, and oxygen. The unpaired electrons of oxygen,
for example, react to form partially reduced highly reactive species including
superoxide (O2-), hydrogen peroxide (H2O2), and hydroxyl radical (OH.). They are
produced in cells as a normal byproduct of metabolic processes. The
mitochondrial electron transport chain is considered to be the main source of
intracellular ROS, but other enzymatic systems, such as xanthine oxidase, NADPH
oxidase complex, cyclo-oxygenase, cytocrome P450, also contribute to ROS
production. ROS are heterogeneous in their properties and have many
downstream effects, depending on the concentrations at which they are present.
At low levels, ROS increase cell proliferation and survival and their production
seems to be required for homeostatic signaling events. They are also able to
stabilize and activate HIF-1 alpha that, in turn, leads to enhanced cell proliferation,
angiogenesis and apoptosis resistance (Fruehauf and Meyskens, 2007).
However, at higher concentrations, ROS seem to inhibit carcinogenesis causing
oxidative damage to macromolecules, including DNA. They may also induce
mitochondria permeabilization, the subsequent cytocrome c release and thus
induce apoptosis in transformed cells (Figure 1.8).
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Figure 1.8: Role of ROS in carcinogenesis process (Rios-Arrabal et al, 2013).

In this context, it has been documented that ROS may induce apoptosis in various
types of tumor, such as glioma (Khan et al, 2012), leukemia (Chen et al, 2011), and
colon cancer (Ong et al, 2008), suggesting their potential role in reducing cancer
cell growth. In fact, many therapeutic drugs, as well as chemotherapy and
radiotherapy, kill cancer cells, by increasing ROS generation.
It is worth to note that cancer cells counteract the detrimental effects of ROS and
try to achieve a redox homeostasis by producing antioxidant molecules, such as
GSH and catalase (Cairns et al, 2011). Importantly, they seem to obtain energy and
carbon intermediate up-regulating both glycolysis, limiting ROS production that
mainly occurs during oxidative phosphorylation, and PPP, using the reducing
power produced (NADPH) as a benefit to balance ROS generation, to escape from
oxidative stress and to protect themselves from apoptosis (Saeidnia and Abdollahi,
2013).
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Interestingly, although molecules as beta-carotene and curcumin, are considered
to have antioxidant properties, there is a growing number of evidence that these
compounds can act as pro-oxidant under certain conditions, playing their
anticancer activity by inducing ROS generation (Chen et al, 2005; Kelkel et al, 2010).
It has been discovered that the anticarcinogenic mechanisms differ depending on
their concentrations: whereas low concentrations of these natural compounds
decrease ROS production without modifying cell growth, higher concentrations
have the opposite effect favoring free radical formation and inhibiting cell growth
due to apoptosis induction.
In conclusion, the balance between ROS and antioxidant levels may critically
determine the cell fate and the role of ROS in cancer is not limited to the generally
accepted genotoxic and mutagenic effects that can initiate cancer, but emerging
evidence shows that ROS generation may also induce cancer cells to death.

1.6 The apoptotic cell death
Apoptosis is an ordered and orchestrated cellular process that occurs in
physiological and pathological conditions. An understanding of the underlying
mechanism of apoptosis is important as it play a pivotal role in the pathogenesis
of many diseases. In some, the problem is due to too much apoptosis, such as in
the case of degenerative diseases while in others, too little apoptosis is the culprit.
Cancer is one of the scenarios where too little apoptosis occurs, resulting in
malignant cells that will not die. The mechanism of apoptosis is complex,
involving many pathways, and defects can occur at any point along these
pathways, leading to malignant transformation of the affected cells, tumor
25

metastasis and resistance to anticancer drugs. Apoptosis plays an important role
in the treatment of cancer as it is a popular target of many treatment strategies
(Wong, 2011).

1.7 Morphological and biochemical changes in apoptosis
Morphological alterations of apoptotic cell death that concern both the nucleus
and the cytoplasm are remarkably similar across cell types and species.
Morphological hallmarks of apoptosis in the nucleus are chromatin condensation
and nuclear fragmentation, which are accompanied by rounding up of the cell and
reduction in cellular volume (pyknosis). Chromatin condensation starts at the
periphery of the nuclear membrane, forming a crescent or ring-like structure. The
chromatin further condenses until it breaks up inside a cell with an intact
membrane, a feature described as karyorexis. The plasma membrane is intact
throughout the total process. At the later stage of apoptosis some of the
morphological features include membrane blebbing, ultrastructural modification
of cytoplasmic organelles and a loss of membrane integrity (Van Cruchten and Van
Den Broeck, 2002) (Figure 1.9). Usually phagocytic cells engulf apoptotic cells before
apoptotic bodies occur, but, if the remnants of apoptotic cells are not
phagocytosed, such as in the case of a cell culture environment, they will undergo
degradation that resembles necrosis and the condition is termed secondary
necrosis (Kroemer et al, 2005). Most of the morphological changes, typical of
apoptotic cells, can be identify in light microscopy observing cells after the MayGrunwald-Giemsa (MGG) staining.
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Figure 1.9: Morphological characteristics of apoptotic and necrotic cells
(Van Cruchten and Van Den Broeck, 2002).

Moreover, three main types of biochemical changes can be observed in apoptosis:
1) activation of caspases, 2) DNA and protein breakdown and 3) membrane
changes and recognition by phagocytic cells. Early in apoptosis, there is
expression of phosphatidylserine (PS) in the outer layers of the cell membrane,
which has been “flipped out” from the inner layers. This allows early recognition
of dead cells by macrophages, resulting in phagocytosis without the release of proinflammatory cellular components. This is followed by a characteristic breakdown
of DNA into large 50 to 300 kilobase pieces. Later, there is internucleosomal
cleavage of DNA into oligonucleosomes in multiples of 180 to 200 base pairs by
endonucleases. This feature, typically named DNA ladder, is detectable in agarose
gel electrophoresis and is characteristic of apoptosis. Another specific feature of
apoptosis is the activation of a group of enzymes belonging to the cysteine
protease family named caspases. Activated caspases cleave many vital cellular
proteins and break up the nuclear scaffold and cytoskeleton. They also activate
DNAases, which further degrade nuclear DNA. While many biochemical assays
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and experiments have been used in the detection of apoptosis, the Nomenclature
Committee on Cell Death (NCCD) has proposed that the classification of cell death
modalities should rely purely on morphological criteria (Wong, 2011).

1.8 Mechanisms of apoptosis
Understanding the mechanisms of apoptosis is crucial and helps to clarify the
pathogenesis of conditions as a result of disordered apoptosis. This, in turn, may
help in the development of drugs that target certain apoptotic genes or pathways.
Caspases are central to the mechanism of apoptosis as they are both the initiators
and executioners. There are three pathways by which caspases can be activated.
The two common initiation pathways are the intrinsic (or mitochondrial) and
extrinsic (or death receptor) pathways of apoptosis (Figure 1.10), both leading to a
common pathway or the execution phase of apoptosis.

Figure 1.10: The intrinsic and extrinsic pathways of apoptosis (Wong, 2011).
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The extrinsic death receptor pathway begins when death ligands bind to a death
receptor; the result is the formation of a binding site for an adaptor protein. The
whole complex formed, in turn, activates the pro-caspase-8, which directly
initiates apoptosis by cleaving other downstream or executioner caspases.
As the name implies, the intrinsic pathway is initiated within the cell. Internal
stimuli such as irreparable genetic damage, hypoxia and severe oxidative stress
are some triggers of the initiation of this pathway. Regardless of the stimuli, this
pathway is the result of increased mitochondrial permeability and the release of
pro-apoptotic molecules such as cytochrome-c into the cytoplasm. This pathway is
closely regulated by a group of proteins belonging to the Bcl-2 family, which
includes both pro-apoptotic proteins (e.g. Bax, Bak, Bad, Bcl-Xs, Bid and Bik) and
anti-apoptotic proteins (e.g. Bcl-2, Bcl-XL and Bcl-W). While the anti-apoptotic
proteins regulate apoptosis by blocking the mitochondrial release of cytochrome-c,
the pro-apoptotic proteins act by promoting such release. It is not the absolute
quantity but rather the balance between the pro- and anti-apoptotic proteins that
determines whether apoptosis would be initiated. Other apoptotic factors that are
released from the mitochondrial intermembrane space into the cytoplasm include
apoptosis inducing factor (AIF), second mitochondria-derived activator of caspase
(Smac) and direct IAP Binding protein with Low pI (DIABLO). Cytoplasmic
release of cytochrome c activates caspase-3 via the formation of a complex known
as apoptosome which is made up of cytochrome c, Apaf-1 and caspase-9. On the
other hand, Smac/DIABLO promotes caspase activation by binding to inhibitor of
apoptosis proteins (IAPs) which subsequently leads to disruption in the
interaction of IAPs with caspase-3 or -9.
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Both pathways eventually lead to a common pathway or the execution phase of
apoptosis, which involves, in turn, the activation of a series of caspases. The
upstream caspase for the intrinsic pathway is caspase-9 while that of the extrinsic
pathway is caspase-8. The intrinsic and extrinsic pathways converge to caspase-3,
which, in turn, is responsible for nuclear apoptosis. In addition, downstream
caspases induce cleavage of protein kinases, cytoskeletal proteins, DNA repair
proteins and inhibitory subunits of endonucleases family. They also have an effect
on the cytoskeleton, cell cycle and signaling pathways, which together contribute
to the typical morphological changes in apoptosis (Wong, 2011).

1.9 Apoptosis in cancer
A reduced apoptosis or its resistance plays a vital role in carcinogenesis and a
malignant cell can acquire reduction in apoptosis or apoptosis resistance in many
ways. Generally, the mechanisms by which evasion of apoptosis occurs can be due
to different mechanisms:
1) Disrupted balance of pro-apoptotic and anti-apoptotic proteins which play a pivotal
role in the regulation of apoptosis. In particular, the Bcl-2 family of proteins is
comprised of pro-apoptotic and anti-apoptotic proteins that play an important role
in the regulation of the intrinsic pathway, as they reside upstream of irreversible
cellular damage and act mainly at the mitochondrial level. All the Bcl-2 members
are located on the outer mitochondrial membrane and they are dimers which are
responsible for membrane permeability either in the form of an ion channel or
through the creation of pores. Based on their function, the Bcl-2 family members
are divided in: anti-apoptotic proteins that protect the cell from apoptotic stimuli
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(Bcl-2, Bcl-xL, Mcl-1, Bcl-w and A1/Bfl-1), pro-apoptotic proteins that are
activated in case of cellular stresses (Bid, Bim, Puma, Noxa, Bad, Bmf, Hrk, and
Bik) and a third group of pro-apoptotic proteins (Bax, Bak, and Bok/Mtd).
When there is disruption in the balance of anti-apoptotic and pro-apoptotic
members of the Bcl-2 family, the result is a dysregulated apoptosis in the affected
cells. This can be due to an overexpression of one or more anti-apoptotic proteins
or an under-expression of one or more pro-apoptotic proteins or a combination of
both.
Moreover, the p53 protein is one of the best known tumor suppressor proteins.
Initially found to be weakly-oncogenic, it was later discovered that the oncogenic
property was due to a p53 mutation (Bai and Zhu, 2006). It is not only involved in
the induction of apoptosis but it is also a key player in cell cycle regulation,
development,

differentiation,

gene

amplification,

DNA

recombination,

chromosomal segregation and cellular senescence and is called the “guardian of
the genome”. Defects in the p53 tumor suppressor gene have been linked to more
than 50% of human cancers (Bai and Zhu, 2006).
2) Reduced caspase function. Some of these enzymes play a central role in apoptosis
(e.g. caspase-2, -3. -6, -7,-8, -9 and -10) and can be classified into: initiator caspases
(e.g. caspase-2, -8, -9 and -10) which are primarily responsible for the initiation of
the apoptotic pathway and effector caspases (caspase-3,-6 and -7) which are
responsible in the actual cleavage of cellular components during apoptosis.
Caspases remain one of the important players in the initiation and execution of
apoptosis and is therefore reasonable to believe that low levels of caspases or
impairment in their function may lead to a decreased in apoptosis and
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carcinogenesis. In some instances, more than one caspases can be down-regulated,
contributing to tumor cell growth and development.
3) Impaired death receptor signaling. Death receptors and ligands of the death
receptors are key players in the extrinsic pathway of apoptosis. These receptors
possess a death domain and when triggered by a death signal, a number of
molecules are attracted to the death domain, resulting in the activation of a
signaling cascade. However, death ligands can also bind to decoy death receptors
that do not possess a death domain and the latter fails to form signaling complexes
and initiate the signaling cascade. Figure 1.11 summarizes the mechanisms that
contribute to evasion of apoptosis and carcinogenesis.

Figure 1.11: Mechanisms contributing to evasion of apoptosis and carcinogenesis (Wong, 2011).
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1.10 Alterations of oncogenes and tumor suppressor genes drive cancer cells to
metabolic reprogramming and apoptosis resistance
Cancer cells use aerobic glycolysis, despite it appears to be an inefficient way to
generate ATP. Increasing evidence shows that the alterations of oncogenes and
tumor suppressors in tumorigenesis play a key role in aerobic glycolysis of cancer
(Zheng, 2012). Oncogene Ras mutations are often found in many types of human
cancers and drive the metabolic phenotype of cancer cells toward aerobic
glycolysis (Hu et al, 2012). Not surprisingly, this oncoprotein is very often mutated
leading to its hyperactivation in cancer. It, in turn, mediates the activation of
several effector pathways like PI3K/AKT, that is commonly altered in human
cancers. Once activated, this pathway not only provides strong growth and
survival signals to tumor cells but is also shown to have intense effects on cellular
metabolism. The best studied effector downstream of PI3K is AKT, a serine
threonine kinase that plays a dual role in regulating both cell proliferation and
metabolism. Since AKT is known to be a major mediator involved in the uptake of
glucose and its utilization, it is therefore not surprising that this kinase is
associated with high glycolytic activity in tumor cells (Elstrom et al, 2004). In fact,
AKT activation leads to enhanced expression of GLUT-1 and phosphofructokinase
(PFK) activity; moreover, it enhances and maintains the association of HKI and
HKII to mitochondria (Barthel et al, 1999) somehow preventing the release of
cytochrome-c and apoptosis.
mTOR, activated by Ras via the PI3K/Akt/mTOR signaling pathway, promotes,
in turn, glycolysis, inducing HIF-1 (Denko, 2008). HIF-1 transcription factors
facilitate cellular adaptation to hypoxic environments and play critical roles in
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shifting from the oxidative phosphorylation to the glycolytic phenotype in cancer
(Zheng, 2012) (Figure 1.12 A and Figure 1.12 B).

