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Chapter 1- Introduction







1.1. The physiological roles of Reactive Oxidizin§pecies — ROS

The presence of free radicals in biological makeriaas discovered less than 50 years ago
(Commoner, Townsend et al. 1954). Immediately afbenham Harman hypothesized that oxygen
radicals may be formed as by-products of enzymatctionsin vivo. In 1956, he described free
radicals as a Pandora’s box, that may account éiular damages, mutagenesis, cancer, and
degenerative process of biological aging (HarmaBilL9Present day evidence shows that reactive
oxygen-, nitrogen- and chlorine-derived speciesy ramllectively called “Reactive Oxidizing
Species” (ROS), have a crucial role in human phggioal and pathological processes (Vina,
Borras et al. 2013).

1.1.1 Reactive Oxygen Species

From the univalent reduction of molecular oxygére superoxide radical anion {€) is formed.
This process is mediated vivo by enzymes such as NAD(P)H oxidases, xanthineageidby the
electron leakage from mitochondrial respiratory ptawres, or by redox reactive compounds.
Superoxide dismutase (SOD) catalyzes the spontangismutation of superoxide into hydrogen
peroxide (HO,) (Deby and Goutier 1990). In the presence of reducansition metals.é., ferrous

or cuprous ions), hydrogen peroxide can be condarito the highly reactive hydroxyl radical
(*OH) (Chance, Sies et al. 1979). More frequenthdrbgen peroxide is converted into water by
the enzymes catalase or glutathione peroxidasthelmglutathione peroxidase reaction, glutathione
(GSH) is oxidized to glutathione disulphide (GS-S@®hich can be converted back to glutathione

by glutathione reductase in an NADPH-consuming gsec

1.1.2 Reactive Nitrogen Species

The nitric oxide radical (NO) is enzymatically praetd by nitric oxide synthase (NOS) in higher
organisms through the oxidation of one of the teahiguanido-nitrogen atoms of L-arginine.
Depending on the microenvironment, NO can be cdademto various other reactive nitrogen
species, such as nitrosonium cation {INOnitroxyl anion (NO ) or peroxynitrite (ONOO )
(Stamler, Singel et al. 1992). Some of its phygaal effects may be mediated through the

intermediate formation d-nitroso-cysteine o%-nitroso-glutathione (Gow and Stamler 1998).

1.1.3 ROS in signal transduction and the revisitetftee radical theory of aging
By the turn of the century, the free radical theofyaging appeared to be established. Much of the
evidence gathered in favour of this theory was thase the correlation between high levels of

antioxidant defences and increase in life-span. @kér data have shown that in some cases, an
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increased oxidative stress provoked longevity ardabolic health. In other words, evidence was
produced either in favour or against the free r@diseory of aging. The final knockdown for this
theory came from epidemiological studies showirgg imtioxidant supplementation did not lower
the incidence of many age-related diseases butome cases, increased the risk of death.
Moreover, recent molecular evidence shows that, eiomes, an increased ROS formation,
increases longevity. This is not surprising, simcéhe last decades it has become clear that cells
generate ROS at lower levels to serve as signallurgctions, that are crucial for cellular
homeostasis. These oxidizing species function gnadi transduction by reversible oxidative
modifications of proteins, leading to phosphorygatcascades and altered gene transcription. ROS-
mediated signalling can promote cell proliferateomd survival, but also can regulate programmed
cell death, or necrosis, or, as recently demorestraautophagy, thereby playing a key role in the
modulation of cell turnover (Fisher 2009).

A fine balance between ROS generation and antioxitkvels allows the control of fundamental
intracellular functions. If the cell can cope witle stress caused by relatively mild action of ROS,
adaptation takes place and damages do not occimovfever, ROS formation is dysregulated and
surpasses antioxidant defences, oxidative strasslig€ed and subcellular damages and aging will

take place (Fig. 1).
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Fig. 1. ROS and antioxidant defences in the mechams of cell survival or death.

In physiological conditions, low ROS levels togethdth HAD (highly efficient and unaltered antioxidt
defences) allow the generation of intracellulamalg leading to cell homeostasis. In conditionamilfi
increase of ROS formation (mild oxidative stredis¢, HAD promote cell survival through the activatiof
cytoprotective and adaptive responses. When adtoxidefences are exhausted, LAD (low antioxidant
defences), autophagy can be triggered. Under sewddative stress conditions, necrotic, apoptotic,
autophagic signalling pathways can be activated;iwlead to cell death.

From: Pietraforte D. and Malorni W, 2014 (Pietraforte and Malorni 2014).
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The observation that ROS, which normally act asspitggical signalling molecules, could activate
intracellular pathways leading either to activatadrsurvival mechanisms or to the triggering of the
cell death program, earned them the epithet of btlbadge sword” (Pietraforte and Malorni 2014).
Thus, Vina and coworkers proposed “The cell signglldisruption theory of aging”, which
postulates that aging is caused by a disruptiahe@fvhole signalling network involving ROS, and
that, in general terms, it is better to increasdogenous defences by nutritional or physiological
manipulations than administering antioxidant comqutsuor vitamins (D'Autreaux and Toledano
2007).

b S
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Molecular

stress
(reversible)

(irreversible)

Fig. 2. The double edge sword of free radicals arldngevity.

When radicals cause severe effects on biomoledtleaises damage (irreversible alterations) aodteahs
life-span, whereas when the aggression is mildogedous antioxidant defences are produced, which
extends the organism longevity.

From: Vina J, 2013 (Vina, Borraset al. 2013).

1.1.4 The NADPH oxidases: Nox family

Mitochondria were considered for a long time themsource of intracellular ROS as a part of

aerobic respiration, but the demonstration that RIS produced in response to growth factors,
cytokines, or G protein-coupled receptor agonisissed the hypothesis of the existence of other
intracellular ROS sources, where oxidant productioaurs nearby to the intended target. In fact,
ROS production in the precise subcellular compantnadter receptor activation is essential for

specific redox signalling. Therefore, in order tt as efficient second messengers, ROS must

satisfy the stringent criteria required for thensilytransduction modulation, that is, the oxidation



should be a) mild, fast and reversible, b) regdlaited compartmentalized, c) specific for target
proteins and d) able to induce a distinct cellldarchemical outcome (Pietraforte and Malorni
2014).

The discovery of NADPH oxidases isoforms widelytidoited among many non-phagocytic cell
types, has brought to the notion that these meredpannd enzymes appeared to be the major
source of intracellular ROS (Ushio-Fukai and Ur@09.

These regulated enzyme, now recognized to havefigpsabcellular localization, are the best
candidate for localized and programmed ROS produagctvhich activates specific redox signalling
pathways mediating various cell functions. Moreotiee NADPH oxidase subunits strictly interact
with targeting proteins.

These enzyme complexes contain a homologous datalybunit, Nox, for this reason they form
the Nox family, which differs primarily in the flacytochrome component. Five Nox proteins have
been described, along with two additional enzyneded DUOX, which contain a peroxidase-like

domain (Altenhofer, Radermacher et al.).

Fig. 3. Current model of the active Nox complexes.

Each of the seven members of Nox family requirddfarent set of conditions and protein associatidrhe
cytosolic subunits that are believed to assembie each Nox isoform in the active oxidase stateshoavn.
From: I. A. Ghouleh et al., (Al Ghouleh and Magder 2011).

All the seven Nox members contain two iron-hemesghretic groups, as well as a flavin adenine
dinucleotide (FAD) and an NAPDH-binding domain ihet cytosolic c-terminus. FAD is
constitutively bound to the enzyme, whereas NADBH@&s as its substrate. Nox2 is the membrane

oxidase isoform identical to the phagocytic NADPKidase complex, nevertheless the rate of
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superoxide generation by Nox2 in non-phagocytidsce lower than the levels required for
microbicidal function, but is sufficient for celignalling (Fisher 2009). Nox enzymes catalyze the
electron transport across plasma membrane from NABPmolecular oxygen outside the cell,
generating the superoxide anion in the extracellspace. Here, the neo-formed superoxide anion
undergoes to spontaneous or catalysed dismuta#iaction, giving rise to hydrogen peroxide,
H,0,.