Figure 1.12: A: Alterations of oncogenes and tumor suppressor and hypoxia drive cancer cells to
aerobic glycolysis (Zheng, 2012); B: Oncogenic signalling to metabolism
(Cheung and Vousden, 2010).

As a transcription factor, HIF-1 regulates over one hundred different genes,
including vascular endothelial growth factor (VEGF), erythropoietin (epo),
transforming growth factor‑α (TGF‑α), platelet‑derived growth factor‑β
(PDGF‑β) and GLUT-1, and influences many cellular activities, including
angiogenesis, glycolysis (Figure 1.12) and cell survival. In energy metabolism, HIF1 induces GLUT-1 expression and up-regulates most of the enzymes that function
in glycolysis (Levine and Puzio-Kuter, 2010). It also inhibits the conversion of
pyruvate to acetyl‑CoA via the activation of PDK, leading to a decrease of
mitochondrial oxidative phosphorylation.
The oncogene c-myc belongs to the myc family, which comprises pleiotropic
transcription factors that participate in many cellular processes, including cell
proliferation, apoptosis, differentiation, metabolism, and genome stability. c-myc
is the only isoform expressed ubiquitously in a broad range of tissues and organs
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(Li and Simon, 2013). Upon activation and depending on the specific cellular and
signaling contexts, c-myc is able to induce or suppress the expression of up to 15%
of all known genes (Meyer and Penn, 2008). An altered expression of c-myc
oncogene has been coupled to the initiation of most of human malignancies. Not
surprisingly, high levels of c-myc expression have been found to be a hallmark of
many cancer types, including hematologic malignancies and solid cancer (Albihn et
al, 2010). One of the key functions of c-myc is its ability to promote cell cycle
progression by repressing genes as the cyclin-dependent kinase inhibitor
p21/WAF1 (p21) and p27Kip1 (p27), which are involved in the cell cycle arrest
(Amati et al, 1998). c-myc oncogene, apart from its role in driving cell cycle
progression and proliferation, also participates in the regulation of tumor cell
metabolism: it up-regulates the expression of glycolytic enzymes, such as HKII
and LDH, and the glucose transporter GLUT-1 (Figure 1.12). Interestingly, the
enzyme LDH, regulated by c-myc, leads to the conversion of pyruvate to lactate
and thus to an enhanced lactate production contributing to the Warburg effect
(Yeung et al, 2008). HIF-1 may bind to c-myc and stimulate its transcription;
moreover, they cooperates to promote aerobic glycolysis by inducing HKII and
PDK1 expression. Furthermore, c-myc also has an essential role in the regulation
of mitochondrial functioning and biogenesis.
Tumor suppressor p53 is coded by the TP53 gene which is the most frequently
mutated gene in human tumors. p53 acts as a tetrameric transcription factor that
induces hundreds of target genes involved in regulation of processes such as
apoptosis, cell cycle, DNA repair and energy metabolism. For this reason it is
considered the “guardian of the genome” (Bai and Zhu, 2006). Moreover, it plays a
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pivotal role in balancing between glycolysis and oxidative phosphorylation (Figure
1.12). p53 combined with HIF-1 and c-myc has been described as the “triad” of
transcription factors responsible for the glycolytic phenotype in cancer (Figure 1.12
A) (Yeung et al, 2008). p53 normally down-regulates the expression of GLUT-1 and
HKII, and up-regulates the expression of apoptosis regulators as TIGAR and
apoptosis inducing factor as AIF. As shown in Figure 1.12, p53 is also a potent
negative regulator of HIF-1 alpha. It has been demonstrated that p53‑deficient
cells produced significantly higher levels of lactate, inducing a shift from oxidative
phosphorylation to glycolysis in energy production and promoting the Warburg
phenotype (Wood and Trayhurn, 2003). In fact, the inactivation of p53 leads to favor
aerobic glycolysis both increasing glucose uptake and HIF-1 alpha levels and
decreasing TIGAR and AIF expression.

1.11 Targeting apoptosis in cancer treatment
Defects or abnormalities along the apoptotic pathways may play a crucial role in
carcinogenesis and may be an interesting target of cancer treatment. Every natural
compound or drug that can restore the apoptotic signaling pathways towards
normality have the potential to eliminate cancer cells. In this regard, many recent
and important discoveries have opened the doors to potential new classes of
anticancer drugs. Some of these new strategies are still preclinical, others have
already entered clinical trials while some of them have also been incorporated into
combination therapy involving conventional anticancer drugs.
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1.12 Cell cycle in cancer
The cell cycle is a complex and high energy demanding process. It is involved in
cell growth and proliferation, organism development, in the regulation of
damaged DNA repair and in diseases, such as cancer. It requires an encompassed
and ordered series of events to guarantee the correct duplication and segregation
of the genome. Most of the cell cycle is occupied by the interphase, between the
end of a mitosis and the beginning of the next. The interphase is, in turn, divided
into sequential phases: G1, S and G2. The G1 phase is immediately after mitosis
and its duration depends on the cell cycle type but, in any case, it is short: about 510 hours in mammalian cells and slower in cancer cells. Cells can leave the
proliferative pool and differentiate, thus G1 phase corresponds to a growth and
differentiation phase. The S phase is characterized by the duplication of the
nuclear DNA, while the G2 phase is short (about 4-5 hours) and starts when the
replication is completed (Figure 1.13).

Figure 1.13: Cell cycle phases (http://www.bdbiosciences.com)
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Progression through each cell cycle phase and transition from one phase to the
next are monitored by sensor mechanisms, called checkpoints, which maintain the
accurate sequence of events. The ultimate goal is to ensure the detection and
repair of genetic damage, prevent the uncontrolled cell division and guarantee
that the two daughter cells inherit a complete and faithful copy of the genome.
Checkpoints are enzymatic complexes, containing a catalytic subunit (the cyclindependent protein kinase or Cdk) and a regulatory subunit (the cyclin). They are
activated at different points of the cycle and can block its progression if errors
occur, inducing cell cycle arrest until the problem is solved or, if the repair is not
successful, driving cell to senescence or apoptosis (Diaz-Moralli et al, 2013). Once
the chromosomes are correctly duplicated, cell can enter G2, another gap phase, to
prepare for the mitosis (M), where two genomically stable daughter are generated.
Abrogation of cell cycle checkpoints can result in many diseases, including cancer.
Interestingly, the tumor suppressor gene p53 is closely related to cell cycle
regulation. In fact, it can activate DNA repair proteins when DNA is damaged,
arrest growth by holding the cell cycle at the G2/S regulation point and finally, it
can initiate apoptosis if DNA damage is irreparable. Once activated, p53 binds
DNA and activates expression of several genes including WAF1/CIP1 encoding
for p21 and hundreds of other downstream genes (Figure 1.14).
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Figure 1.14: p53 activation negatively regulates cell cycle progression via the cyclin-dependent
kinase (cdk) inhibitor p21 (Jones and Thompson, 2009).

p21 binds to the G1-S/CDK (CDK2) and S/CDK complexes, molecules important
for the G1/S transition in the cell cycle, inhibiting their activity. When p21 is
associated with CDK2 cell cannot continue to the next stage of cell division, but
mutant-p53 cannot bind DNA in an effective way, and, as a consequence, the p21
protein will be not available to act as “stop signal” for cell division.
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2. AIM OF THE STUDY

Previous studies have shown that CF is a nutritional supplement with antioxidant
properties in vitro. The purpose of this PhD thesis was to provide evidence that CF
is also a pro-apoptotic and antiproliferative natural compound.
In this regard, the effect of CF on cell growth and viability, glycolytic metabolism,
cell cycle regulation and apoptosis was evaluated, on both hematologic cancer cell
lines (Jurkat, U937, and K562) and several solid tumor cell lines (mesothelioma,
melanoma, lung, breast and colon carcinoma).
In particular, on leukemic cell lines, cell growth and viability, cell cycle, apoptosis,
HIF-1 alpha amount, glucose transporter (GLUT-1) expression, glycolytic
metabolism and finally intracellular ROS production were investigated. The
apoptotic pathway was herein evaluated studying caspase-3 activity, DNA
fragmentation and cell morphology modifications. The glycolytic metabolism was
evaluated studying the activity of several glycolytic enzymes, such as HK,
G6PDH, GAPDH, PK and LDH. Moreover, lactate release and extracellular pH
measurements completed the metabolic studies.
On solid cancer cell lines, the following investigations were performed: cell
growth and viability assay, clonogenic test and cell cycle analysis. The expression
of several proteins involved in the apoptotic and survival pathways and in cell
cycle regulation (caspase 3, PARP, p53, c-myc, p27 and p21, pAKT, AKT and Bcl-2)
was finally performed.
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3. MATERIALS AND METHODS

EVALUATION OF METABOLISM MODIFICATIONS AND APOPTOSIS
INDUCTION AFTER CF TREATMENT ON LEUKEMIC CELLS (1st PART)

Experiments on leukemic cells growing in suspension were principally performed
at the Section of Clinical Biochemistry and Cellular Biology, Department of
Biomolecular Sciences of the University of Urbino. To carry out DNA
electrophoresis and western blot analysis, I personally collaborated with Prof.
Francesco Palma and his PhD student Dr. Marselina Arshakyan, while for the cell
cycle analysis I relied on Dr. Barbara Canonico and Dr. Francesca Luchetti, both
from the University of Urbino.

3.1 Antibodies and reagents
All chemicals and cell culture reagents were purchased from Sigma-Aldrich
(Milan, Italy) and from VWR International (Milan, Italy). The antibody anti GLUT1 was from Thermo Scientific, Lymphoprep™ from Axis-Shield PoC AS (Oslo,
Norway) and WST-1 from Roche Diagnostics GmbH (Mannheim, Germany).

3.2 CellfoodTM
The supplement (liquid) was kindly provided by Eurodream srl (La Spezia, Italy)
and stored at room temperature. Before use, CF was diluted in phosphate buffered
saline 150 mM pH 7.4 (PBS) and sterilized using a 0,45 µm syringe-filter. CF was
tested at the final concentration of 5 μl/ml.
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3.3 Cell lines and lymphocytes
Three leukemic cell lines, growing in suspension, were employed for the first part
of the present study: Jurkat (acute lymphoblastic leukemia), U937 (acute myeloid
leukemia) and K562 (chronic myeloid leukemia in blast crisis). Cells were grown
in sterile plastic flasks and maintained in RPMI 1640 medium supplemented with
10% heat-inactivated fetal bovine serum (FBS), 1% L-glutamine and 1%
penicillin/streptomycin 100 U/ml, and incubated in a CO2 incubator (37°C, 5%
CO2 and humidified atmosphere). The medium was replaced three times a week.
Human lymphocytes were also used as non-tumor cells to test the effects of CF in
a control cell system. Lymphocytes were isolated from blood samples provided by
healthy volunteers by centrifugation in the presence of LymphoprepTM, and were
cultured as described above with the addition of 10 µg/ml of phytohemagglutinin
(PHA).

3.4 Cell treatment and experimental conditions
Cells were seeded (Jurkat and U937 cells: 2x105/ml; K562: 4x105/ml;
Lymphocytes: 8x105/ml) in sterile 6, 24 and 96-well plates. CF (final concentration
5 µl/ml) was administered to leukemic cells or lymphocytes at a single time point
(T0) and both treated and untreated cells were collected after 24, 48 and 72 hours
after CF administration (lymphocytes were cultured until 96 hours considering
their low rate of growth, compared to leukemic cells). Untreated cells served as
controls. Data obtained from treated cells were compared to those obtained from
untreated cells. Experiments were conducted at least in triplicate and data are
expressed as average ± standard deviation.
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3.5 Preliminary investigations
Two preliminary studies were performed to evaluate the most efficient
concentration of CF. In the first experiment, Jurkat cells were incubated in absence
(CTR) or presence of different concentration of CF (0,125-0,25-0,5-1-2 μl/ml) for 24
hours; in the further experiment Jurkat cells were incubated in absence (CTR) or
presence of different concentration of CF (1,7- 2,5-5 μl/ml) up to 72 hours. Cell
count was performed using trypan blue to evaluate the number of viable cells.

3.6 Cell growth assay
Once identified the most efficient concentration of CF, leukemic cells and
lymphocytes were seeded as described above in absence (CTR) or presence of CF 5
μl/ml for up to 72 hours. Cell count was performed at each experimental time
using trypan blue to evaluate the number of viable cells and cell growth was also
assessed under light microscopy observation.
Briefly, cells were stained with trypan blue 0,25% and counted using a
haemocytometer (Neubauer Improved). This method is based on the distinction of
live and dead cells through the vital dye trypan blue. Indeed, this dye is not able
to permeate inside live cells, thus letting them have their typical translucid aspect,
but it can permeate and colour the dead ones, giving them the typical blue colour.
Cell growth was expressed as percent of control (untreated cells). Photographs of
cells cultured in absence or presence of CF were also taken by digital camera to
show representative results of the cell growth (inverted microscope, magnification
10x).
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3.7 Cell viability assay
Cell proliferation and viability were analyzed using the non-radioactive
colorimetric WST-1 kit (4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3benzene disulfonate). The assay was based on the cleavage of the slightly red
tetrazolium salt WST-1 to form a dark red formazan dye by mitochondrial
dehydrogenases (Figure 3.1).

Figure 3.1: WST-1 cleavage to Formazan.

Therefore, this conversion only occurs in viable cells. The formazan dye formed is
soluble in aqueous solutions and is directly quantified using a scanning multiwell
spectrophotometer.
Briefly, 90 μl of leukemic cells (Jurkat and U937: 10.000/well; K562: 20.000/well)
were incubated in 96-well plates in the presence or absence of 10 μl of CF (5
µl/ml). Untreated cells were added with 10 μl of PBS. After 24, 48 and 72 hours of
incubation, 10 μl WST-1 (final WST-1 dilution1:10) were added to each well and
cells were further incubated in a humidified atmosphere following the
manufacturer’s instructions. Measurements were done every 30 minutes, up to 4
hours. Color development, proportional to the mitochondrial dehydrogenases
activity and thus to cell viability, was monitored at 450 nm in a multiwell plate
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reader (Thermo Fisher Scientific, Shangai). Cell viability was expressed as percent
of control (untreated cells).