Fig. 4. Schematic representation of common Nox feates.

Shown here are the key features in common for all family members, along with the heme-binding site
(Fe) and the FAD- and NADPH-binding domains.

From: |. A. Ghouleh et al.,(Al Ghouleh and Magder 2011).

It is generally believed that, once generategDHcould simply diffuse into the cell across the
plasma membrane for signalling purposes, but remadence demonstrates that hydrogen peroxide
might preferentially enter the cell through specgiasma membrane aquaporin channels (Bienert
and Chaumont 2014).

The hypothesis that @, represents the signal molecule is compatible with groperties of this
peroxide, that coincide with the theoretic requiees for a second messenger function: it is
produced by a regulated enzyme in a specific siteis concentration is regulated through rapid
removal by various enzymes with specificity fotrtsher 2009).

Depending on the cell type and on the differentcsliblar localization, Nox enzymes activate
specific, context-dependent signalling pathwaya localized production of ROS following
numerous stimuli, including growth factors, cytadsnand physical or mechanical stresses. On this
regard, it has been recently demonstrated thatiadzed plasma membrane microdomains called
caveolael/lipid rafts, rich in cholesterol and spjailipids, concentrate multiple signalling molecules

thus forming signalling platforms (Ushio-Fukai 200%he assembly of functional active NADPH
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oxidase and subsequent ROS production has beemdgeated to be dependent on caveolae/lipid
rafts in many cell types, such as, for examplejascular and endothelial cells (Hilenski, Clempus
et al. 2004). As far as the Nox stimulation is Gmed, it has been reported that Nox1 expressed in
vascular cells and Nox2 in endothelial cells argvated by Angll, thrombin, prostaglandin F,
PDGF and VEGF, whereas in the same cells Nox4 gslaged by shear stress, mitochondrial
dysfunction, hypoxia and transforming growth fast(iHilenski, Clempus et al. 2004).

Thus, recognition of the cellular context is essgrtb an appreciation of Nox-mediated signal
transduction; the cell type, the functional endpoihe complement of Nox proteins expressed in

the cell, and the tissue environment must be censid

1.1.5 The Aquaporin family

Aquaporins (AQPs) are integral, transmembrane, Isingdirophobic water channel proteins
extensively expressed in many organs and tissuesrewthey play a prominent role in regulating
physiological functions, particularly those invoiivn fluid transport.

The first characterization of AQP, now named as AQFas performed in 1992 by Peter Agre, who
demonstrated that the presence of a transmembraaenel protein could explain the high
membrane water permeability of erythrocytes ane@rotells, which could not be justified only by
simple passive diffusion of water molecules acrihgslipid bilayers (Agre 2004). Currently, it is
known that AQP expression on cell plasma membramegeases osmotic membrane water
permeability up to about 50-fold compared to tpelbilayer (Verkman 2012).

From a structural point of view, AQPs usually paessa tetrameric organization in membranes.
Each monomer is quite small, about 30 kDa, and cep six transmembranehelical segments,
two half helices and five connecting loops of valgalength, with the N- and C-terminal domains
sited in the cytoplasm. The mechanism allowing AQ@d$acilitate water (or glycerol) transport
involves an aqueous pore; however, the conveyahgeratons is avoided, thus hindering the
dissipation of proton gradients (Verkman 2012).

To date, the family consists of 13 members, higlolgserved across the plant and animal kingdoms
and it could be divided in two groups, the mainlgt@r-permeable aquaporins and the mainly
glycerol-permeable aquaglyceroporins.

The major AQP function is to facilitate the trangpof water or glycerol over cell plasma
membranes; some members of AQP family are alsotalifansport other small molecules, such as
urea, CQ, ammonia, nitric oxide.

In the last decade, it has been demonstrated l8@ts0, can be carried by some AQP members in

several living organisms (Bienert, Moller et al0Z(.

8



Only specific AQP isoforms are able to facilitate tpassive diffusion of ¥, across biological
membranes, thereby having a crucially impact omtleenbrane permeability of B,. These AQP
isoforms are AQP1, AQP3 and AQP8 and they were ddiperoxoporins” by Henzler and Steudle
(Henzler and Steudle 2000).

Their transport ability was ascertained througheexpents in which AQP inhibitors, such as
mercuric chlorid, silver nitrate, or phloretin, veiound to significantly inhibit the transmembrane
flux of H,O..

This regulated entry of ¥, provides another potential mechanism through whbidldants could
be channelled to an intended target and therebjexahsome measure of overall signalling
specificity (Finkel 2011).

1.1.6 Downstream targets of KD, signalling

Transmission of a redox signal initiated by(Qd to a protein occurs through the oxidative
modification of some amino acid side chains, sush ia decreasing order of reactivity and
biological reversibility, cysteine, methionine, pne, histidine and tryptophan. In particular, thio
modification is a key factor in #0, sensing and perception in proteins (Sies 2014).

Growth factors, through #, production, induce downstream effects on tyrogihesphorylation
acting by different mechanisms, such as the inatitim of protein phosphatases, thereby increasing
the level of protein phosphorylation. Alternativetirrect modification of the growth factor receptor
by H,O, at a critical active site cysteine was shown toagce tyrosine kinase activity.

Insulin signalling was probably the first transdantchain in which HO, was invoked as a second
messenger, thus this peroxide was called an “imsulmetic” (Heffetz, Bushkin et al. 1990).

It is well known that insulin signals through thé8R/Akt signalling pathway, and it has been
shown that activation of this pathway supports isahof cells exposed to hydrogen peroxide, in
agreement with the insulin-mimetic function o,®. The major functions of the PI3K/Akt
signalling pathway are to block apoptotic processmed to regulate fuel metabolism. Hence, the
activation of this pathway by ROS leads to intexfee with cellular proliferation, survival and
energy metabolism.

Regarding non-receptor kinases, signal-mediate@,Hbroduction increases Akt activation and
many studies documented thed4-induced activation of MAPK pathway.

In Fig. 5 it is reported a possible mechanism gfawth factor signal transduction: after the ligand
receptor binding, the PI3Kdc pathway is activated, leading to the Nox activatiand the
consequent superoxide production outside the lceflarallel, asrc family member switches to the

active form thanks to a phosphorylation reactiomuodng near the receptor tyrosine kinase
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domain. In the active form, thec kinase is able to inactivate the main intracetlyparoxide
scavenger, peroxiredoxin (Prx-1), thus allowing ttee local accumulation of hydrogen peroxide.
When HO, reaches sufficient levels, target molecules sushpieotein phosphatases can be
reversibly oxidized on their cysteine residuestaasing the level of protein phosphorylation.

The oxidation of critical thiols are centrally irlved also in the activation of essential switches i
defense reactions, such as the Nrf2/Keapl systepgriant in chemopreventive and cytoprotective
functions (Sies 2014).

‘Eg K\‘/g ,3(/

active inactive

active

Fig. 5. Growth factor signalling through H,O,as second messenger.

The signalling pathway resulting after growth fac{@F) stimulation is shown. Ligand binding to itsceptor
stimulates, through a PI3K/Rac-dependent procasgerexide production from an isoform of the Nox figm
Extracellularly produced #D, is channeled back into the cell through specifisma membrane aquaporins. Although
hydrogen peroxide (red circles) can be rapidly a&fiiciently degraded by intracellular antioxidanStc family
members stimulated by growth factors appear to gphmylate and subsequently inactivate the mairacattular
peroxide scavenger, peroxiredoxin (Prx I). ThisIPinactivation only occurs in the region surroumgthe stimulated
growth factor, thus allowing for the local accuniida of hydrogen peroxide. When the ROS reach cefiit levels,
target molecules such as protein phosphatases @hR)e reversibly oxidized.

From: T. Finkel, (Finkel 2011).
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1.2 ROS in diseases

Given the essential role played by redox physi@algsignalling, it is not surprising that alteratio

or dysfunction of this system contribute to the elepment of many disease processes. Therefore,
ROS are involved in a wide range of pathologiesnédbeless, the precise role played by ROS
remains controversial, since it is not clear whetheise in ROS causes or merely correlates with
the disease states.

Chronic inflammation Sensory
and autoimmune impairment Cardiovascular
diseases e ocular disease e atherosclerosis
e di . i

diabetes ‘ - hearing loss « hypertension
*rheumatoid arthritis

*restenosis

*lupus
*ischemia/reperfusion
injury
Cancer
*renal
*lung
* breast

Neurological disorders
*schizophrenia

Infectious disease * Alzheimer’s

* hepatitis «ALS
*influenza . . « Parkinson’s
cHIV Fibroticdisease

- septic shock * pulmonary fibrosis

* diabetic nephropathy
e liver fibrosis

Fig. 6.ROS involvement in many diseases.

From: Brieger et al., (Brieger, Schiavone et al. 2012).

1.2.1 Cancer

High levels of ROS have been detected in severalers, such as in breast, ovarian, liver, colon, or
tumour epithelial cells (Pereira, Chaves et al.301

In cancer cells, the constitutive and uncontrobetivation of growth factor pathways leading to
cellular growth, survival and proliferation, chasgthe course of normal cell machinery. This
allows cancer cells to take up abundant nutriesusyive stress and continuously proliferate. This
unusually high metabolism rate causes abundant g8ration from mitochondria, endoplasmic
reticulum and, above all, from NADPH oxidases (@sirHarris et al. 2011). In fact, cancer cells
generate higher ROS levels than their non-trangdroounterparts. For example, leukaemia cells
freshly isolated from blood samples of patientshwihronic lymphocytic leukaemia, showed
increased ROS production compared with normal lyoegtes (Zhou, Hileman et al. 2003). At an
advanced stage, cancer cells exhibit genomic iitsyadnd show an even more higher increase in
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ROS generation, due in part to a “vicious cycl@’which ROS induce gene mutations, leading to
further metabolic malfunctions and ROS generatiga¢hootham, Alexandre et al. 2009).

As above stated, a part of the high ROS contentumour cells arises from mitochondrial
dysfunction coupled with the metabolic readjustmergenerate ATP. The highly proliferative rate
exhibited by tumour cells requires high levels aofergy and building blocks for biomass
production. Despite this high energy requiremeancer cells shift their oxidative metabolism to
glycolysis, a process known as the “Warburg effeatiich is observed regardless the oxygenation
levels (Warburg 1956). The mitochondrial dysfunatiprobably causes both the shift of the
oxidative metabolism toward glycolysis and the bagk of electrons giving rise to oxygen radical
species owing to the compromised efficiency of ¢ectron transport chain. Malignant, rapidly
growing tumor cells, typically have glycolytic rateip to 200 times higher than those of their
normal tissues of origin and this occurs even igen is plentiful. This metabolic strategy is also
useful in conditions of reduced oxygen tension ¢xyp), which often occurs during tumour
initiation and development. Under hypoxic condisiprcells undergo a shift from aerobic to
anaerobic metabolism and cells activate signallpgthways which regulate proliferation,
angiogenesis and death. The adaptation of tumdis e hypoxia contributes to the malignant
phenotype and to aggressive tumour progressiom{@yishi et al. 2001).

Another part of the high ROS content in tumor celtgginates from the Nox proteins, whose
expression has been reported to increase in margcaell types; furthermore, activated NADPH
oxidase seems to be required for the control difpration and the maintenance of the transformed
state (Meitzler, Antony et al. 2014).

In particular, Nox isoforms have been describelidaltered in leukaemia cells, and such changes
have been specifically linked to sustained leukaeoeill viability, proliferation and migration, as
well as altered drug susceptibility. It has beesoathown that leukemic oncogenes (such as
BCR/ABL, FIt3-ITD or c-Kit) are able to control Noactivation and assembliya the PI3K/Akt
and MAPK pathways (Irwin, Rivera-Del Valle et aQ13).

As above mentioned, both solid and liquid tumouwes @ften under hypoxic conditions, thereby
cells activate signalling pathways in order to adapmselves to this environment, possibly leading
to the angiogenic process. Indeed, ROS productidminvtumor cells dramatically promotes the
release of paracrine growth factors such as VEGIH the expression of its receptors, VEGF
receptor-1 and -2, which, in turn, stimulate pesiition, migration, and tube formation in nearby
endothelial cells (Maraldi 2013).

NADPH oxidase within endothelial cells cooperatéh\growth factors, such as VEGF released by

tumours, to stimulate endothelial cell proliferatiand then angiogenesis. Thus, Nox isoforms as
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ROS source in tumours and in endothelium may besidered novel targets for antiangiogenic
treatment.

If increased ROS levels are essential to promater@inforce proliferative signals, it conceivalbe t
suggest that antioxidants could serve as tumoysrsgpors, reducing cellular ROS to levels that do
not support proliferation. On the contrary, cancelts that survive intrinsic oxidative stress may
have mobilized a set of adaptive mechanisms, witchsists in activating ROS-scavenging
systems to cope with the stress and in the inbibitif apoptosis. Indeed, besides the generation of
ROS, the same Nox activity is able to elevate ttyession of the antioxidant heme oxygenase-1
(HO-1), thereby altering the balance of oxidatiteess in the cells. There is also evidence of
enhanced activation of the antioxidant program edrivoy the nuclear factor erythroid 2-related
factor 2 (Nrf2) transcription factor, which has fdiential impacts on tumorigenesis (DeNicola,
Karreth et al. 2011; Mateescu, Batista et al. 2&dgrn and Liby 2012).

Therefore, at the same time of ROS production, @anells maintain a high level of antioxidant
activity to prevent the ROS-induced cell death.sTopens two ways to approach ROS therapy in
cancer: should treatments focus on lowering RO8l$eto prevent signalling or on increasing ROS
to selectively kill cancer cells? A systematic saviof randomized control studies with many
antioxidants, i.ep-carotene, vitamins A, E, and C concluded no sicguift benefits, on the contrary

detrimental effects in both cancer prevention dnsulapy (Bjelakovic, Nikolova et al. 2007).

Fig. 7. Leukemic oncogenes control NOX assembly amgttivity in leukaemia cells.

Leukemic oncogenes, including BCR/ABL, FIt3-ITD,dae-Kit, increase ROS levels, leading to translocatof
nuclear factor erythroid 2-related factor 2 (Nrt®) the nucleus, where it elevates mRNA expressiothe NOX
components p67phox, p47phox, and p40phox. Thendheynteract to form the active NOX complex.

From: M.E. Irwin et al., (Irwin, Rivera-Del Valle et al. 2013).
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1.2.2 Cardiovascular diseases

ROS at physiological levels are now appreciatetut@tion as signalling molecules to regulate a
wide range of processes in the cardiovascular systed to contribute to the maintenance of
cardiovascular homeostasis (Droge 2002). In contexsessive and/or sustained increase in ROS
generation plays a pivotal role in the initiatioprogression and clinical consequences of
cardiovascular disorders (CVD) (Sugiyama, Kugiyaataal. 2004; Touyz and Briones 2011;
Csanyi, Yao et al. 2012). Although mechanisms riedak elucidated, it is clear that Nox enzymes
have a crucial functioMumerous studies have examined the expressiorsle¥élox isoforms in
the vascular wall in experimental models of hypesien, focusing in particular on the increase of
Nox1, Nox2, Nox4 and, more recently, Nox5 (Guzike@ et al. 2008).

Most CDVs are a direct consequence of atherosaterBeee radicals and ROS, derived primarily
from Nox and mitochondria, lead to the oxidation lofv density lipoproteins, that strongly
contribute to the atherosclerotic plaque formatma progression. Plaques and platelets are also
involved in the onset of vascular inflammatory m@eges, through macrophage activation leading to
the release of pro-inflammatory cytokines, such tasior necrosis facta; interleukin-1,
interferony, Angll, and endothelin-1 (Massberg, Schurzingeal €2005).