3.8 Cell cycle analysis
To identify the distribution of cells in the different phases of the cell cycle, the
DNA content was detected by propidium iodide staining and flow cytometry, in
the U937 cell line. Unsynchronized U937 cells were seeded as described above in
absence (CTR) or presence of CF 5 μl/ml for up to 48 hours. At each experimental
time 1x106 cells were collected, washed with PBS, and cell pellets were fixed gently
resuspending (drop by drop) them with 70% ice-cold ethanol and stored at -20°C.
Cells were washed twice in PBS and cell pellets were resuspended in 400 μl PBS.
50 μl of 0,1 mg/ml RNase A and 50 μl of 200 μg/ml propidium iodide were added
and then incubated at 37°C for 1 hour in the dark. Finally, the cell cycle
distribution of cells was determined by flow cytometry (FACSCalibur Flow
Cytometer, Becton Dickinson, San Jose, CA) equipped with an argon laser at 488
nm. Results were expressed as percentage of DNA content and compared to
untreated cells.

3.9 Apoptosis detection trough cell morphology modifications, caspase-3
activity and DNA fragmentation assessment
3.9.1 Morphology characterization
Apoptotic cell death was firstly evaluated through the detection of morphological
signs that typically occur in the early stage of apoptosis. For this purpose MayGrunwald-Giemsa (MGG) staining was performed. Cells were grown in 6-well
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plates, treated with CF and analysed after 6, 24, 48 and 72 hours of incubation. A
positive control (cells treated for 6 hours with 25 µM etoposide, a specific
apoptosis inducer) was also included. 1 ml of cells were collected by
centrifugation at 1500 rpm, 10 min at room temperature and washed three times in
NaCl 0,9%. Cell pellets were resuspended in 100 μl NaCl 0,9% and 50 μl were
transferred on slide glasses, air dried and finally fixed with methanol for 3
minutes. Cells on slide glasses were stained with standard MGG with minor
modifications. Briefly, slide glasses were stained with diluted May-Grunwald dye
(dil 1:3) for 3 minutes, then diluted with the double volume of distilled water and
incubated for 4 minutes. Cells on slide glasses were washed with abundant
distilled water to eliminate the excess of dye and finally stained with diluted
Giemsa (dil 1:20) dye for 10 minutes. After washed with distilled water, cells were
examined in light microscopy (Leitz Wetzlar) at 400 x magnification. Apoptotic
cells were microscopically identified on the basis of morphological features that
included contracted cell bodies, condensed chromatin and membrane bound
apoptotic bodies containing one or more nuclear fragments. The number of
apoptotic cells was determined by counting more than 400 cells in at least three
separate microscopic fields and results were finally expressed as percent of
untreated cells.

3.9.2 Caspase-3 activity evaluation
Apoptotic cell death was also evaluated through the detection of caspase-3
activity, another critical marker of early stage apoptosis. The assessment was
performed using a colorimetric kit from Biovision (Milpitas, CA, USA), in
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accordance to the manufacturer’s instructions. The assay is based on the
spectrophotometric detection at 405 nm of the chromophore p-nitroaniline (pNA)
after cleavage from the labeled substrate DEVD-pNA by caspase-3 (Figure 3.2).

Figure 3.2: DEVD-pNA cleavage to pNA.

Briefly, Jurkat, U937 and K562 were seeded as described above in absence (CTR)
or presence of CF 5 μl/ml for up to 72 hours. At each experimental time, cells were
counted and 4x106 cells were pelleted. Cells were resuspended in 50 μl of chilled
Cell Lysis Buffer provided from the kit and incubated on ice for 20 min. After
centrifugation at 10.000 x g for 2 min at 4°C, supernatants, that represent cytosolic
extracts, were transferred to a fresh tube and stored at -80°C. At the moment of the
analysis protein concentration were measured using Bradford Method (Bradford,
1976). 100 μg protein of each sample were diluted to 50 μl Cell Lysis Buffer, then
50 μl of 2X Reaction Buffer containing 10 mM DTT and 5 μl 4 mM DEVD-pNA
substrate were added to each sample and incubated at 37°C for 3 hours. Samples
were read at 405 nm in a microtiter plate reader (Thermo Fisher Scientific,
Shangai). Background readings were substracted from both treated and untreated
cells and results were expressed as fold increment of caspase-3 activity compared
to untreated cells.
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3.9.3 DNA fragmentation analysis
Finally, cells exposed to CF treatment were assessed for DNA laddering after 24,
48 and 72 hours of incubation. In fact, the internucleosomal DNA cleavage
detection by agarose gel electrophoresis (i.e. DNA fragmentation or laddering) is a
common hallmark of cells undergoing late-stage apoptosis. The genomic DNA
fragmentation was evaluated by agarose gel electrophoresis of DNA isolates
obtained by the salting-out method (Miller et al, 1988). For this purpose, leukemic
cells were seeded and grown as described above in absence (CTR) or presence of
CF 5 μl/ml for up to 72 hours. A negative control (cells treated with sterile PBS)
and a positive control (cells treated for 6 hours with 25 µM etoposide, a specific
apoptosis inducer) were also included. To find the best concentration of etoposide,
several concentration of this apoptosis inducer were tested (25-50-100 μM) on
leukemic cells.
After each experimental time, cells were counted, washed in PBS and 2x106 cells
were pelleted. Cell lysis was performed in 1 ml RCB buffer (10 mM Tris-HCl, 10
mM KCl, 10 mM MgCl2, 2 mM Na2EDTA, and 2.5 % Nonidet P-40, pH 7.6).
Lysates were vortexed and 400 µl of each sample were incubated at 37°C for 10
min after 2 µl RNAse (100 mg/ml, Quiagen, Milan) addition. After sample
centrifugation for 10 min at 875 x g, pellets were resuspended in 340 µl WCB
buffer (10 mM Tris-HCl, 10 mM KCl, 10 mM MgCl2, 2 mM Na2EDTA, 400 mM
NaCl, and 0.625 % SDS, pH 7.6) and 2 µl Proteinase K (Qiagen, Milan, Italy) was
added. After incubation at 55°C for 30 min (vortexing every 10 min until complete
solubilization of pellets), 146 µl of 5 M NaCl were added and samples were
centrifuged for 10 min at 14.000 x g. Supernatants were transferred in tubes
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containing 1 ml of absolute ethanol; tubes were inverted several times until DNA
precipitation, which was then centrifuged, washed with 70% ethanol and airdried. Samples were carefully resuspended in 20 µl TE buffer (10 mM Tris-HCl
and 1 mM Na2EDTA, pH 8.0). Nucleic acid concentration and purity were
measured using a NanoDrop® ND-1000 spectrophotometer (Thermo-Scientific,
Wilminton, DE, USA) and 2 µg of each sample was loaded onto 1.5% TAE agarose
gel. DNA laddering was visualized on a UV transilluminator by ethidium
bromide staining. Images were obtained using a Gel Doc 2000 (Bio-Rad
Laboratories S.r.l, Segrate, MI, Italy).

3.10 HIF-1 alpha measurement
HIF-1 alpha protein quantification was performed in leukemic cell lines using an
enzyme-linked immunosorbent assay kit from Abcam (Cambridge, UK), in
accordance to the manufacturer’s instructions. Color development was evaluated
at 450 nm in a multiwell plate reader (Thermo Fisher Scientific, Shangai). Briefly,
Jurkat, U937 and K562 were seeded and grown as described above in absence
(CTR) or presence of CF 5 μl/ml for up to 72 hours. At each experimental time,
cells were counted, 2 x 107/ml were collected by centrifugation (500 x g for 10 min
at 4°C) and rinsed twice with PBS. Cell pellets were solubilized in Extraction
Buffer, provided from the kit, supplemented with protease inhibitor cocktail
(Sigma). Cells were then incubated on ice for 20 minutes and centrifuged at 16.000
x g for 20 minutes at 4° C. Supernatants were transferred into a fresh tube while
pellets were discarded. After measuring protein concentration in cell extracts
using the Bradford Method (Bradford, 1976), 50 μl of standards and samples were
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added into the wells, including a control sample as reference and a 1X Incubation
buffer as a zero standard. During incubation, HIF-1 alpha present in the samples
bounded to the wells by the antibody specific for HIF-1 alpha coated onto well
plate. Wells were washed and 50 μl of anti-HIF-1 alpha detector antibody were
added. After incubating and washing away unbound detector antibody, 50 μl of
HRP-conjugated label specific for the detector antibody were added to the wells.
Wells were washed again and 100 μl of TMB substrate solution were added to the
wells. The reaction was stopped by adding 100 μl of hydrochloric acid which
made the colour change from blue to yellow and the intensity was measured at
450 nm using a microplate reader (Thermo Fisher Scientific, Shangai). All samples
and standard were assayed in triplicate and HIF-1 alpha protein levels of each
sample were calculated as ng/ml and related to total protein content. Results were
expressed as percent of control (untreated cells).

3.11 Western blot analysis of GLUT-1 expression
To evaluate GLUT-1 expression by western blot, Jurkat, U937 and K562 cells were
seeded and grown as described above in absence (CTR) or presence of CF 5 μl/ml
for up to 72 hours. At each experimental time, cells were counted, 2 x 107cells/ml
were collected by centrifugation, washed in PBS e resuspended in 150 μl of 1X SDS
loading buffer. Cell lysis was achieved by vortex and the viscosity of lysates was
reduced using a syringe needle. 15 μl of each samples were run on 0.8% SDSpolyacrylamide gel. The resolved proteins were electrophoretically transferred to
supported nitrocellulose membranes (Bio-RadLaboratories S.r.l, Milan, Italy) at 30
V for 1 hour using a Bio-Rad Semidry Transfer system. Membranes were stained
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with Poinceau red dye for a rapid reversible detection of protein bands and then
washed with running water. Non-specific binding to membranes was blocked by
incubation in blocking solution (50 mM Tris-HCl,150 mM NaCl containing 5%
(w/v) non-fat dried milk, pH 7.5) for 1 hour. After blocking solution removal,
membranes were incubated in a new blocking solution with a rabbit primary
polyclonal antibody GLUT-1 (PA1-46152, Thermo Scientific) diluted 1:1125 at4°C
overnight. Membranes were then washed three times with TTBS (50 mM Tris-HCl,
150 mM NaCl and 0,05% (v/v) Tween 20, pH 7.5) and incubated with horseradish
peroxidase-conjugated anti-rabbit secondary antibody diluted 1:4500 in TTBS for 1
hour at room temperature. After TTBS washes, the blot was incubated in detection
reagent (ECL Advance Western Blotting Detection Kit) and exposed to a
Hyperfilm ECL film (Pierce). An internal control was not used but cells were
counted several times to be sure that equal concentration (2x107cells/ml) were
loaded on gel. Results were expressed as percent of control (untreated cells).

3.12 Cell metabolism evaluation trough cytoplasmatic enzyme activities, lactate
release and extracellular pH measurement
3.12.1 Cytosolic protein fractions preparation and supernatants collection
To obtain cytosolic protein fractions and supernatants for further analysis, Jurkat,
U937 and K562 cells were seeded and grown as described above in absence (CTR)
or presence of CF 5 μl/ml for up to 72 hours. At each experimental time, cells were
counted, 2x106 cells were collected by centrifugation at 450 x g for 10 min at room
temperature. An aliquot of supernatants was freshly used to determine
extracellular pH while the rest was stored at -80°C and analysed to measure
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lactate release. Cell pellets were washed once with PBS and then mixed to 150 μl of
CellLytic M reagent containing protease inhibitors cocktail. Cell suspensions were
incubated at room temperature for 15 min on a shaker and then centrifuged at
12.000 x g for 15 min at room temperature. Supernatants, representing the
cytosolic fractions, were used for enzymatic activity measurement, while pellets
containing cellular debris were discarded.

3.12.2 Protein concentration measurement
Protein concentration of cell lysates was performed using the Bradford method
(Bradford, 1976), a colorimetric assay that involves the binding of Coomassie
Brilliant Blue dye to proteins.
The dye exists in different forms: upon binding to proteins, it is converted, from
an unstable red form (Amax = 470 nm), to a stable blue form (Amax = 595 nm).
The blue protein-dye form is detected at 595 nm using a spectrophotometer and
the absorbance is proportional to protein concentration.

3.12.3 HK activity measurement
Hexokinase (HK) catalyzes the first step of the glycolytic pathway, i.e. the
phosphorylation of glucose to glucose-6-phosphate with the conversion of ATP to
ADP. This first reaction is coupled to a second one leading to the production of
NADH:
D-glucose + ATP⇄D-glucose-6-phosphate + ADP
HK
D-glucose-6-phosphate + NADP⇄gluconate-6-phosphate + NADPH + H+
G6PDH
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To evaluate HK activity, Jurkat, U937 and K562 cells were seeded and grown as
described above in absence (CTR) or presence of CF 5 μl/ml for up to 72 hours. To
test HK activity cytosolic fractions, obtained as described above, were used. The
assay medium contained 100 mM Tris-HCl pH 8, 10 mM glucose, 10 mM MgCl2,
0,4 mM NADP+, 5 mM ATP and 0,15 U/ml G6PDH. Reactions were started by the
addiction of lysates and were carried out at 37°C for 20 min.
HK activity was determined by monitoring in a spectrophotometer (Beckman) the
formation of NADPH at 340 nm (Furtado et al, 2012). Results were calculated using
the molar extinction coefficient ε of NADH (6200), divided for protein
concentration and expressed as percent of control (untreated cells).

3.12.4 G6PDH activity measurement
Glucose-6-phosphate dehydrogenase (G6PDH) is a cytosolic enzyme catalyzing
the first step of the PPP, i.e. the oxidation of D-glucose-6-phosphate to 6-phosphoD-glucono-1,5-lactone with the concomitant reduction of NADP+ to NADPH:
D-glucose-6-phosphate + NADP+⇄ 6-phospho-D-glucono-1,5-lactone + NADPH +H+
G6PDH

To evaluate G6PDH activity, Jurkat, U937 and K562 cells were seeded and grown
as described above in absence (CTR) or presence of CF 5 μl/ml for up to 72 hours.
To test G6PDH activity, cytosolic fractions, obtained as described above, were
used. The assay medium contained 1 mM Tris-HCl, 0,005 mM EDTA, pH 8; 1 mM
MgCl2; 0,002 mM NADP+ and 0,006 mM G6P. The reactions were started by the
addiction of lysates and were carried out at 37°C for 20 min. G6PDH activity was
determined by monitoring in a spectrophotometer (Beckman) the formation of
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NADPH at 340 nm (Beutler, 1984). Results were calculated using the molar
extinction coefficient ε of NADH (6200), divided for protein concentration and
expressed as percent of control (untreated cells).

3.12.5 GAPDH activity measurement
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) catalyzes the conversion
of glycerate-1,3 diphosphate in presence of NADH to glyceraldehyde 3-phosphate
(G3P), NAD and a molecule of inorganic phosphate (Pi). To detect
spectrophotometrically the GAPDH activity, this reaction is coupled to a previous
reaction that lead to the production of the substrate glycerate-1,3 diphosphate:
3-PGA + ATP ⇾ Glycerate-1,3 diphosphate+ ADP
3-PGK
Glycerate-1,3 diphosphate + NADH ⇾ G3P + NAD + Pi
GAPDH

To evaluate GAPDH activity, Jurkat, U937 and K562 cells were seeded and grown
as described above in absence (CTR) or presence of CF 5 μl/ml for up to 72 hours.
To test GAPDH activity, cytosolic fractions, obtained as described above, were
used. The assay medium contained TE buffer (100 mM Tris-HCl + 0,5 mM EDTA,
pH 8), 10 mM MgCl2, 8 mM neutralized ATP, 5 U/ml PGK, 10 mM 3-PGA and
distilled water to reach the total volume. Reactions were started by the addiction
of lysates and were carried out at 37°C for 20 min. GAPDH activity was
determined by monitoring in a spectrophotometer (Beckman) the formation of
NAD at 340 nm (Beutler, 1984). Results were calculated using the molar extinction
coefficient ε of NAD (6200), divided for protein concentration and expressed as
percent of control (untreated cells).
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3.12.6 PK activity measurement
Pyruvate kinase (PK) catalyzes the transfer of a phosphate group from
phosphoenolpyruvate (PEP) to ADP, yielding one molecule of pyruvate, the final
product of aerobic glycolysis, and one molecule of ATP. This step is the final one
in the glycolytic pathway. To detect spectrophotometrically the PK activity, this
first reaction is coupled to a second one leading to the production of NAD:
PEP + ADP ⇾Pyruvate + ATP
PK Mg2+, K+
Pyruvate + NADH ⇾L-Lactate + NAD
LDH

To evaluate PK activity, Jurkat, U937 and K562 cells were seeded and grown as
described above in absence (CTR) or presence of CF 5 μl/ml for up to 72 hours. To
test PK activity, cytosolic fractions, obtained as described above, were used. The
assay medium contained 50 mM Tris-HCl pH 8, 5 mM MgCl2, 50 mM KCl, 0,2 mM
β-NADH, 2,5 mM ADP, 5 mM Phosphoenolpyruvate (PEP), 3 U/ml LDH.
Reactions were started by the addiction of lysates and were carried out at 37°C for
20 min. PK activity was determined by monitoring in a spectrophotometer
(Beckman) the formation of NAD at 340 nm (Beutler, 1984). Results were calculated
using the molar extinction coefficient ε of NADH (6200), divided for protein
concentration and expressed as percent of control (untreated cells).

3.12.7 LDH activity measurement
When oxygen is absent or in short supply, as in cancer cells, lactate dehydrogenase
(LDH) catalyzes the conversion of pyruvate, the final product of glycolysis, in
lactate with concomitant production of NAD+:
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Pyruvate + NADH + H+⇄Lactate + NAD+
LDH

To evaluate LDH activity, Jurkat, U937 and K562 cells were seeded and grown as
described above in absence (CTR) or presence of CF 5 μl/ml for up to 72 hours. To
test LDH activity, cytosolic fractions, obtained as described above, were used. The
assay medium contained 50 mM Tris-HCl, pH 8, 0,2 mM β-NADH and 5 mM
pyruvate. The reactions were started by the addiction of lysates (dil 1:100) and
were carried out at 37°C for 20 min. LDH activity was determined by monitoring
in a spectrophotometer (Beckman) the formation of NAD at 340 nm (Beutler, 1984).
Results were calculated using the molar extinction coefficient ε of NADH (6200),
divided for protein concentration and expressed as percent of control (untreated
cells).

3.12.8 Lactate release measurement
Since a great amount of lactate is commonly produced in cancer cells, from
pyruvate by the LDH enzyme, its release in the extracellular environment was
detected spectrophotometrically at 340 nm.
For this experiment, Jurkat, U937 and K562 cells were seeded and grown as
described above in absence (CTR) or presence of CF 5 μl/ml for up to 72 hours. At
each experimental time, cells were counted and 2x106 cells were collected by
centrifugation at 450 x g for 10 min at room temperature. Cell pellets were used, as
explained above, to obtain cytosolic protein fractions to test the activities of several
cytoplasmic enzymes, while supernatants were employed to test lactate released
in the extracellular environment. Lactate measurement was performed through an
56

enzymatic assay in a 0,4 M hydrazine/0,5 M glycine buffer (pH 9.2), containing 2
mg/ml β-NAD+ and 16 units/ml lactate dehydrogenase. The absorbance due to
NADH formation was monitored using a spectrophotometer (Beckman DU640) at
340 nm at 37°C and the amount of lactate released in the media was calculated
using the molar extinction coefficient (ε) of NADH (Amoedo et al, 2011). Lactate
concentration was correlated with the cellular concentration of the samples.
Results were expressed as percent of control (untreated cells).

3.12.9 Extracellular pH measurement
To evaluate the H+ concentration and thus the acidity of the culture media, Jurkat,
U937 and K562 cells were seeded and grown as described above in absence (CTR)
or presence of CF 5 μl/ml for up to 72 hours. At each experimental time, cells were
collected by centrifugation at 450 g for 10 min at room temperature and
supernatants were used to test pH in the extracellular environment. pH
measurement was performed using a pHmeter (Hanna Instruments). Results were
expressed as percent of control (untreated cells).

3.13 Detection of intracellular ROS levels
The intracellular level of ROS in leukemic cells was measured by DCFH-DA (2',7'dichlorofluorescein diacetate). This compound is a membrane permeable molecule
that is enzymatically hydrolyzed by intracellular esterases to DCFH2 and, upon
oxidation by ROS, it yields highly fluorescent dichlorofluorescein (DCF) (Figure
3.3).
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Figure 3.3 Conversion of DCFH-DA to the highly fluorescent DCF in presence of ROS

For this experiment, Jurkat, U937 and K562 cells were seeded and grown as
described above in absence (CTR) or presence of CF 5 μl/ml for up to 48 hours. At
each experimental time (4, 24 and 48 hours), cells were counted and 2x105 cells
were collected by centrifugation at 1500 rpm for 10 min at room temperature. Cell
pellets were resuspended in 1 ml PBS containing DCFH-DA (10 μM) and
incubated at 37°C for 30 minutes in the dark. After the incubation, cells were
washed with PBS to remove the unbounded dye; cell pellets were resuspended in
1 ml PBS and finally 100 μl were transferred in a black 96-well microtiter plate
(20.000 cells/well). To determine the production of ROS, the fluorescence of DCF
was measured at 520 nm after excitation at 485 nm. Results were expressed as
percent of control (untreated cells).
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3.14 Statistical analysis
Data are presented as the mean ± standard deviation of at least three experiments
and analyzed using Student’s t-test. Significance level was set at p<0,05 for all
analysis.
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4. MATERIALS AND METHODS

EVALUATION OF APOPTOSIS INDUCTION AND CELL CYCLE ARREST
AFTER CF TREATMENT ON SOLID TUMOR CELLS (2nd PART)

Experiments on solid tumor cells, growing in adhesion, were performed with the
precious collaboration of Dr. Rossella Galati and her collaborator Dr. Barbara
Nuvoli at the Molecular Medicine Area, Regina Elena National Cancer Institute in
Rome, where I personally went as a visiting student to evaluate the effect of CF on
the viability of numerous cancer cell lines.

4.1 Antibodies and reagents
All chemical and cell culture reagents were purchased from Sigma-Aldrich (Milan,
Italy) and from Invitrogen (Milan, Italy). The primary antibodies for caspases-3,
PARP, p53, c-myc, p21 and p27, pAKT, AKT, Bcl-2 and the horseradish
peroxidase-conjugated secondary antibodies were supplied from Santa Cruz
Biotechnology (Inc. Santa Cruz, CA, U.S.A.). Anti γ-tubulin monoclonal antibody
was supplied by Sigma (St. Louis, MO, U.S.A.) and ECL Western blotting
detection reagents from Amersham-Pharmacia (Uppsala, Sweden).

4.2 CellfoodTM
The supplement (liquid) was kindly provided by Eurodream srl (La Spezia, Italy)
and stored at room temperature. Before use, CF was diluted in phosphate buffered
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saline (PBS 150 mM pH 7.4) and sterilized using a 0,45 µm syringe-filter. CF was
tested at the final concentration of 5 μl/ml.

4.3 Cell lines and fibroblasts
Several solid tumor cell lines were employed for the second part of the present
thesis: mesothelioma (MSTO, NCI, Ist-Mes1, Ist-Mes2 and MPP89), melanoma
(M14 and ME1007), lung (H1650 and H1975), breast (SKBR3 and MCF7) and colon
(HCT116) cancer cells. Fibroblast (human foreskin fibroblast, HFF) were also used
as non-tumor cells to test the effects of CF in a control cell system. All cell lines
were obtained from the American Type Culture Collection (ATCC) (Rockville,
MD) and gradually conditioned in DMEM/F12+Glutamax supplemented with
10% FBS and antibiotics and maintained at 37°C in a humidified atmosphere
containing 5% CO2.

4.4 Cell treatment and experimental conditions
Cells were seeded in complete medium in sterile 6, 24 and 96-well plates. A dose
of CF (final concentration 5 µl/ml) was administered to all cancer cell lines and
fibroblasts at a single time point (T0) and both treated and untreated cells were
collected after 24, 48 hours of CF administration (72 hours in the preliminary
investigations). Untreated cells served as controls. Data obtained from treated cells
were compared to those obtained from untreated cells. Experiments were
conducted at least in triplicate and data are expressed as average ± standard
deviation.
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4.5 Preliminary investigations
Preliminary studies were performed on several cancer cell lines to evaluate the
effect of CF on cell growth. In the first experiment several cancer cell lines
(mesothelioma: MSTO, NCI, Ist-Mes1, Ist-Mes2 and MPP89; melanoma: M14 and
ME1007; lung: H1650 and H1975; breast: SKBR3 and MCF7 and colon: HCT116)
were seeded in 96 well plates and incubated in absence (CTR) or presence of
different concentrations (0,625 μl/ml, 1,25 μl/ml, 2,5 μl/ml) of CF up to 72 hours.
Cell growth was analysed using the trypan blue exclusion method. In the second
experiment three cancer cell lines characterized by different sensitivity to CF
treatment (melanoma: M14; mesothelioma: Ist-Mes1 and colon carcinoma:
HCT116) were chosen and incubated in absence (CTR) or presence of two
concentrations of CF (2,5 and 5 μl/ml) up to 48 hours. Cell growth was performed
using trypan blue to evaluate the number of viable cells and to compare the
efficacy of the two different CF concentrations. Cell growth was expressed as
percent of control (untreated cells).

4.6 Cell growth assay
Once identified the most efficient concentration of CF (5 μl/ml) in preliminary
studies, cell growth assay was performed in monolayer cell culture conditions by
plating cancer cells and fibroblasts in T25 flasks. 24 hours later, PBS (CTR) or CF 5
μl/ml were added to cell cultures and cell growth was quantified by manual cell
counting, using trypan blue exclusion test. Briefly, cells were stained with trypan
blue 0,25% and counted using a haemocytometer (Neubauer Improved). This
method is based on the distinction of live and dead cells through the vital dye
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trypan blue. Indeed, this dye is not able to permeate inside live cells, thus letting
them have their typical translucid aspect, but it can permeate and colour the dead
ones, giving them the typical blue colour. Cell growth was expressed as percent of
control (untreated cells).

4.7 Cytotoxicity assay
To confirm the results obtained from cell growth analysis by counting cells with
trypan blue dye, the in vitro cell sensitivity to CF treatment was assessed by the
cell proliferation kit (XTT) (Roche Diagnostics GmbH, Mannheim, Germany)
following the manufacturer’s instructions. The assay is based on the cleavage of
the yellow tetrazolium salt XTT to form an orange formazan dye by metabolic
active cells (Figure 4.1).

Figure 4.1: XTT Tetrazolium cleavage to Formazan.

This conversion only occurs in viable cells. The formazan dye formed is soluble in
aqueous solutions and is directly quantified using a scanning multiwell
spectrophotometer at 492 nm with a reference wavelength at 650 nm. Briefly, cells
were plated at a density of 3x103 cells/well. 24 hours later, the medium was
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replaced with fresh growth medium containing PBS (CTR) or CF 5 μl/ml. After 24
and 48 hours of incubation, XTT labeling mixture (final concentration 0,5 mg/ml)
was added to each well and samples were further incubated for additional 4 hours
at 37°C. The absorbance was measured and cell viability was expressed as percent
of control (untreated cells).

On the basis of the above experiments assessed to evaluate the antiproliferative
effect of CF on the tested cancer cell lines, further experiments were conducted
only on the most sensitive cells to CF treatment (the mesothelioma MSTO cell line
and the colon carcinoma HCT116 cell lines).

4.8 Clonogenic assay
To evaluate colony forming ability in absence or presence of CF, MSTO and
HCT116 cells were cultured at a density of 500 viable cells per 35 mm dishes and
allowed to attach overnight. Human fibroblasts were also employed as an internal
control. The next day medium was replaced without (CTR) or with CF 5 μl/ml
and incubated at 37°C for 10-14 days without any disturbances. Following
incubation, the medium was removed and colonies were fixed with methanol and
stained for 30 min at room temperature with a 6% glutaraldehyde, 0,5% crystal
violet solution. After several washes with distilled water, colonies were dried at
room temperature and dishes were observed under a light microscope. Pictures
were captured digitally and colonies (1 colony ≥ 50 cells) were counted.
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4.9 Cell cycle analysis
To identify the distribution of cells in the different phases of the cell cycle and the
sub-G1 proportion (apoptosis), the DNA content of two cancer cell lines (MSTO
and HCT116) was detected by propidium iodide staining and flow cytometry.
Unsynchronized MSTO and HCT116 cells were seeded on 6-well plates and
incubated with CF 5 μl/ml for 24 and 48 hours. At each experimental time 1x106
cells were collected, washed with PBS, and cell pellets were fixed gently
resuspending (drop by drop) them with 70% ice-cold ethanol and stored at -20°C.
Cells were washed twice in PBS and cell pellets were resuspended in 400 μl PBS.
50 μl of 0,1 mg/ml RNase A and 50 μl of 200 μg/ml propidium iodide were added
and then incubated at 37°C for 1 hour in the dark. Finally, the cell cycle
distribution of cells was determined by flow cytometry (FACSCalibur Flow
Cytometer, Becton Dickinson, San Jose, CA) equipped with an argon laser at 488
nm. Results were expressed as percentage of DNA content and compared to
untreated cells. Pre-G1 picks were considered indicative of sub-G1 apoptotic
population.