An important risk factor for atherosclerosis andarte failure is hypertension, whose
pathophysiology is strictly linked to both Nox-dexd ROSvia renin-angiotensin-aldosterone
system (Feng, Yang et al. 2012) and mitochondri@SR(Dikalova, Bikineyeva et al. 2010).
Moreover, Nox system and mitochondria create asetal& that elicits a vicious cycle of “ROS
catalyzed ROS production” (Chen and Keaney 2012).

It has been shown that@, plasma production is higher in hypertensive pasidéman normotensive
subjects. Moreover, patients with hypertension hdeereased content of antioxidant enzymes
(SOD, glutathione peroxidase, and catalase) anatesetllevels of antioxidant vitamins A, C, and E
(biblio). In addition, shear stress, vascular ehdll alterations and elevated blood pressure
generate a loop of dysfunction that reduces vaataiil and increases contraction. Although there is
still no firm evidence that oxidative stress causggertension in humans, a relationship between
oxidative stress and hypertension has been denateirso that circulating biomarkers of ROS act
as oxidative stress markers able to predict caediowlar diseases (Montezano and Touyz 2012).
Pathology like diabetes increases the level of ade@ glycation end products (AGES), that play a
pivotal role in the development and progressiodiabetic heart failurd?atients with diabetes have
an increased incidence of atherosclerotic cardmyas peripheral arterial, and cerebrovascular
disease. Hypertension and abnormalities of lip@imometabolism are often found in people with

diabetes.
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A key to contrast the incidence of CVD could beresented by bioactive compounds found in
natural food. Plant-derived nutraceutical compoumdee largely investigateid vivo andin vitro in

the prevention and/or treatment of CVD (Siow andnha2010). In particular, isoflavones
(genistein, daidzein, and equol) increase eNOSamtidoxidant gene expression in the vasculature
(Mahn, Borras et al. 2005) and stimulate eNOS #gtat basal cytosolic Galevelsvia ERK1/2
and PI3-kinase/Akt-dependent pathways (Siow, laleP007), resulting in reduced oxidative stress
and increased NO bioavailability. The molecular hatsms by which soy isoflavones and other
natural compounds as sulforaphane counteract ox@datress in CVD remain to be better

investigated and nutraceutics could representept®n strategy against CVD.

1.2.3 Diabetes

Diabetes mellitus is a family of metabolic diseaskaracterized by hyperglycemia deriving from
defects in insulin secretion, insulin action orlhatind leading to long-term damage, dysfunction,
and failure of various organs, primarily kidneygeg, nerves, heart, and blood vessels.

Type 1 diabetes originates from an autoimmune desbn of pancreati3-cells causing an
absolute deficiency of insulin secretion, completabufficient to prevent hyperglycemia.

Type 2 diabetes mellitus is an endocrine disortharacterized by insulin resistance and relatively
deficient production of insulin, provoking hypeitiemia, elevating free fatty acids, increasing
advanced glycation end-products and overproducintpchiondrial superoxide anion. Under
physiological conditions, the activation of the uhs receptor by insulin stimulates signal
transduction pathways: insulin receptor substrat®S1/2) induce the phosphorylation of
phosphoinositide 3 kinase (PI3K), the conversiorPt%, to PIR and the activation of pleckstrin
homology (PH) domains to the cell surface. PH atés threonine protein kinases protein kinase B
(PKB or Akt), whichconstitutively induce Glut4, and in a lesser ext&ittl translocation from
their intracellular pool to the plasma membraneg] gtucose transport into the cell (Leney and
Tavare 2009). In particular, organs like skeletalsote, liver, and adipose tissue enhance their
uptake of glucose after the insulin stimulationr@gRi, Johnston et al. 2004). In addition to this
recruitment, there is also evidence that insulindifitgs the intrinsic activity of both Glut4 and
Glutl (Whitesell and Abumrad 1985). Glutl is a ligaive glucose transporter which is expressed
ubiquitously in human tissues and it is correlatedhe promotion of cancer development and
cancer’s metabolism (Baer, George et al. 2002).

It has been shown that ROS are produced in vatissiges under diabetic conditions (Baynes and
Thorpe 1999). The aforementioned production of suyde anion activates different pathways, for

instance an increase of AGE formation, an activatb protein kinase C isoforms, a rise in the
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activity of hexosamine pathway, or a growth of mblgathway flux. Moreover, AGEs and insulin
activate Nox enzymes, leading to further ROS pradaocThe major risk factor for the progression
of diabetic complications is oxidative stress; edleROS induced under diabetic conditions are
involved in the progression of pancregticell dysfunction and insulin resistance foundype 2
diabetes (Rains and Jain 2011). Oxidative stremgs@ pivotal role in the development of diabetes
because the permanent high glucose induces inco¢asikochondrial ROS, causing microvascular
and cardiovascular complications (Giacco and Breerf010). Type 2 diabetes is also associated
with obesity since adipose tissue produces a nuwmieormone-like compounds that can increase
insulin resistance (Jackson and Ahima 2006).

There are different strategies to counteract thectesf of diabetes, for example synthetic drugs
(Rochette, Zeller et al. 2014) and natural compsuasl resveratrol (Szkudelski and Szkudelska
2014) or steviol glycosides froftevia Rebaudiana (Rizzo, Zambonin et al. 2013).

1.2.4 Neurological diseases

The brain is particularly vulnerable to oxidativieess because it is rich in polyunsaturated fatty
acids, it consumes much more oxygen compared ter dibsue, it has less antioxidant enzymes
than other organs, and it has higher level of romrertain regions. Oxidative stress may induce
neuronal damage, modulate intracellular signallargy may ultimately lead to neuronal death by
apoptosis or necrosis, induce early event of Alnleei and Parkinson diseases, increase
inflammatory disorders. In the brain, even smatlose imbalances can be deleterious (Hsieh and
Yang 2013).

Moreover, the brain is exposed throughout lifexoitatory amino acids (such as glutamate), whose
metabolism produces ROS, thereby promoting citattxi

Alzheimer implicates a loss of neurons, loss of mgmdementia and finally death (Selkoe 2004).
ROS favourite lipid peroxidation, the depositionarfiyloid and generate a protein cross-linking
that aggregates the tau protein (Troncoso, Costelid. 1993).

Parkinson is a disorder of motor system that staite tremor up to decline of several motor

centration functions (Sonntag, Carter et al. 20B®)S are produced during the normal metabolism
of dopamine, and they increase the level of polyzedroxidation products of dopamine, the toxic

neuromelanin. Substantia nigra of Parkinson paishiows an impaired redox balance between
GSH and GSSG: this could be a critical primary évieading to a weakening or deficiency of the

natural antioxidant cellular defence mechanismsethe triggering degeneration of the nigral

neurons.
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Oxidative stress has been linked to other neurod&rgéve diseases, such as cognitive impairment
and dementia in the elderly, amyotrophic laterd&resis, schizophrenia and neuroleptic induced
tardive dyskinesia, and perhaps Huntington's deséaggun-Sherki, Melamed et al. 2001).

1.2.5 Aging

Aging is a physiological process, dynamic and iersible, which occurs in the natural
development of living organisms over time (Dzieelzcand Filip 2014).