4.10 Western blot analysis
To evaluate the expression of several proteins characteristic of the apoptotic
pathway, MSTO and HCT116 cells were seeded in full culture media, as described
above, in absence (CTR) or presence of CF 5 μl/ml up to 48 hours. At each
experimental time, cells were counted, 2 x 107cells/ml were collected by
centrifugation, washed in PBS e resuspended in 150 μl of 1X SDS loading buffer to
20x106 cells/ml. Cell lysis was achieved by vortex, and the viscosity of lysates was
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reduced by three passages through a syringe needle. 15 μl of each samples were
run on 0.8% SDS-polyacrylamide gel and the resolved proteins were
electrophoretically transferred to supported nitrocellulose membranes (Bio-Rad
Laboratories S.r.l., Milan, Italy) using a Bio-Rad Semidry Transfer system.
Membranes were stained with Poinceau red dye for a rapid reversible detection of
protein bands and then washed with running water. Non-specific binding to
membranes was blocked by incubation in blocking solution (50 mM Tris-HCl, 150
mM NaCl and 5% (w/v) non-fat dried milk, pH 7.5). After blocking solution
removal, membranes were incubated in a new blocking solution at 4°C overnight
with primary antibodies against: caspases-3, PARP, p53, c-myc, p21, p27, p-AKT,
AKT, Bcl-2 and γ-tubulin. Membranes were then washed three times with TTBS
(50 mM Tris-HCl, 150 mM NaCl and 0.05% (v/v) Tween 20, pH 7.5) and incubated
with horseradish peroxidase-conjugated anti-rabbit secondary antibody diluted
1:4500 in TTBS for 1 hour at room temperature. After TTBS washes, the blots were
exposed to reagents for ECL immunodetection (ECL Advance Western Blotting
Detection Kit) and labelled proteins were detected by autoradiographic film
(Pierce).

4.11 Statistical analysis
Data are presented as the mean ± standard deviation of at least three experiments
and analyzed using Student’s t-test. Significance level was set at p<0.05 for all
analysis.
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5. RESULTS

RESULTS ON LEUKEMIC CELL LINES (1st PART)

Part of the experiments performed on the leukemic cell lines and described in the
present thesis has been recently published in the Journal of Experimental and Clinical
Cancer Research 2013, 32:63 (Catalani S, Carbonaro V, Palma F, Arshakyan M,
Galati R, Nuvoli B, Battistelli S, Canestrari F and Benedetti S: “Metabolism
modifications and apoptosis induction after Cellfood™ administration to leukemia cell
lines”).

5.1 Preliminary investigations
Preliminary studies were performed on Jurkat cells to evaluate the most efficient
concentration of CF as antiproliferative agent. As shown in Figure 5.1, all
concentrations tested (from 0,125 μl/ml to 2 μl/ml) induced cell growth inhibition;
however, only the highest concentration (CF 2 μl/ml) induced a significant cell
growth reduction, reaching 15% after 24 hours of incubation, compared to
untreated cells (CTR).
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Figure 5.1: Growth inhibition of Jurkat cells by different concentrations of CF after 24 h of
incubation in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

A further experiment was conducted incubating cells with higher concentration of
CF (1,7 μl/ml, 2,5 μl/ml and 5 μl/ml), in comparison to the previous assay, for 24,
48 and 72 hours. As shown in Figure 5.2, cell growth inhibition significantly
increased reaching more than 30% after 72 hours of incubation with CF 5 μl/ml.

Figure 5.2: Growth inhibition of Jurkat cells by different concentrations of CF after 24, 48 and 72
h of incubation in comparison with untreated cells (CTR) (*p<0.05 vs CTR).
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5.2 Effect of CF on leukemic cell proliferation and viability
Since the results obtained were promising and the concentration 5 μl/ml of CF
seemed to be the most efficient in reducing leukemic cell growth, further
experiments were extended and conducted on three leukemic cell lines (Jurkat,
U937, and K562) treated only with CF 5 μl/ml up to 72 hours.
Cell count using trypan blue dye revealed a significant inhibition of leukemic cell
proliferation after 24, 48 and 72 hours of incubation with CF, as compared to
untreated cells (Figures 5.3 A, 5.3 B and 5.3 C).

Figure 5.3 A: Growth inhibition of Jurkat cells by CF 5 µl/ml after 24, 48 and 72 h of incubation
in comparison with untreated cells (CTR). (*p<0.05 vs CTR).
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Figure 5.3 B: Growth inhibition of U937 cells by CF 5 µl/ml after 24, 48 and 72 h of incubation in
comparison with untreated cells (CTR). (*p<0.05 vs CTR).

Figure 5.3 C: Growth inhibition of K562 cells by CF 5 µl/ml after 24, 48 and 72 h of incubation in
comparison with untreated cells (CTR). (*p<0.05 vs CTR).

A significant inhibition of leukemic cell proliferation upon CF treatment was
observed after each experimental time point. Cell growth reduction was maximum
after 72 hours of incubation with CF in which the inhibition reached up 38%, 48%
and 36% respectively in Jurkat, U937 and K562 cells, as compared to untreated
cells.
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An example of leukemic cell growth inhibition in CF-treated cells has also been
captured by digital camera as reported in Figure 5.4 (A, B, C, D, E, F) (inverted
microscope, magnification 10x).

Figure 5.4: Growth inhibition of Jurkat (A and B), U937 (C and D) and K562 (E and F) cells after
48 h of incubation with CF 5 µl/ml in comparison with untreated cells (CTR).

In order to confirm the data so far obtained, cell viability was also evaluated by
WST-1 reagent. Figures 5.5 A, 5.5 B and 5.5 C show that CF induced a significant
inhibition of leukemic cell viability after 24, 48 and 72 hours of incubation with CF.
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Figure 5.5 A: Cell viability of Jurkat cells incubated with CF 5 µl/ml for 24, 48 and 72 h of
incubation in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

Figure 5.5 B: Cell viability of U937 cells incubated with CF 5 µl/ml for 24, 48 and 72 h of
incubation in comparison with untreated cells (CTR) (*p<0.05 vs CTR).
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Figure 5.5 C: Viability inhibition of K562 cells incubated with CF 5 µl/ml for 24, 48 and 72 h of
incubation in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

Data obtained evaluating cell viability through WST-1 reagent confirmed the
inhibition of leukemic cell proliferation upon CF treatment. Cell growth reduction
was significantly observed after each experimental time point and was maximum
after 72 hours of incubation with CF. As observed through the trypan blue dye
exclusion method, the most sensitive cell line to CF treatment was the U937.
Moreover, being the maximum inhibition of leukemic cell proliferation and
viability after 72 hours of incubation with CF, this time point was selected to
perform some of the subsequent biochemical and molecular evaluations.
To verify the specificity of CF, isolated lymphocytes were employed as a nontumor cell system and incubated up to 96 hours upon the administration of the
same dose of CF (5 µl/ml). As shown in Figure 5.6, no effect was observed on cell
growth, indicating that CF is not toxic to healthy cells.
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Figure 5.6: Lymphocyte cell growth in presence of CF 5 µl/ml in comparison with untreated cells
(CTR).

5.3 Effect of CF on cell cycle regulation
The possible effect of CF on cell cycle progression was investigated on U937 cells.
The distribution of cells in the different phases of the cell cycle was analyzed by
flow cytometry, after PI staining.

Figure 5.7: Cell cycle analysis in U937 cells untreated (CTR) and treated with CF 5 μl/ml for 24
and 48 hours. DNA content in different phases of the cell cycle was measured using propidium
iodide by flow cytometry.
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Figure 5.7. shows that CF treatment induced a slightly increased percentage of cells
in S phase both after 24 (35% compared to control: 28%) and 48 hours of
incubation (28% compared to control: 22%). Therefore CF treatment could induced
an arrest in S phase of the cell cycle in U937 cells.

5.4 Effect of CF on apoptosis induction
The capacity of CF to induce apoptosis in the leukemic cells was evaluated
studying three features of the apoptotic cell death: morphological changes,
caspase-3 activation and nuclear DNA fragmentation.
First of all, cell morphology was studied to identify apoptotic cells on the basis of
morphological features commonly recognized as hallmark of apoptosis, such as
contracted cell bodies, condensed chromatin and membrane bound apoptotic
bodies containing one or more nuclear fragments. The assay was performed in
light microscopy through May-Grunwald Giemsa staining. The number of
apoptotic cells was determined and results (Figure 5.8 A, 5.8 B and 5.8 C that are
representative of three independent experiments) were finally expressed as
percentage of apoptotic cells.
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Figure 5.8 A: Apoptotic and intact Jurkat cells after 6, 24, 48 and 72 h of incubation with CF 5
µl/ml in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

Figure 5.8 A indicates that CF induced apoptosis in Jurkat cells after each
experimental time point, showing cell morphology alterations, typical of apoptotic
cell death. The percentages of apoptosis in CF-treated cells were: 8% after 6 hours,
17% after 24 hours, 22% after 48 hours and reached 34% after 72 hours of
incubation, compared to untreated cells. Etoposide-treated cells, representing the
positive control, showed a high percentage of morphologically altered cells (29%).

76

Figure 5.8 B: Apoptotic and intact U937 cells after 6, 24, 48 and 72 h of incubation with CF 5 µl/ml
in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

Figure 5.8 B indicates that CF induced apoptosis in U937 cells after each
experimental time point. The percentages of apoptosis in CF-treated cells were:
14% after 6 hours, 18% after 24 hours, 31% after 48 hours and reached 37% after 72
hours of incubation, compared to untreated cells. Etoposide-treated cells showed
32% of morphologically altered cells.

Figure 5.8 C: Apoptotic and intact K562 cells after 6, 24, 48 and 72 h of incubation with CF 5 µl/ml
in comparison with untreated cells (CTR) (*p<0.05 vs CTR).
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As shown in Figure 5.8 C CF induced apoptosis in K562 cells after each
experimental time point. The percentages of apoptosis in CF-treated cells were:
15% after 6 hours, 19% after 24 hours, 27% after 48 hours and reached 32% after 72
hours of incubation, compared to untreated cells. Etoposide-treated cells showed
31% of morphologically altered cells.
Here below are reported images of Jurkat cells (Figure 5.9 A, 5.9 B and 5.9 C).

A

B

C

Figure 5.9: Morphological observation of Jurkat cells after May-Grunwald Giemsa staining to
identify apoptotic cells indicated by arrows (magnification 400x) . (A) Jurkat cells untreated
(CTR). (B) Jurkat cells treated with CF 5 µl/m. (C) Jurkat cells were induced to undergo
apoptosis by 6 hours exposure to 100 μM etoposide, an apoptotic inducer.

Morphological observations were carried out on the three leukemic cell lines but
on Figure 5.9 are reported only experiments conducted on Jurkat cells, chosen as
representative of all experiments. The observation using a light microscope at 400x
actual magnification showed the presence of morphological alterations, typical of
cells undergoing apoptosis, such as cell shrinkage, membrane blebbing and
nuclear pyknosis. May-Grunwald-Giemsa’s staining allowed to identify the above
mentioned features observed in Jurkat cells treated with CF (Figure 5.9 B) or with
the apoptosis-inducer etoposide (Figure 5.9 C) but altered apoptotic cells were not
detected among the untreated cells (Figure 5.9 A).
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As a second step, the evaluation of the pro-apoptotic protein caspase-3 was
assessed. Results show that, after 24, 48 and 72 hours upon CF administration, a
significant increment of the enzyme activity was observed in all tested cell lines, as
compared to the respective untreated controls, represented in the following
figures by the dashed lines (Figure 5.10 A, 5.10 B and 5.10 C).

Figure 5.10 A: Increment of caspase-3 activity in Jurkat cells after 24, 48 and 72 h of incubation
with CF 5 µl/ml in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

As shown in Figure 5.10 A, caspases-3 activity was significantly increased after
each experimental time upon CF treatment, as compared to untreated cells. The
activity of this pro-apoptotic protein reached the highest value after 48 hours of
incubation with CF (1,6 fold higher than untreated cells).
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Figure 5.10 B: Increment of caspase-3 activity in U937 cells after 24, 48 and 72 h of incubation
with CF 5 µl/ml in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

As shown in Figure 5.10 B, caspases-3 activity was significantly increased after 48
and 72 hours upon CF treatment, as compared to untreated cells. This activity
reached the highest value after 72 hours of incubation with CF (2,6 fold higher
than untreated cells).

Figure 5.10 C: Increment of caspase-3 activity in K562 cells after 24, 48 and 72 h of incubation
with CF 5 µl/ml in comparison with untreated cells (CTR) (*p<0.05 vs CTR).
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As shown in Figure 5.10 C, caspases-3 activity was significantly increased after
each experimental time, even though the raise was moderate after 24 and 48 hours
upon CF treatment, as compared to untreated cells. This activity reached the
highest value after 72 hours of incubation with CF (0,7 fold higher than untreated
cells). Thus, results on caspases-3 activity measurement showed that this protein
involved in the apoptotic pathway was considerably increased in particular after
48 and 72 hours after CF treatment in comparison with control.
The increase in caspase-3 activity is generally followed by a full execution of the
apoptotic pathway and finally by a pronounced nuclear DNA fragmentation. In
this regard, DNA fragmentation was evaluated by agarose gel electrophoresis, as a
biochemical marker of late apoptosis. Electrophoretic analysis was first performed
in Jurkat cells treated for 6 hours with different concentration of etoposide (25, 50
and 100 μM), which is an apoptosis inducer (Figure 5.11).
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Figure 5.11: DNA fragmentation in Jurkat cells after 6 h of incubation with etoposide 25-50-100
μM. Apoptotic DNA fragmentation was qualitatively analyzed by DNA gel electrophoresis.
Lane 1: untreated cells (CTR); lane 2: cells treated with etoposide 25 μM; lane 3: cells treated
with etoposide 50 μM; lane 4: cells treated with etoposide 100 μM.
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As shown in Figure 5.11, the presence of DNA fragmentation was observed in all
etoposide treated cells as compared to control. No dose-dependence was
evidenced, thus the lowest concentration of etoposide (25 μM) was chosen as
internal positive control in all the experiments.
Results on leukemic cells revealed that CF treatment up to 72 hours induced DNA
fragmentation in the three cell lines, as evidenced by the characteristic ladder
pattern (Figure 5.12), thus confirming cell apoptosis induction by CF
administration.

Figure 5.12: DNA fragmentation in leukemic cells after 72 h of incubation with CF 5 µl/ml.
Apoptotic DNA fragmentation was qualitatively analyzed by DNA gel electrophoresis.
Lane 1: marker of the DNA ladder; lane 2: negative control (untreated cells); lane 3: CF treated
cells; lane 4: positive control (etoposide 25 μM).

5.5 Effect of CF on HIF-1 alpha concentration
As reported in Figure 5.13, the incubation of leukemic cells up to 72 hours with CF
led to a significant reduction of the transcription factor HIF-1 alpha in comparison
with untreated cells.
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Figure 5.13: Decrease of HIF-1 alpha concentration in leukemic cells after 72 h of incubation with
CF 5 µl/ml in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

The reduction of HIF-1 alpha in Jurkat, U937 and K562 cells, upon CF treatment,
reached respectively 20%, 38% and 22% as compared to control, represented in
figure by the dashed line.

5.6 Effect of CF on GLUT-1 expression
It is known that GLUT-1 is regulated by the activation of HIF-1 alpha and that this
glucose transporter is up-regulated in cancer cells as a consequence of an
increased requirement of glucose.
As shown in Figure 5.14, after 72 hours of incubation with CF, a reduction of
GLUT-1 expression was observed in the three leukemic cell lines, and in particular
in U937, as revealed by the densitometric analysis of the bands in comparison with
untreated cells.

83

-17%

-71%

-32%

Figure 5.14: Western Blotting analysis of GLUT-1 receptor in Jurkat, U937 and K562 leukemic
cell lines after 72 h of incubation with CF (5 µl/ml) as compared to untreated cells (CTR).

The reduction of GLUT-1 expression in Jurkat, U937 and K562 cells, upon CF
treatment, reached respectively 17%, 71% and 32% as compared to control.

5.7 Effect of CF on cancer cell metabolism
It is likely that, as a consequence of HIF-1 alpha and GLUT-1 deregulation after CF
treatment, the activity of many glycolytic enzyme resulted as well reduced as
compared to untreated cells (CTR), leading to an unbalance of cell metabolism.
The activity of the following glycolytic enzymes was measured after 24, 48 and 72
hours of incubation to demonstrate if CF could affect cancer cells metabolism by
acting on individual enzymes of the glycolytic pathway.

5.7.1 Effect of CF on HK activity
After the observed reduction in GLUT-1 expression, HK activity, an important
element in the kinetics of glucose uptake and glycolytic flux, was performed to
evaluate if CF could play a role in modulating its activity. As shown in Figure 5.15,
CF induced a significant reduction of HK activity. The reduction was maximum
(40%) in U937 cells.
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Figure 5.15: HK activity in leukemic cells after 24 h of incubation with CF (5 µl/ml) in
comparison with untreated cells (CTR) (*p<0.05 vs CTR).

These results are in accordance with GLUT-1 decreased expression after CF
treatment, indicating a decreased glucose phosphorylation by HK as a
consequence of a decreased glucose uptake.

5.7.2 Effect of CF on G6PDH activity
G6PDH is a key enzyme that regulate carbon flow in the pentose cycle, thus the
ribose synthesis and NADPH production for proliferating cells. As shown in
Figure 5.16, CF induced a significant reduction of G6PDH activity. The reduction
was similar in the three leukemic cells (21% in Jurkat, 20% in U937 and 18% in
K562).
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Figure 5.16: G6PDH activity in leukemic cells after 72 h of incubation with CF (5 µl/ml)
in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

It is likely that the decreased activity of the cytosolic G6PDH, in response to CF
treatment in leukemic cells, inhibits the shunt of glucose-6-phosphate to PPP thus
limiting the supply of reducing equivalents necessary for cancer cell metabolism.

5.7.3 Effect of CF on GAPDH activity
GAPDH is a key check-point enzyme in glycolysis, commonly up-regulated in
many cancer cells because it seems to be potentially required for cancer cell
growth and tumor formation. As shown in Figure 5.17, CF induced a reduction of
GAPDH activity. The significant reduction was maximum in K562 cells (30%).
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Figure 5.17: GAPDH activity in leukemic cells after 24 h of incubation with CF (5 µl/ml)
in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

5.7.4 Effect of CF on PK activity
Pyruvate kinase (PK) catalyzes the rate-limiting, ATP-generating step of glycolysis
in which phosphoenolpyruvate is converted to pyruvate and it seems to play a key
role in this metabolic pathway. Elevated levels of PK provide an advantage to
cancer cells because, by slowing glycolysis, this enzyme allows carbohydrate
metabolites to enter other subsidiary pathways, including the pentose phosphate
pathway (PPP), which generate macromolecule precursors, that are necessary to
support cell proliferation and reducing equivalents such as NADPH.
As shown in Figure 5.18, CF treatment induced a significant reduction of PK
activity and the reduction was maximum in K562 cells (40%).
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Figure 5.18: PK activity in leukemic cells after 24 h of incubation with CF (5 µl/ml)
in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

5.7.5 Effect of CF on LDH activity
Cell proliferation and carcinogenesis seems to be coupled to metabolic
reprogramming and LDH, converting pyruvate to lactate, constitutes an
alternative supplier of NAD+ in the absence of mitochondrial oxidation. Hence,
the up-regulation of LDH leads to produce more NAD+ which is crucial for
glycolysis function and thus represents a selective advantage for cancer cells. A
significant reduction of LDH activity was observed in the three leukemic cell lines
after CF treatment (Figure 5.19 A, 5.19 B and 5.19 C).
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Figure 5.19 A: LDH activity in Jurkat cells after 24-48-72 h of incubation with
CF (5 µl/ml) in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

As shown in Figure 5.19 A, CF treatment induced a slight decrease of LDH activity
and only after 72 hours of incubation the reduction was significant and reached
13% compared to control.

Figure 5.19 B: LDH activity in U937 cells after 24-48-72 h of incubation with
CF (5 µl/ml) in comparison with untreated cells (CTR) (*p<0.05 vs CTR).
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As shown in Figure 5.19 B, CF treatment induced a slight decrease of LDH activity
and, similarly to Jurkat cells, only after 72 hours of incubation the reduction was
significant and reached 15% compared to control.

Figure 5.19 C: LDH activity in K562 cells after 24-48-72 h of incubation with
CF (5 µl/ml) in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

As shown in Figure 5.19 C, CF treatment induced a considerable decrease of LDH
activity that reached respectively 18% and 28% after 48 and 72 hours of incubation
compared to control.

5.7.6 Effect of CF on the lactate release in the extracellular environment
To investigate whether changes in cancer cell growth and CF-induced apoptosis
were correlated with reduced glycolysis, lactate levels were measured in growth
media. In fact, lactic acid is the end product of glycolysis and lactate fluctuations
can occur as a consequence of disturbances in any stage of the glycolytic pathway.
Therefore, lactate release in the culture media was assayed after CF treatment on
the three leukemic cells and results are shown in Figure 5.20 A, 5.20 B and 5.20C.
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Figure 5.20 A: Lactate release in Jurkat cells after 24-48-72 h of incubation with CF (5 µl/ml) in
comparison with untreated cells (CTR) (*p<0.05 vs CTR).

As shown in Figure 5.20 C and accordingly to results obtained measuring LDH
activity, CF treatment induced a slight and not significant decrease of lactate
release in Jurkat cells that reached 12% after 72 hours of incubation, compared to
control.

Figure 5.20 B: Lactate release in U937cells after 24-48-72 h of incubation with CF (5 µl/ml) in
comparison with untreated cells (CTR) (*p<0.05 vs CTR).
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As shown in Figure 5.20 B and in accordance with the results obtained measuring
LDH activity, CF treatment induced a slight decrease of lactate release in U937
cells that reached a significant reduction (19%) only after 72 hours of incubation,
compared to control.

Figure 5.20C: Lactate release in K562 cells after 24-48-72 h of incubation with CF (5 µl/ml) in
comparison with untreated cells (CTR) (*p<0.05 vs CTR).

As shown in Figure 5.20 C and in accordance with the results obtained measuring
LDH activity, CF treatment induced a significant decrease of lactate release in
K562 cells that reached a significant reduction (20% and 38%) respectively after 48
and 72 hours of incubation, compared to control.
As expected, results of lactate release are in accordance with those obtained from
LDH measuring.
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5.7.7 Effect of CF on extracellular pH measurement
Lactate production is an essential feature of cancer cells and it causes an
acidification when released in the extracellular environment, representing a
selective advantage for malignant cells. In fact, cancer cells are characterized by an
acidification of the extracellular environment, thus a low tumor extracellular pH
(pHe), because large amount of H+ ions are produced as a result of high rate of
glycolysis and lactic acid production. In fact, it is known that tumor pHe is
generally lower compared to normal cells. Measurement of pHe was assayed and,
although not significant, a slight increase in pHe was observed in K562 cells after
48 and 72 hours of incubation with CF as compared to controls (7.27 vs. 7.08 and
7.24 vs. 6.91, respectively).

5.8 Effect of CF on the intracellular ROS production
The intracellular level of ROS was detected using DCFH-DA staining by
measuring the intensity of fluorescence, that was directly proportional to ROS
production. Experiments performed in the three leukemic cell lines, showed an
increase of ROS level in presence of CF, although maximum peaks of
accumulation varied depending on the leukemic cell line. In Figures 5.21 A, 5.21 B
and 5.21 C the change of intracellular ROS level, upon CF treatment, is shown.
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Figure 5.21 A: Intracellular ROS production in Jurkat cells after 4-24-48h of incubation with CF
(5 µl/ml) in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

In detail, Jurkat cells (Figure 5.21 A) showed an increase of intracellular ROS after
48 hours reaching a significant accumulation (+30%) upon CF treatment.

Figure 5.21 B: Intracellular ROS production in U937 cells after 4-24-48h of incubation with CF (5
µl/ml) in comparison with untreated cells (CTR) (*p<0.05 vs CTR).
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U937 cells (Figure 5.21 B) showed an increase of intracellular ROS after 24 and 48
hours reaching a significant maximum accumulation (+43%) after 48 hours of
incubation with CF.

Figure 5.21 C: Intracellular ROS production in K562 cells after 4-24-48h of incubation with CF (5
µl/ml) in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

Finally, Figure 5.21 C shows the increased intracellular ROS production in K562
cells after 4, 24 and 48 hours reaching a significant maximum accumulation (+54%)
after 24 hours of incubation with CF.
All these data suggest that in presence of CF a rise in the level of intracellular ROS
was observed in the three leukemic cell lines; in particular the maximal increase in
ROS level occurred after 24 hours of incubation in K562 (+54%) and after 48 hours
in Jurkat (+30%) and in U937 (+43%). Thus, the CF-mediated apoptosis in
leukemic cells seemed to be accompanied by an increased intracellular ROS
generation.
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6. RESULTS

RESULTS ON SOLID TUMOR CELLS (2nd PART)

6.1 Preliminary investigations
To determine the effect of CF on cancer cell proliferation, preliminary
investigations on several solid cancer cell lines were performed using trypan blue
exclusion method.
In the first experiment several cell lines: mesothelioma (MSTO, NCI, Ist-Mes1, IstMes2 and MPP89), melanoma (M14 and ME1007), lung (H1650 and H1975), breast
(SKBR3 and MCF7), colon (HCT116) and fibroblasts (HFF) were incubated in
absence (CTR) or presence of different concentration (0,625 μl/ml, 1,25 μl/ml, 2,5
μl/ml) of CF for 24, 48 and 72 hours and cell growth was analysed by manual
count using the trypan blue dye. In all cancer cell lines treated with CF, compared
to control, a cell proliferation inhibition was observed; moreover CF showed a
dose-dependent effect. In fact, the slight reduction of cancer cell growth, observed
using the lowest concentration of CF (0,625 μl/ml), increased testing higher
concentrations of the nutritional supplement and became significant treating cells
with CF 2,5 μl/ml. Only data obtained treating cells with CF 2,5 μl/ml are shown
in Figure 6.1 At this concentration of CF no significant change in normal fibroblasts
(HFF) growth was observed.
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Figure 6.1: Growth inhibition of several solid cancer cell lines by CF 2,5 μl/ml after 24,48 and 72
h of incubation in comparison with untreated cells (CTR) (*p<0.05 vs CTR).

As a second step, three cancer cell lines that demonstrated to have different
sensitivity to CF-treatment (melanoma: M14, mesothelioma: Ist-Mes1 and colon
carcinoma: HCT116) were incubated in absence (CTR) or presence of two
concentrations of CF (2,5 and 5 μl/ml) for 24 and 48 hours. It appeared evident
that, comparing the effect of the two concentrations of CF, the highest
concentration (5 μl/ml) resulted more efficient in inhibiting the growth of the
above mentioned cancer cell lines (Figure 6.2).
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Figure 6.2: Comparison between the growth inhibitory effect of CF 2,5 μl/ml and CF 5 μl/ml on
three cancer cell lines after 24 and 48 h of incubation (*p<0.05 vs CTR).

Collectively, these preliminary data suggest that CF exerts a cytotoxic effect on the
tested cancer cell lines without affecting the growth of the healthy fibroblasts and
it appears evident that CF 5 μl/ml was more efficient in inhibiting cancer cell
proliferation in comparison with the other concentrations tested. For this reason,
all further experiments were conducted treating cells only with CF 5 μl/ml for 24
and 48 hours.

6.2 Effect of CF on cancer cell viability
To confirm the results obtained from cell growth analysis performed with trypan
blue exclusion method, cell viability was analysed using the XTT kit.
As shown in Figure 6.3, CF showed an antiproliferative effect: it significantly
inhibited the proliferation of all cancer cell tested, without affecting fibroblasts
growth; in particular some cells, such as the mesothelioma MSTO and the colon
carcinoma HCT116 cell lines, appeared to be the most sensitive to CF treatment.
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Figure 6.3: Cancer cell viability inhibition by CF 5 µl/ml after 24 and 48 h of incubation in
comparison with untreated cells (CTR) (*p<0.05 vs CTR).

These two cell lines were further employed to investigate the mechanisms by
which CF may induce cancer cell death.

6.3 Effect of CF on colony growth
The antiproliferative effect of CF on HCT116, MSTO and on HFF cell lines was
also examined by clonogenic assays. The clonogenic cell survival assay determines
the ability of a cell to proliferate indefinitely, thereby retaining its reproductive
ability to form a colony or a clone. This cell is retained to be clonogenic. In this
assay single cells were plated and cultured for 10 days in presence of PBS (CTR) or
CF 5μl/ml. The colony is defined to consist of at least 50 cells. As shown in Figure
6.4, colonies were absent in HCT116 and MSTO cells treated with CF, while HFF
colony yields were not affected. This data demonstrate that CF selectively inhibits
the ability of the above mentioned cancer cell lines to grow into a colony.
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Figure 6.4: Colony growth inhibition by CF by CF 5 µl/ml in comparison with untreated cells
(CTR).

Figure 6.5 below represents three independent experiments carried out on the
three cell lines.