In particular, aging is a progressive decline ie #fficiency of biochemical and physiological
processes (Rahman 2007). The aging’'s degeneraii@s gise to several pathologies, such as
sarcopenia, atherosclerosis and heart failure,opstesis, macular degeneration, pulmonary
insufficiency, neurodegenerative diseases (suchAlaseimer’'s and Parkinson’s diseases), cancer
and many otherdMany different mechanisms relate aging to oxidasuess, but since the free
radical theory of aging appeared to be establiskieal,link between ROS and aging is highly
debated. Recent theories assert that mitochondegdiration plays a major role in preserving
longevity and it has been demonstrated that imgam#&ochondrial functioning occurs with aging
and leads to deterioration in the structure ancatfan of tissues, implicating this process in the
development of several age-related diseases (Msidimalvo and de Cabo 2013). The proposed
causes of mitochondrial dysfunction involve the thgsis of nonfunctional complexes of the
electron transport chain, damaged mitochondrial D&l/or the accumulation of nonfunctional

proteins by ROS-induced modifications.
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1.3 Redox Homeostasis

1.3.1 Maintenance of redox homeostasis

ROS possess a multitude of biological functionsluding host defence (direct and indirect killing
of microorganisms), biosynthetic processes (forngda, crosslinking of matrix proteins and
iodination of thyroid hormones), and cell signadlin

The termredox signalling is widely used to describe a regulatory proceswhich the signal is
delivered through redox chemistry. Redox signallisgused by a large range of organisms,
including bacteria, to induce protective resporaggsinst oxidative damage and to reset the original
state of “redox homeostasis” after temporary exposa level of ROS higher than physiological
one (Droge 2002).

The concentrations of free radicals and reactiveradical species are determined by the balance
between their rates of production and their rafedearance by various antioxidant compounds and
enzymes (Halliwell 1989). Antioxidants include teezymes SOD, glutathione peroxidase (GPx),
and catalase, as well as nonenzymic compounds asiahtocopherol (vitamin E)-carotene,

ascorbate (vitamin C), Coenzyme Q, and glutathione.

1.3.2 What happens if oxidant-antioxidant balancesi changed?

Living cells and tissues have several mechanismeefestablishing the original redox state after a
temporary exposure to increased ROS concentrattdegated ROS concentrations induce in many
cells the expression of genes whose products exduithioxidant activity (Droge 2002). A major
mechanism of redox homeostasis is based on theR€&fsted induction of redox sensitive signal
cascades which lead to increased expression aixadnt enzymes or an increase in the cysteine
transport system. Moreover, proteolysis contribtioethe maintenance of redox homeostasis, since
proteins provide less ROS scavenging activity amrequivalent amount of free amino acids. Cells
or tissues are in a stable state if the rates @ Rf@duction and scavenging capacity are essgntiall
constant and in balance. Redox signalling requhas this balance is disturbed by an increase in
ROS concentrations or a decrease in the activipnefor more antioxidant systems.

If the initial increase in ROS is relatively smalhe antioxidant response may be sufficient to
compensate for the increase in ROS and to resairitp@al balance between ROS production and
ROS scavenging capacity. Pathological conditionsy mdavelop in more extreme cases of
persistently high ROS levels (Arnold, Shi et alO2p

Natural human antioxidant defences are not alwafficent to maintain the proper ROS balance.

Therefore, a normal process may become pathologitas failure persists for a long time.
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Many epidemiological studies support the relatigndietween oxidative state and global health as
the high consumption of foods rich in antioxidamsassociated with lower disease rates or

preventive protection (Wannamethee, Lowe et al6200

1.3.3 Hormesis

Hormesis is a dose response phenomenon charadtésza low dose stimulation and a high dose
inhibition. In other words, hormesis is an adaptiesponse to a negative stimulus. After
stimulation by a negative stimulus, the cell/orgamiis more resistant to the future stimuli, that
could act in a higher form: a toxin/stressor resdmils/organisms resistant to higher (and normally
harmful) doses of the same stressing agent (Ma2id4).

There are several evidences that, after expositidow concentration of hydrogen peroxide, cells
activate numerous biochemical mechanisms thatgitien the antioxidant cell defences.
Superoxide anions and hydrogen peroxide are regllay SOD that catalyzes the dismutation of
superoxide anion to 1D, and oxygen. BD, enhances SOD activity that decreases superoxide
levels, thus creating a feedback regulatory meshanthat promotes hormesis effects by
maintaining hydrogen peroxide at homoeostatic E{elidovico and Burhans 2014).

In human skin keratinocytes, low concentrationshgéirogen peroxide increase the replicative
lifespan, together with telomere length (Yokoo, #uoto et al. 2004).

Since in mammalian cells telomere elongation ishidéd by superoxide anions (Passos, Saretzki et
al. 2007) and SOD activity enhances telomere maamee (Serra, von Zglinicki et al. 2003), the
extension in replicative lifespan could possiblyrekated to HO,-induced SOD activity.

Different natural compounds with a particular cheshireactivity are able to activate adaptive
cellular stress response pathways. For examplegs&s and transcription factors induce the
expression of genes encoding antioxidant enzymet, as phase 2 enzymes, neurotrophic factors
and other cytoprotective proteins (Calabrese, Gmset al. 2012). This adaptive response is very

close to hormesis phenomena.

1.3.4 The Nrf2/Keap1l/ARE pathway

The induction of many cytoprotective enzymes irpogse to reactive chemical stress is regulated
primarily at the transcriptional level. This tranptional response is mediated by elements termed
Antioxidant Responses Elements, ARE, initially fdun the promoters of genes encoding the two
major detoxication enzymes, glutathione S-transterd2 and NADPH:quinone oxidoreductase 1.

Now, it has been demonstrated that ARE increase sirghesis of many ARE-dependent

antioxidant enzymes in different cell systems, saglglutathione reductase, glutathione peroxidase,
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glutaredoxin, thioredoxin reductase, heme oxygerdaidO-1) and peroxiredoxin 1 (Prx-1). The
ARE possesses structural and biological featuras ¢haracterize its unique responsiveness to
oxidative stress. Compounds that have the propetasieact with sulfhydryl groups such as diethyl
maleate, isothiocyanates, and dithiothiones are @istent inducers of ARE activity. Thus,
alteration of the cellular redox status due to &fed levels of ROS and electrophilic species and/or
a reduced antioxidant capacity appears to be awriamt signal for triggering the transcriptional
response mediated by this enhancer.

Activation of gene transcription through the AREmgdiated primarily by Nrf2. The Nrf2/Keapl
pathway is the most important regulator of cytopetive responses to endogenous and exogenous
stresses caused by reactive ROS and electrophKesms@nen, Jyrkkanen et al. 2012).
Nrf2/Keapl/ARE system is mediated by some natwalpgounds (e.g. SF and resveratrol) but also
by a change of electrophilic balance. Under basaditions Keapl, a cytosolic protein rich in
cysteine residues, binds Nrf2, thereby keeping faigtor in the negative form. When the
electrophilic balance is changed or due to thegmes of compounds like SF, cysteine residues are
oxidized and Nrf2 is released (Baird and Dinkovasttéwa 2011), turning on its active state. Then,
Nrf2 can translocate into the nucleus, where itIBIARE in the regulatory regions of target genes
(Baird and Dinkova-Kostova 2011).

Among the genes induced in response to oxidatiresst whose expression is regulated by the
binding of Nrf2, the heme oxygenase HO-1 is ofipalar interest, since the protein product of this
gene has antioxidant, anti-inflammatory and antigaptic activity.

HO are rate-limiting enzymes in heme catabolismmeleoxygenases catalyze the reduction of
heme to biliverdin, carbon monoxide and ferrousionthe presence of NADPH and oxygen, and
the produced biliverdin is further reduced to bilim in the presence of biliverdin reductase
(Takahashi, Takahashi et al. 1998). Both biliverdimd bilirubin are efficient ROS scavengers
(Babusikova, Jesenak et al. 2008).

HO-1 plays several role in oxidative balance, irtipalar related to vasculature and diabetes (Siow,
Sato et al. 1999); indeed HO-1 knockout mice exhdm high susceptibility to hypertension
(Wiesel, Patel et al. 2001).

In addition, HO-1 is a potential target for canttegrapy, because this enzyme gives survival and
growth advantages to malignant cells by meansso#iitti-apoptotic activity. The modulation of
HO-1 expression affects cellular growth or survighinyeloid leukaemia cells (Miyazaki, Kirino et
al. 2010).