Figure 6.5: Colony growth inhibition by CF by CF 5 µl/ml in comparison with untreated cells
(CTR) (*p<0.05 vs CTR).

Figure 6.5 shows that CF significantly decreased colony formation in HCT116 and
MSTO cancer cell lines without affecting clonogenic survival of normal fibroblasts
(HFF).
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6.4 Effect of CF on cell cycle regulation and apoptosis
According to the previous assays, in which CF successfully inhibited cancer cell
viability and in order to confirm whether this growth reduction was due to
apoptosis, the most sensitive cancer cell lines (MSTO and HCT116) were chosen to
elucidate the possible mechanisms of action of this nutritional supplement
through flow cytometry and western blotting analysis.

6.4.1 Effect of CF on cell cycle regulation
Since cell proliferation is well correlated to the regulation of cell cycle progression;
CF-treated and untreated cells were analyzed by flow cytometry to elucidate the
influence of CF on cell cycle regulation. The number of cells in each phase of the
cell cycle and the sub-G1 phase, representing apoptotic cells, were expressed as a
percentage of the total cells. In Figure 6.6 data related to MSTO cells are shown.

Figure 6.6: Cell cycle analysis in MSTO cells untreated (CTR) and treated with CF 5 μl/ml for 24
and 48 hours. DNA content in different phases of the cell cycle was measured using propidium
iodide by flow cytometry.
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In mesothelioma cells (MSTO), CF treatment induced a decreased percentage of
cells in G0/G1 phase after 24 and 48 hours of incubation, as compared to
untreated cells; interestingly, CF induced an increase of sub-G1 peak, which
represents apoptotic cells, compared with untreated cells (CTR). In fact, CF-treated
cells in this phase were 12% and 20% of the whole population, respectively after 24
and 48 hours of incubation, compared to control (only 2 and 3%). Therefore, the
maximum effect was seen after 48 hours of CF treatment. These results suggest the
CF treatment may induce apoptotic death in this cancer cell line. In Figure 6.7 data
related to HCT116 cells are shown.

Figure 6.7: Cell cycle analysis in HCT-116 cells untreated (CTR) and treated with CF 5 μl/ml for
24 and 48 hours. DNA content in different phases of the cell cycle was measured using
propidium iodide by flow cytometry.

In colon carcinoma cells (HCT116), CF treatment induced an increased amount of
cells in G0/G1 phase compared with untreated cells (CTR). In fact, CF-treated cells
in G0/G1 phase were 44% and 53% of the whole population, respectively after 24
and 48 hours of incubation, compared to the G0/G1 phase cells of control (35 and
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40%). Therefore, the maximum effect was seen after 48 hours of CF treatment.
These results suggest the CF may cause a cell cycle arrest in G0/G1 phase.

All together these data show that CF may induce an increase of the sub-G1 phase
and probably an arrest in G0/G1 phase of the cell cycle.

6.4.2 Effect of CF on protein expression
In agreement with previous results, indicating a pro-apoptotic role of CF on tested
cancer cells, the expression of some proteins involved in the apoptotic and
carcinogenic pathways was detected through western blot analysis. The activation
of caspase-3 and the cleavage of poly (ADPribose) polymerase (PARP) were firstly
investigated in HCT116 and MSTO cells and results are shown in Figure 6.8.

Figure 6.8: Expression of cleaved PARP and caspase-3 in MSTO and HCT116 cells untreated
(CTR) and treated with CF 5 μl/ml for 24 and 48 hours.
Data represents one of three experiments conducted with similar results.

Caspase family elements and downstream substrates such as PARP are crucial
mediators of the apoptotic process. In Figure 6.8 is shown that CF activated
caspase-3 determining the cleavage and thus the activation of the inactive
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procaspase-3 although the activation is weak in HCT116 cells; as a consequence CF
clearly caused the cleavage of its substrate PARP, an early index of apoptosis.
These data confirmed that CF induced apoptosis in HCT116 and MSTO cells.
As a second step and in order to clarify the mechanisms underlying CF-induced
apoptosis, the expression of the oncogene c-myc and the tumor suppressor gene
p53, together with the expression of the cell cycle regulatory proteins p21 and p27
were assessed in HCT116 and MSTO cells. Results are shown in Figure 6.9.

Figure 6.9: Expression of p53, c-myc, p21 and p27 in MSTO and HCT116 cells untreated (CTR)
and treated with CF 5 μl/ml for 24 and 48 hours.
Data represents one of three experiments conducted with similar results.

p53 is crucial in multicellular organisms, where it regulates the cell cycle and,
thus, functions as a tumor suppressor that is involved in preventing cancer. p53
has been described as "the guardian of the genome" because of its role in
conserving stability by preventing genome mutation. It controls several cellular
pathways, by either activating or repressing downstream genes, including the
proto-oncogene c-myc that is negatively regulated by p53. C-myc hyperexpression
has been recently observed in many human cancers; in fact, it promotes cell cycle
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progression by repressing genes involved in cell cycle control and arrest, such as
p21 and p27. Figure 6.9 shows that CF-treatment increased the expression of p53
and the cell cycle regulatory proteins p21 and p27, as compared to untreated cells.
Interestingly CF down-regulated c-myc expression, confirming that p53 negatively
regulates c-myc.
These data suggest that CF plays an important role in regulating the expression of
all these proteins, widely involved in the malignant transformation of cells.
Finally the effect of CF on PI3K/AKT and Bcl-2 survival pathways was
investigated in MSTO and HCT116 cells. Results are shown in Figure 6.10.

Figure 6.10: Expression of pAKT, AKT and Bcl-2 in MSTO and HCT116 cells untreated (CTR)
and treated with CF 5 μl/ml for 24 and 48 hours.
Data represents one of three experiments conducted with similar results.

Phosphorylated AKT (pAKT) expression was assessed to evaluate the activation of
AKT. pAKT was considerably observed only in untreated cells while AKT
expression was found to be almost equal in HCT116 and MSTO cancer cells. Upon
CF treatment, pAKT expression was significantly decreased while total AKT levels
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did not change, compared to control. Finally the anti-apoptotic protein Bcl-2 was
evaluated. As shown in Figure 6.10 CF induced an evident decrease of the antipoptotic protein expression compared to control.
All these results obtained from immunoblot analysis, indicate that CF exerts an
antiproliferative effect on the tested cancer cell lines and plays an important role in
the cancer cell survival inhibition.
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7. DISCUSSION

Over the last decades, many studies have shown numerous dietary constituents
and nutraceuticals as cancer chemopreventive agents (Aggarwal et al, 2009); in fact,
it has generally been accepted that they can suppress transformation,
hyperproliferation, invasion, angiogenesis and metastasis of various tumors
(Shanmugam et al, 2011). Because oxidative and inflammatory stress contributes to
malignant transformation, dietary agents with antioxidative, anti-inflammatory
and pro-apoptotic properties would be good candidates for preventing human
malignancies (Gao et al, 2012; Huang et al, 2012). Taking into consideration that CF
is a nutritional supplement whose antioxidant properties have been well
documented in vitro (Benedetti et al, 2011), that the marine algae from which the
organic and inorganic components of CF are extracted, has demonstrated a
growth-inhibitory effect, both in vitro (Aslam et al, 2009) and in vivo (Aslam et al,
2012) and that CF is able to modulate O2 availability improving respiratory
metabolism and mitochondrial activity (Ferrero et al, 2011), in the present thesis we
wonder if CF could also affect cancer cell growth by inducing metabolism
modifications and apoptosis. Initially, we performed assays to evaluate the effect
of CF on cell growth and viability to determine the best experimental conditions
without interferences caused by cytotoxicity. Hence, once identified the most
efficient concentration (5 μl/ml) of CF in inhibiting cancer cell growth, we
observed that CF treatment reduced cancer cell proliferation and viability in both
leukemic cell lines and in all solid tumor cells tested (mesothelioma, melanoma,
lung, breast and colon cancer). Cell growth reduction reached 50% in the U937
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leukemic cell line as compared to untreated cells and percentages were even
higher in some solid cancer cells, such as the mesothelioma MSTO (>80%) and the
colon cancer HCT116 cell lines (about 90%), which were selected for further and
detailed experiments, given their particularly high sensitivity to CF treatment. To
investigate whether CF could affect healthy cell growth, human lymphocytes and
fibroblasts were also seeded in the same experimental conditions. Data revealed
no significant differences between untreated and treated cells, confirming that CF
did not affect healthy cell viability and inhibited selectively only cancer cell
growth. This inhibition was firstly revealed by the trypan blue exclusion method
and then confirmed by

cell

viability

assays,

measuring

mitochondrial

dehydrogenase activity. Furthermore, the antiproliferative effect of CF was also
examined in HFF (fibroblasts), MSTO (mesothelioma) and HCT116 (colon) cell
lines by clonogenic assays, evaluating cell colony formation capacity. No visible
change in healthy fibroblast growth was noted while no colony was observed in
cancer cells, suggesting that CF significantly decreased cell growth only in the
above mentioned cancer cell lines.
Moreover, to clarify whether CF was able to reduce cancer cell viability by
promoting apoptotic cell death and cell cycle arrest, further experiments were
conducted on leukemic cells and on two solid cancer cell lines, representing the
most sensitive to CF treatment (the mesothelioma cell line MSTO and the colon
carcinoma cell line HCT116). The capacity of CF to induce pro-apoptotic
mechanisms was evaluated studying some typical apoptotic markers in the
leukemic cells (cell morphological changes, caspase-3 activity and DNA
fragmentation) and the expression of numerous proteins (caspase-3, PARP, p53, c108

myc, p21 and p27, pAKT, AKT and Bcl-2) involved both in apoptotic and survival
processes and in the cell cycle control, in the two solid tumor cell lines.
Caspase-3 is considered to be the most important effector of apoptosis and an
early marker for both intrinsic and extrinsic pathways (Elmore, 2007) and our
results, obtained using a colorimetric kit, show that CF treatment significantly
stimulated caspase-3 activity in all leukemic cells at each experimental time point,
as compared to untreated cells. In particular, caspases-3 activity was considerably
and significantly increased in U937 cells after 72 hours of incubation with CF (2,6
fold higher than untreated cells). Moreover, cells undergoing apoptosis are
characterized by the presence of morphological changes, such as contracted cell
bodies, condensed chromatin and membrane bound apoptotic bodies (Elmore,
2007). To evaluate these morphological changes, the three leukemic cell lines were
stained with MGG and observed using a light microscope at 400x magnification.
Our results show that, upon CF treatment, the morphology observed was
compatible with that of apoptotic cells. As a common hallmark of late-stage
apoptosis,