Another Nrf2-induced enzyme is represented by PrR&roxiredoxins are a class of thiol

peroxidases that degrade hydroperoxides to watmoxiRedoxin enzymes contain a conserved
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cysteine residue in the N-terminal region thahis primary site of oxidation by .. This family
protects cellular components by removing the lowele of hydroperoxides and peroxinitrites
produced as a result of normal cellular metaboiisitine cytosol (Rhee, Chae et al. 2005). Several
features of the Prxs make measurement of theixrstite a valuable biomarker of oxidative stress,
moreover the varied intracellular expression pattdrdifferent Prxs enables exploration of redox
disruption in different cellular compartments.

Nrf2 activates another fundamental pathway involwedthe maintenance of the intracellular
antioxidant defence enzymes in response to stifesGSH system. Nrf2-deficient mice are more
susceptible to liver damage due to diminished b&3iH levels and an impaired compensatory
induction GSH synthesis (Lu 2009). Moreover, deseedevel of GSH were observed in long-term
exposure to high glucose in mouse endothelial deflsbecame more vulnerable to oxidative stress
(Kline, Bassit et al. 2009).

1.3.5 Klotho

Klotho is a newly discovered anti-aging gene, foun@997 by Kuro-o and his research group. The
name is derived by one of three Fates of Greek ohytfy who regulates the life and the destiny of
humanity.

Klotho protein exists in two forms, a transmembrand a soluble secreted form.

The membrane protein (130 kDa) is mainly expresséde kidney, parathyroid glands and choroid
plexus of the brain; the extracellular domain obtkb transmembrane form can be enzymatically
cleaved off and released into the systemic ciraadatwhere it acts ap-glucuronidase and as a
hormone. The Klotho transmembrane family are forimed-, -, andy-Klotho.

The second transcript is soluble Klotho, smallemtithe membrane form, it may be found in the
blood, cerebrospinal fluid, and in mammal urineotkb deficiency results in early appearance of
multiple age-related disorders and premature desltiereas overexpression of Klotho exerts the
opposite effect (Kuro-o 2010).

Studies have shown that the membrane and the seédetn have distinct functions, all related to
regulatory effects on general metabolism.

Klotho regulates the level of €ain the blood: Klotho -/- mice show an increaseto$ cation in
the blood and the urinary excretion. Moreover, abseof Klotho increases the vitamin D serum
level. All these events induce the demineralisatibthe bones (Chang, Hoefs et al. 2005).

Klotho also inhibits sodium-dependent phosphatdrasporters that mediate phosphate uptake

(Hu, Kuro-o et al. 2010). In vascular smooth muscé#dls, this inhibition prevents vascular
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calcification events, since excessive phosphatexnh these cells promotes a cascade of events
responsible for the calcium and phosphate minextdia in their interior (Lau, Festing et al. 2010).
Klotho -/- mice secrete less parathyroid hormonBHR therefore it is likely that Klotho regulates
PTH secretion (Yoshida, Fujimori et al. 2002).

Klotho works with fibroblast growth factors 23 (F&¥) as a required co-factor/co-receptor for the
activation of FGF receptor. Knockout mice for ertKéotho or FGF23 show an inability to activate
the receptor, resulting in increased expressiogoafransporter sodium-phosphate, that causes a
severe hyperphosphatemia (Kuro-o, Matsumura e€t%l7). Therefore Klotho participates in the
regulation of the bone-kidney endocrine axis.

Klotho induces inhibition of insulin/insulin-likergwth factor-1 (IGF-1) signalling pathway, which
has been linked to an extended lifespan in a watety of species (Yamamoto, Clark et al. 2005).
Moreover, the reduction of activation of insulinA& signalling induces an increase of the
forkhead transcription factors (FOXO), that regeldhe expression of multiple target genes,
including antioxidant enzymes such as catalasevatathondrial manganese-superoxide dismutase
(SOD2) (Kops, Dansen et al. 2002). The resultingreleent of ROS is linked to increased
resistance to oxidative stress, which potentiatigtdbutes to the anti-aging properties of Klotho.
Klotho has protective cardiovascular effects armbaelation between plasma’s Klotho level and
CVD incidence in humans has been reported (Dernsdpjani, Kolgeci et al. 2013). The role of
Klotho is not only protective, but also predictiokcardiovascular risk. Imitro Klotho protects the
vessels and the vascular smooth muscle cells (VINGm calcification (Hu, Shi et al. 2011),
moreover soluble Klotho protects the vascular emelatm (Saito, Nakamura et al. 2000).

On vascular endothelial cells, Klotho proteins haumé-apoptotic action (in Klotho-treated human
umbilical vein endothelial cells, caspase-3 angasas-9 activity decreases) and anti-aging activity
(by mechanisms involving p53/p21) (Ikushima, Raketgal. 2006). The beneficial effect of soluble
Klotho becomes more relevant when the natural agmgess makes vascular endothelial cells
more susceptible to stress-induced injury: Klotls protective effect in HUVEC following TNé-
induced oxidative stress (Carracedo, Buendia (dl2).

This “anti-aging” molecule may influence variousloigical processes and the identification of a
common basis for its pleiotropic function will bépmarticular importance in understanding its anti-

aging properties.
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1.3.6 Natural compounds

Many compounds present in plants and vegetables tigevability to contrast cancer, to drop the
glucose blood level, to act like antioxidant scagemand to increase the antioxidant indirect
defences.

Polyphenols comprise a wide variety of compoundsjiddd into several classes (i.e.,
hydroxybenzoic acids, hydroxycinnamic acids, amghoms, proanthocyanidins, flavonols,
flavones, flavanols, flavanones, isoflavones, stiks and lignans), that occur in fruits and
vegetables, wine and tea, chocolate and other qmmmhucts (Manach, Scalbert et al. 2004). Since
phenolic compounds are present almost in all fruitsgetables and other plant products,
Mediterranean diet, rich of olive olil, fruits, vegbles, whole grains, legumes and nuts is the best
helper against oxidative stress-related pathologies particular neurodegenerative and
cardiovascular diseases (Widmer, Flammer et akR01

The so-called “healthy food” owes its name to thespnce of nutraceutical compounds, molecules
rich of properties that may preserve and extendqtiedity of life. For example, the presence of
omega-3 fatty acids in Mediterranean diet has pesieffects on glucose/insulin homeostasis
(Bedard, Corneau et al. 2014; Nosova, Conte @(dl5), resveratrol and other polyphenols widely
distributed in red wine increase the Glut4 expms¢bun, Zhang et al. 2007).

Broccoli sprouts and all the plants belonging te @ruciferous family are rich of sulforaphane
(SF). SF derives from enzymatic action of myrostnaa glucoraphanin contained in cruciferous
vegetables (Fahey, Zhang et al. 1997). After 1domsumption of broccoli and other cruciferous
vegetables, the physiological concentrations ofrf&asuredn vivo range between 0.03iM to 7.3

uM (Dinkova-Kostova and Kostov 2012). SF has sevdoumented effects: neuroprotection in
retina (Pan, He et al. 2014), anti-carcinogeniovagt(Fimognari, Turrini et al. 2014), activatiayf

cell survival pathways in cardiomyocytes (LeonciMialaguti et al. 2011), reduction of oxidative
stress (Yoon, Kang et al. 2008) and insulin resc#an diabetic patients (Bahadoran, Tohidi et al.
2012). These effects share a common way of modulatihe Nrf2/Keapl/ARE pathway. In fact, it
has been demonstrated that SF treatment induceti@ase in Prx1 and HO-1 expression and an
enhancement of the total GSH levels in many celésy Taken together this evidence suggests that
SF up-regulates antioxidant defences promotingaameétic regulation (Cheng, Siow et al. 2011).

In the last years a “new” natural product has gdiinereasing interest from nutritional researchers
and commercial ares®evia rebaudiana Bertoni, a perennial shrub @fsteraceae (Compositae)
family, native to subtropical regions of Brazil aRdraguay.
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This plant has a very sweet taste thanks to glgessisuch as stevioside, rebaudioside A,
rebaudioside C and dulcoside. The leaves contdsasfecarotene, thiamine, riboflavin, terpenes,

and flavonoids (Yadav and Guleria 2012).