genomic

DNA

fragmentation

was

analyzed

through

gel

electrophoresis. In this context, our data suggest that after 72 hours of incubation
with CF an internucleosomal DNA cleavage (or DNA laddering) was observed in
the leukemic cell lines, as compared to the respective untreated controls. The
laddering is particularly evident in the CF-treated U937 cell line.
Taken together, these data lead us to suggest that the observed cancer cell growth
inhibition was due to apoptosis induction in the three leukemic cell lines.
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Afterwards the expression of some proteins was evaluated in two solid cancer
cells (MSTO and HCT116) to confirm the involvement of CF in inducing
apoptosis.
The capacity of CF to induce apoptosis was also assessed studying the expression
of some proteins (caspase-3, PARP, p53, c-myc, p21 and p27, pAKT, AKT and Bcl2) involved both in apoptotic and survival processes through western blot
analysis. Pro-caspase-3 and PARP cleavage were firstly analyzed. Caspase-3 is a
relevant apoptosis effector and our results show that CF treatment stimulated the
cleavage and thus the activation of the pro-caspase-3 leading to an increase of
caspase-3 expression, in particular in MSTO cells, as compared to untreated cells.
This data demonstrates that CF induces apoptosis through a caspase-dependent
pathway. PARP, (poly (ADP-ribose) polymerase), a downstream substrate of
caspase-3, is a family of proteins involved in a number of cellular processes, in
particular in DNA repair and programmed cell death. It is typically cleaved by the
activation of caspase-3 and its cleavage was observed after 24 and 48 hours of
incubation with CF, in both HCT116 and MSTO cell lines. PARP cleavage is the
hallmark of caspase-dependent pathway, thus confirming the involvement of
caspases in cell death induction. As a second step the expression of p53, c-myc,
p21 and p27 proteins was further examined. p53 is one of the most tumor
suppressor genes, involved in various processes such as apoptosis and cell cycle
arrest. It is frequently inactivated in various types of cancer. Our results show that
MSTO and HCT116 cell lines expressed p53 and upon CF treatment their
expression level increased both after 24 and 48 hours of incubation. Moreover, cmyc is an important oncogene with relevant functions in cell proliferation and
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apoptosis induction. Its expression is low in normal cells but often elevated in
many human cancers; this means that c-myc plays a central role in tumor
development. In our experiments its expression was down-regulated; in
particular, CF treatment induced an evident decrease of c-myc levels in HCT116
cells, compared to control. c-myc also promotes cell cycle entry and proliferation
through the reduction of p21 and p27 expression (Amati et al, 1998). Cell division
relies on the activation of cyclins, which bind to cyclin-dependent kinases (Cdks)
to induce cell-cycle progression towards S phase. Since uncontrolled Cdks activity
is often the cause of human cancer, their function is tightly regulated by cell-cycle
inhibitors, such as p21 and p27 proteins. Following DNA damage, they bind to
cyclin-Cdk complexes to inhibit their catalytic activity and induce cell-cycle arrest.
These proteins have also important functions in the regulation of apoptosis. In our
context, p21 and p27 expression was evaluated in HCT116 and MSTO cells and
results show that CF up-regulated their expression, both after 24 and 48 hours of
incubation, and thus might induce cell growth arrest by regulating cell cycle
progression.
As a third step we investigated the effect of CF on the PI3K/AKT signaling
pathway and on the expression of the anti-apoptotic protein Bcl-2 involved in the
intrinsic pathway of the apoptotic cell death. The PI3K/AKT signaling is an
important survival pathway and plays a crucial role in promoting survival of cells
exposed to apoptotic stimuli. The activation through the phosphorylation of AKT
(pAKT) is up-regulated in many human cancers and it has been recently
associated to chemotherapy resistance (Elstrom et al, 2004). It seems that pAKT and
the inactivation of the anti-apoptotic protein Bcl-2 are associated to apoptosis
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resistance, so the expression of both pAKT and Bcl-2 is often up-regulated in
cancer cells. Interestingly, our results show a relevant down-regulation of pAKT
and Bcl-2, upon CF treatment, and lead us to believe that the mitochondrial
pathway of apoptosis is most likely involved. All data so far obtained allow us to
consider CF of great importance in the prevention of cancer and as coadjuvant to
standard cancer therapy.
Since cell proliferation and cell cycle progression are well correlated and it is
noteworthy that the control of cell cycle progression is another important strategy
to halt tumor growth (Lin et al, 2013), cell cycle analysis was performed only in the
most sensitive cancer cells: the leukemic U937, the mesothelioma MSTO, and the
colon HCT116 cancer cell lines. Results show that CF is associated to a
perturbation in the cell cycle; in fact, it is likely that it stimulates a cell cycle arrest
in G1 (HCT116) and in S phase (U937 and probably MSTO) and it interestingly
induces an increase of the sub-G1 phase, representing apoptotic cells, in MSTO cell
line, as compared to untreated cells. After the confirmation that CF-induced cell
growth inhibition was related to apoptosis promotion and cell cycle arrest, we
focuses our attention on some aspects of tumor cell metabolism.
First of all, we wonder whether CF could play a role in HIF-1 alpha regulation. In
fact, it is well documented that this transcription factor, inhibiting the conversion
of pyruvate to acetyl-CoA through the activation of PDK, leads to a decrease of
mitochondrial oxidative phosphorylation and, consequently, makes cancer cell
resistant to apoptosis (Zheng, 2012). Our data reveal that CF treatment led to a
significant decrement of HIF-1 alpha concentration in all CF-treated leukemic
cells. The reduction was maximum in U937 cell line and reached up to 40%
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compared to control. Consequently, decreased levels of HIF-1 alpha in leukemic
cells treated with CF could be reasonably responsible for metabolic changes in
cancer cells, making them susceptible to cell death, depending apoptosis on
mitochondrial ATP production (Elmore, 2007). In fact, it is accepted that HIF-1
alpha is up-regulated in cancer cells and it activates, in turn, the expression of
several enzymes regulating the glycolytic pathway (such as HK, GAPDH, PK and
LDH), the PPP (such as G6PDH), and the expression of glucose transporters, such
as GLUT-1 (Majeed et al, 2012).
Based on the evidence that glycolysis and thus glucose uptake are greatly
enhanced in cancer cells, as compared to normal cells (Denko, 2008; Yeung et al,
2008), we evaluated if CF could affect the expression of GLUT-1, the activity of the
above mentioned enzymes, and the lactate amount released in the extracellular
media. Through the immunoblot analysis, our results revealed a lower GLUT-1
expression and thus a decreased glucose uptake in leukemic cells treated with CF,
as compared to untreated cells. The reduction of GLUT-1 expression upon CF
administration was up to 70% in U937 cells. When stabilized, HIF-1 alpha is also
directly involved in the over-expression of many glycolytic enzymes and in this
context the activity of some of them have been measured. Noteworthy, our data
showed that CF induced a significantly decreased activity of all the enzymes
studied. In accordance with GLUT-1 expression decrease, CF treatment induced a
significant reduction in HK activity, involved in the kinetics of glucose uptake and
glycolytic flux. The reduction was maximum (40%) in U937 cells. HK is the first
glycolytic enzyme but it also acts as an anti-apoptotic protein via direct association
with the voltage-dependent anion channel (VDAC1), localized in the outer
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mitochondrial membrane (Mathupala et al, 2006). In fact, VDAC1 is a key player in
mitochondria-mediated apoptosis, participating in the release of mitochondrial
pro-apoptotic proteins to the cytosol, such as cytocrome-c, and interacting with
apoptosis regulatory proteins, such as Bcl-2 and HK that are over-expressed in
many types of cancer, including leukemia (Prezma et al, 2013). Interestingly, the
inhibition of HK activity by CF might give a contribute in this regard.
Cancer cells can metabolize glucose also through the PPP to generate NADPH that
ensures the cell antioxidant defenses against a hostile microenvironment and
chemotherapeutic agents (Gatenby and Gillies, 2004). Regarding this pathway, the
activity of the enzyme responsible for its first irreversible reaction, the G6PDH,
was evaluated after CF treatment. In this context, some authors showed an
increase in the activity of G6PDH in tumor cells treated with inducing agents of
apoptosis, in comparison to control cells (Amoedo et al, 2011); contrariwise, most of
the scientific literature demonstrated an increase in the PPP flux in cancer cells.
For instance, Furtado and Comin-Anduix, argued that the increase of the PPP flux,
apart from being a common feature of cancer cells, is also directly associated with
inhibition of the apoptosis, due to an increased generation of NADPH (Furtado et
al, 2012; Comin-Anduix et al, 2002). To investigate the diversion of glucose-6phosphate from glycolysis to PPP, we measured the activity of G6PDH. Results
show a significant reduction of G6PDH activity, upon CF administration; the
reduction was similar in the three leukemic cells (21% in Jurkat, 20% in U937 and
18% in K562), compared to control. Hence, we can assume that CF is able to
decrease the flux through the oxidative branch of the PPP pathway, limiting the
generation of reducing equivalents (NADPH) which would be used from cancer
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cells during their replication and development. These data are in agreement with
the observed reduction of HK activity, following CF treatment, since cancer cells
are generally characterized by high levels of both HK and G6PDH activity, being
glucose-6-phosphate formed by HK, the substrate for G6PDH (Furtado et al, 2012).
Despite the expression of the tumor suppressor gene p53 has not been analyzed in
leukemic cells but only in solid cancer cell lines, showing its reduced expression
after CF treatment as compared to control, it is interesting to note that p53 is also
correlated to the PPP pathway and, in turn, to G6PDH activity. In fact, given the
importance of p53 in suppressing the PPP and, as a consequence, in reducing the
activity of the enzymes involved in this metabolic pathway, it has been shown that
the prevalent inactivation of p53 in tumor cells likely accelerates glucose
consumption, contributing to the Warburg effect, and directs glucose for rapid
production of macromolecules via an increase in the PPP flux, thus enhancing
biosynthesis (Jiang et al, 2011). In this context, our data on p53 and G6PDH are in
agreement with Jiang and colleagues.
Another important control point of glycolysis is the enzyme GAPDH. It is
considered a key enzyme in this metabolic pathway because its activity strongly
determines the efficiency of glycolytic flux. If the oxygen supply is normal, NADH
reducing equivalents generated from NAD+ by GAPDH are transported inside the
mitochondria in order to reach the respiratory chain. Instead, in hypoxic
conditions the above reducing equivalents generated by GAPDH are used by LDH
to convert pyruvate into lactate and no ATP can be produced into the
mitochondria. This further contributes to reduce almost completely the amount of
pyruvate that entries the TCA cycle and to a mechanism of apoptosis resistance,
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being this latter an ATP-dependent cell death (Israël and Schwartz, 2011). This
condition is prominent in tumor cells. Based on the evidence that GAPDH is
commonly up-regulated in many cancer cells because it seems necessary for the
cancer cell growth and tumor formation, the evaluation of CF effect on GAPDH
activity was of great interest. Interestingly, we observed a GAPDH activity
decrement after CF treatment, compared to control. The inhibition was maximum
after 24 hours of incubation and reached 30% in K562 cells.
At the last step of glycolysis, PK only works in the glycolytic direction, from PEP
to pyruvate and seems to play a key role in this metabolic pathway. In fact,
elevated levels of this enzyme provide an advantage to cancer cells because they
allows carbohydrate metabolites to enter other subsidiary pathways, including the
PPP, which generates macromolecule precursors that are necessary to support cell
proliferation and reducing equivalents such as NADPH. Hence, elevated levels of
PK seem to stimulate aerobic glycolysis in cancer cells; for this reason its activity
was measured and results show that CF treatment induced a significant decrease
of PK activity. The reduction was maximum (40%) in K562 cells. Moreover, PKM2
has been recently correlated with the oncogene c-myc (Dando et al, 2013). In
agreement with Dando and colleagues, our results, even conducted on different
cancer cell lines, showed both decreased PK activity and c-myc expression, upon
CF treatment, as compared to untreated cells.
The activation of HIF-1 alpha also contributes to the conversion of glucose to
lactate; in fact, when stabilized, HIF-1 alpha is directly involved also in the overexpression of the glycolytic enzyme LDH, the NADH-dependent enzyme that
catalyzes the conversion of pyruvate to lactate (Icard and Lincet, 2012). Based on the
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observed strong LDH-dependency for tumor proliferation from both in vitro and
in vivo studies (Fantin et al, 2006; Le et al, 2010), we analyzed its activity and the
consequent amount of lactate release, in absence and in presence of CF.
Interestingly, our data showed that CF induced a significant decrease in LDH
activity after each experimental time and particularly after 72 hours from its
administration (up to 28% in K562 cells). At the same time, the amount of lactate
released in the extracellular environment was also reduced in CF treated cells as
compared to control (up to 38% in K562 cells). This led to a slight, although not
significant, increase of the extracellular pH after CF treatment but this alteration
was only observed in K562 cells after 48 and 72 hours of incubation.
Overall these results, showing a decrement of HIF-1 alpha amount, glycolytic
enzyme activities and GLUT-1 expression in CF-treated cells, indicate that the
glycolytic metabolism could be affected and somehow unbalanced by the action of
this nutritional supplement. Moreover, our findings are consistent with recent
observations indicating that the in vitro inhibition of tumor cell survival by
compounds targeting tumor metabolism was accompanied by a modulation of
lactate concentration in the tumor-conditioned medium, by altered expression of
HIF-1 alpha and by an alteration in the expression of apoptotic and cell survival
regulatory molecules (Kumar et al, 2012).
The redox status inside the cell is also crucial to the correct working of many
enzymes and plays a central role in the regulation of various cell functions. It has
long been thought that reactive oxygen species (ROS) are involved in
carcinogenesis and high levels of ROS have been documented in cancer cells
(Fruehauf and Meyskens, 2007). A growing interest has been found to investigate the
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role of ROS in different cellular processes, including differentiation, gene
expression, and cell proliferation and recent evidence has demonstrated that ROS
can induce cell death through various signaling pathways (Khan et al, 2012). In
fact, it has been evidenced that ROS generation plays an indispensable role in
apoptosis induction in a variety of malignant cells (Michelakis et al, 2010) and
accordingly, radiotherapy, an important treatment modality in oncology, seems to
kill cells through ROS generation (Meijer et al, 2012). It is known that tumors
predominantly use glycolysis, leading to the production of lactate, and show an
increase of the redox status as a consequence of an increased cytosolic
NADH/NAD+ ratio. In this way, reducing species are highly produced by cancer
cells to protect the DNA from free radical-mediated damage (Sattler and MuellerKlieser, 2009). Blocking tumor glucose metabolism at several levels, has been
shown to decrease the amount of antioxidant molecules and thus to radiosensitize
different solid tumors in preclinical studies (Meijer et al, 2012). In this context,
thanks to the potential capability of CF to increase mitochondrial activity and ATP
production (Ferrero et al, 2011), we wondered if CF administration to leukemic
cells could increase the intracellular ROS production due to a restored
mitochondrial oxidative phosphorylation. Interestingly, results using the DCFHDA dye showed that, in presence of CF, an increased intracellular ROS
accumulation was observed compared to control. In Jurkat cells ROS production
was significantly higher (+30%), compared to untreated cells, only after 48 hours
of incubation with CF; in U937 cells the accumulation of ROS was observed both
after 24 and 48 hours (+43%) and finally in K562 cells the intracellular ROS
formation was observed at each experimental time (4, 24 and 48 hours) and
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reached +54% after 24 hours of incubation with CF, as compared to control.
Therefore, we believe that the increased ROS accumulation, upon CF treatment,
fits well with a reactivated oxidative phosphorylation and an improved
mitochondrial activity. Accordingly to our hypothesis, it has been recently
evidenced that apoptotic cells generally exhibit an increase in ROS level (Maurya et
al, 2011; Niewisch et al, 2012). However, to confirm the reactivation of the oxidative
metabolism in cancer cells, further studies should be conducted at mitochondrial
level.
Overall, the data emerged from all our experiments, provide evidence for the first
time that CF is able to inhibit cell growth and viability of three hematologic cancer
cells (Jurkat, U937 and K562) and of many solid (mesothelioma, melanoma, lung,
breast and colon) cancer cell lines. Moreover, results show that it may induce
apoptosis in the three leukemic cells and in two solid cancer cells tested (the
mesothelioma MSTO and the colon carcinoma HCT116).
The apoptotic cell death induction by CF was confirmed by numerous
experiments demonstrating its capacity to induce morphological alterations,
caspase-3 activation and nuclear DNA fragmentation, commonly observed in
many cancer cells. As shown in the proposed schematic model (Figure 7.1), these
aspects are upstream regulated by important pathways including PI3K/AKT,
HIF1, p53 and myc that we found, in turn, affected by CF treatment.
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Figure 7.1: Schematic model showing the possible mechanism of action of CF in inducing
metabolism modifications and apoptotic cell death and in reducing cancer cell proliferation.

CF demonstrated its efficacy in reducing HIF-1 alpha concentration and
consequently all the molecules directly activated by this transcription factor, i.e.
the glucose transporter GLUT-1 and many glycolytic enzymes, leading to a
reduced glycolytic phenotype. Furthermore, we provide evidence that CF affected
the expression of tumor suppressor genes and oncogenes that are involved in
tumor metabolism, cell cycle regulation and cancer cell death and survival. In
addition, the capacity of CF to induce apoptosis seems to be related to an
increased ROS generation, leading us to believe that CF may recover the energetic
oxidative pathway. However, this aspect needs to be confirmed through further
investigations on mitochondria.
Being CF a nutritional supplement that contains different active principles
including deuterium sulphate, minerals, amino acids and enzymes (Everett Storey’s
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formula), at the moment we cannot identify one or more components that are
responsible of its growth reducing role on cancer cells, rather we can only assume
that the herein beneficial effect might depend on the whole formula.
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8. CONCLUSIONS

Modulation of cell signaling, apoptotic pathways and tumor metabolism by
dietary agents and nutraceutical compounds may provide new opportunities in
both prevention and treatment of cancer. Herein we supply evidence for a
significant antiproliferative effect of the nutritional supplement Cellfood on
leukemic cells and on mesothelioma and colon cancer cell lines by inducing cell
death through an apoptotic mechanism and by altering cell metabolism through
HIF-1 alpha and GLUT-1 regulation.
Thanks to its antioxidative and pro-apoptotic properties, CF might be a good
candidate for cancer prevention and of great importance in the development of
new and safe strategies to regulate and slow down the proliferation of cancer cells.
CF could be an effective nutritional supplement, that may give chemopreventive
benefits in human cancers and possibly improve the quality of life of patients
undergoing conventional antineoplastic therapy. However, large-scale clinical
trials will be needed to validate the usefulness of this agent either alone or in
combination with the existing standard care.
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