Stevioside Rebaudioside A

Fig. 8.Chemical structure of stevioside and rebaudioside A

Since ancient times, the leavesSdvia rebaudiana Bertoni were used as a sweetener in Guarani
Indians of Paraguay and Brazil (Cekic, VasovicleR@11) and for many other medicinal purposes,
including treatment of diabetes. Nowadays thisusats of particular interest, since metabolic
disorders, such as type 2 diabetes mellitus anditybédave become major public health problems
worldwide (DeFronzo 1988; Zimmet, McCarty et al9Th
A key strategy of glycemic control for preventiondacontrol of diabetes includes monitoring and
limitation of sugar intakeSevia leaves and extracts can substitute sucrose, duketp taste
approximately 200—400 times sweeter than sucroaageh and De Oliveira 1993).
Results fromn vivo animal studies and, at a lesser extent, in hunsggest that steviosides and
related compounds affect plasma glucose by modglatisulin secretion and sensitivity (Jeppesen,
Gregersen et al. 2000; Lailerd, Saengsirisuwan let2@04). Moreover, steviosides inhibit
gluconeogenesis in the liver of diabetic rats (Chatong et al. 2003; Chen, Chen et al. 2005).
These antihyperglycemic, insulinotropic, and gluraastatic effects, particularly exhibited by
rebaudioside A, seem to be largely dependent amaaylucose level, requiring high glucose levels
for accomplishment (Jeppesen, Gregersen et al.,; 200lula, Matchkov et al. 2008).
The literature lacks studies elucidating the calwdnd molecular mechanisms underpinning these
effects. It is possible to hypothesize that the poumds present iftevia leaves could be involved
in the same transduction pathway of insulin, th8KPAkt pathway. This pathway is a key
24



component of the insulin signalling cascade and éssential for glucose transport into the cells.
Upon the binding of insulin to its receptor, the8#V/Akt pathway is activated and, among the
many cellular responses, Glut4 translocates framagellular pools to the plasma membrane, thus

enhancing glucose uptake into the cell (Duganiklifm 2005).
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2 Aim

Physiological redox signaling refers to processeshich reactive oxygen-, nitrogen- and chlorine-
derived species, collectively called “Reactive Qaily Species”, ROS, are produced and employed
in the intracellular signaling as well as in physg@cal cross talk between cells, providing a redox
sensing control of living cell functions. The meoisan at the basis of redox signaling implies the
interaction of the oxidant species with specificgés, among which the most physiologically
relevant are thiol/disulfides groups in proteingthwparticular regard to those present within
catalytic or regulatory sites, as well as in reoeptchannels and transporters, transcription facto
kinases and phosphatases. In redox signaling Hatisa of ROS with the target molecules acts as
an on/off switch signal, resulting in the activatior inhibition of specific intracellular pathways.

A key point still unsolved is the implications dfetse cellular products in the regulation of botb pr
survival and cell death pathways. In general terpasal levels of ROS formation modulate the
activities of different transcription factors andofein signaling cascades, maintaining proper
cellular homeostasis and mediating cell prolifenatand survival. In contrast, when antioxidant
defenses are surpassed by ROS formation, an oseddamage is not repaired by endogenous
mechanisms, and oxidative stress leads to cellskerm few words, the redox regulation seems to
be at the cross road between different progranggilagng cell life and death, thus ROS can be
considered a double-edged sword. This statemggdrtgcularly intriguing considering that several
proteins, typically involved in physiological redosignaling, could play a key role in the
determination of cell survival or death, contrilmgtito the development of diseases such as cancer
and degenerative disorders.

With this context in mind, three major problems é&een investigated and here reported.

The first one concerns the role of ROS in biosigmg

Data from the research group have previously detratesdl that Nox enzymes are a major source of
ROS in acute leukaemia-derived cell lines and H@at-derived ROS are required for proliferation
and survival of these cells, being directly invalvie maintaining the high glucose uptake essential
for cellular aberrant growth (Prata, Maraldi et2008; Maraldi, Prata et al. 2009).

Since Nox enzymes produce ROS outside the cellsspadific aquaporin water channels (AQPS)
have shown the ability of funnelling,8. across the plasma membrane, it was investigatetheh
AQPs could represent one potential way through wiigO, moves inside these leukemic cells
behaving like a signal molecule, thus contributimgell survival and proliferation.

Other data previously obtained by the research gtwave shown that in the human leukemic

B1647 cell line, constitutively producing VEGF, Nderived ROS are involved in the
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autophosphorylation of VEGF receptor 2 (VEGFR-2§l am the modulation of glucose uptake, a
cellular activity strictly bound to VEGF-inducedulkemic cell proliferation (Maraldi, Prata et al.
2010).

Since caveolae/lipid rafts are involved in sigmahsduction and VEGFR-2 and Caveolin-1 (Cav-1)
have been reported to be frequently co-localizethé@se domains, it was investigated whether, in
B1647 cells, VEGFR-2 could be associated with Cav-daveolae/lipid rafts, in order to verify that
these domains could act as platforms for the mdidnlaof VEGF redox signal transduction
cascades, leading to glucose uptake and cell eration.

The comprehension of these complex mechanisms dodidate novel potential targets and new
therapeutic strategies against blood cancer.

The second faced problem concerns the role of aladumphysiological molecules in maintaining or
altering the ROS balance inside the cells.

Doctor Siow’s team, at King’s College London, demsioated that sulforaphane (an isothiocyanate
present in cruciferous vegetables) mediates piigadicin of the redox sensitive transcription factor
Nrf2 (nuclear factor erythroid 2-related factoraid its downstream target hemeoxygenase-1 (HO-
1) in the cerebral vasculature, protecting therbeajainst stroke (Alfieri, Srivastava et al. 2013).
Other data concerning the chemopreventive rolailbdraphane come from studies by our research
group, which demonstrated that sulforaphane deedeastracellular ROS production, DNA
fragmentation, and induced the expression of ailéots and phase Il detoxifying enzymes in
cardiomyocytes, thus exerting a cardioprotectit@agAngeloni, Leoncini et al. 2009).

Due to the pleiotropic role of sulforaphane in gasing the cellular defences against oxidative
stress, it was investigated whether sulforaphanklatho (an endogenous protein endowed with
multiple pleiotropic effects associated with ardeang properties) (Kuro-o 2010) could increase
antioxidant defences in cultured human aortic simamiuscle cell subjected to high glucose
conditions mimicking hyperglycaemia.

This study contributes to elucidate the role of tkto protein, whose deficiency results in rapid
ageing in many animal models, and the action mesimarof sulforaphane, a nutraceutical
antioxidant present in human diet.

Also the third problem deals with the ROS balant®de the cells, concerning the study of the
antioxidant and antihyperglycemic properties ofunat molecules, since it is well known that high
blood glucose causes high ROS production, whicHezhto diabetes development.

It has been reported that the leaves of perenmialbsnamedSevia rebaudiana Bertoni have
antioxidant activity bothn vitro andin vivo (Shivanna, Naika et al. 2013; Tavarini and Angelin

2013) and that Rebaudioside A and stevioside (tloermmain steviol glycosides found in this plant)
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are the two predominant derivatives used in higlemoy sweeteners alternative to sucrose. Besides
sweetness, steviol glycosides have been shownseeps many beneficial effects on human health,
and a number of animal studies have demonstratat th diabetic rats, steviosides exert
antihyperglycemic and insulinotropic actions (Jeygme Gregersen et al. 2002).

The antioxidant activity of Rebaudioside A and otbemmercialStevia extracts was therefore
investigated in SH-SY5Y and HL-60 cells, furthermotaking advantage of the group expertise in
the study of glucose transport activity, the angnglycemic properties of these steviosides were
also studied. The neuroblastoma SH-SY5Y and thenpetocytic leukemia HL-60 cell lines are
good models for this study, since they both exptiessGlutl isoform of glucose transporter, which
is responsible for the basal glucose uptake, and4Gtesponsible for insulin-stimulated glucose
uptake in peripheral tissues (Lord, Bunce et aB89an der Heide, Ramakers et al. 2006).
Furthermore, these cells express also the insidngrowth factor-1 receptors (IGF-1) (Saltiel and
Kahn 2001), thereby being susceptible to insuliioac

Whether the antihyperglycemic and insulinotropiogarties ofStevia extracts will be confirmed in
human cells, the use of these extracts could gmrukyheir sweetening power, offering also
therapeutic benefits.

Part of the experiments concerning the role of iKdoand sulforaphane in cultured human aortic
smooth muscle cell was performed at the King'sé&gallLondon (Cardiovascular Division, School
of Medicine) under the supervision of Dr. Richaidvand thanks to a Marco Polo grant for PhD

Student’s mobility.
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Chapter 3- Materials and Methods
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3.1 Chemicals and reagents

Dulbecco’s modified Eagle’s medium (DMEM), foetallicserum (FCS), penicillin/streptomycin,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazabiu  bromide (MTT), staurosporine, 2',7'-
dichlorodihydrofluorescein diacetate APICFDA, dichlorofluorescin diacetate), 2-deoxy-glaeo
(DOG), phloretin, CelLytic M, mammalian proteaséibitor mixture, primary antibody tf-actin

(# A7816), sulforaphane (SF), hydrogen peroxidevir® serum albumin (BSA), Caspase 3
Fluorimetric Assay Kit, methyg-cyclodextrin (CD), glutathione (GSH), SemaxinilJ&!16), and
all other chemicals of the highest analytical gragge purchased from Sigma-Aldrich (St. Louis,
MO, USA). Roswell Park Memorial Institute (RPMI)4® medium (with Hepes, with L-glutamine)
and Iscove's Modified Dulbecco's Medium (IMDM) (WwiHepes, with L-glutamine), foetal bovine
serum (FBS), human serum (HS) were purchased frém. R-deoxy-D-[1,23H]-glucose, [1,2-
®H]-cholesterol and Ultima Gold MV scintillation dctail were from PerkinElmer. PhosSTOP, a
phosphatase inhibitor cocktail, Bevacizumab wertiobd from Roche Diagnostic. VEGF was
from BioVision (Mountain View, CA, USA). Nitrocellose membranes and Amersham ECL
Advance Western Blotting Detection Reagents wemnfilGE-Healthcare. Primary antibodies
against phospho-Akt (Ser473) (#4058), total Akt2#3), and horseradish peroxidase-conjugated
secondary antibodies anti-rabbit (#7074) and awtirse (#7076) were purchased from Cell
Signaling Technologies. Anti-GLUT1 (sc-1603), a@tiUT4 (sc-1606), and anti-goat 1gG
conjugated to horseradish peroxidase (sc-2020) wbtained from Santa Cruz Biotechnology.
Primary antibody anti-phospho-PI3 Kinase p85 pTgr4p55 pTyrl99 (#PA5-17387) was from
Thermo Scientific. Anti-PI3 Kinase (#06-195) antilyovas purchased from Millipore. Anti-AQP1
(# TA502357-Origene), anti-AQP3 (# SC20811-Santazf;ranti-AQP8 (# WH0000343-Sigma-
Aldrich), PageRuler Prestained protein ladder wasnf Fermentas — Thermo Fisher Scientific.
Anti-caveolin 1 (# 610059) and anti-transferrin eptor (CD71) (# 612124) antibodies were
provided by BD Biosciences (San Jose, CA, USA).i-Agh antibody, anti-HO-1 and anti-Prx-1
antibodies were from Abcam (Cambridge, UK). Anti-GE receptor-2 (# 05-554) and anti-P-
tyrosine (# 06—427) were from Millipore (TemecuGA, USA). Anti-Glutl (N-20) (# sc-1603) and
fluorescent FITC-conjugated anti-goat I9G (# sc40&ere from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Recombinant Human Klotho was froepf®tech (# 100-53Peroxyfluor-1 (PF1)
was synthesized according to (Miller, Albers e28I05).

Extracts fromStevia rebaudiana Bertoni were kindly supplied by Eridania Sadam Spacording

to FDA and EFSA (Goyal, Samsher et abfal content of steviol glycosides in commer&avia
extracts has to be at least 95% (w/w), and rebaidBoA plus stevioside must be at least 75%. The

four extracts tested differ by the relative conteftrebaudioside A and stevioside. In particular,
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according to the certificates of analysis of eagteetener, Reb A (R97) contains 97-98%
rebaudioside A, Stevia RA60 (R60) contains abodb 88baudioside A and about 20% stevioside;
Steviol Glycosides SG95 (SG) contains 50% rebatdkoA and at least 25% stevioside; Truvia

(TRU) contains a mixture of steviol glycosides analytically quantified.

3.2 Cdll Culture

B1647 is a human acute myeloid leukemia (AML) erytmegakaryocytic cell line cultured at
density between % 10° and 1x 10 cells/mL in IMDM supplemented with 5% human ser(S),

2 mM glutamine, 50 U/mL penicillin, and 50g/mL streptomycin, at 37 °C in a humidified
atmosphere maintained at 5% £@OVhen indicated, the experimental model employ&dl18 h
serum-depleted cells, as these conditions were aqtréor focusing experiments on self-produced
VEGF and cholesterol roles, ruling out other grovetttor effects.

HL-60, acute promyelocytic leukaemia cells, weréwed in RPMI-1640 medium supplemented
with 10% FBS, 2 mM glutamine, 50 U/mL penicillinpca 50 pg/mL streptomycin, at 37 °C in a
humidified atmosphere maintained at 5%,COells were maintained at a density between1D’
and 1x 10° viable cells/mL, with medium renewal every 2 td&/s.

HASMC are aortic smooth muscle cells and were cedtun Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% (v/v) foetal calf serum (FC2)mM glutamine, 50 U/mL penicillin, and
50 pg/mL streptomycin at 37 °C in a humidified atmogsgh@aintained at 5% GOCells were split
and sub-cultured upon reaching 80-90% confluencetryysinization, using 1-1.5 mL (0.1%)
trypsin / (0.02%) EDTA in phosphate buffered salfR8S). Experiments were conducted between
passages 4 and 6, in three different conditiongnidbGlucose, NG (5 mM glucose in the culture
medium DMEM); High Glucose, HG (25 mM glucose i ttulture medium DMEM, to mimic an
hyperglycaemia condition); Mannitol, Man (5 mM ghse + 20 mM mannitol in the culture
medium DMEM, as osmaotic positive control with resip@ HG).

SH-SY5Y, human neuroblastoma cells, were grown7at@ in a humidified incubator with 5%
CO, in DMEM supplemented with 10% (v/v) foetal boviserum (FBS), 2 mM glutamine, 50
U/mL penicillin, and 50ug/mL streptomycin. Cells were split and sub-cultltgon reaching 80-
90% confluence by trypsinization, using 1-1.5mL f¥psin in PBS. Experiments were conducted
between passages 16-21.

All procedures, sub-culturing, treating of the sedind preparation of all treatment reagents were
handled under sterile aseptic techniques in a @adasinar flow safety cabinet.
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Table 1. Cells were sub-cultured up in T75 flasks or in &iRedishes, after which they were seeded into

96-well plates, 24-well plates, 12-well plates, élvplates or T25 flasks for subsequent experiments

Trypsin

or lysis

buffer ~ Growth

Cells at vol Medium

Vessel Confluency (mL) (mL)
Dishes
Petri's 1 x 10 1 6
Dishes

Culture Plates
6-well 0.2x16 0.2 2

120 01x16 0.1 1
well
24- 0.05x16 0.5 0.5
well

96- 0.02x16 0.01 0.2

well

Flasks

T-25 0.7x106 12
T-75 2.1x16 30
T-160 4.6 x 10 60

3.3 Cdll Viability

Viable cells were evaluated by the Trypan blue @sion test. Cell viability was also assayed by the
MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylteizolium bromide) assay.

The MTT assay developed by Mosmann is a quantgatolorimetric assay, which detects living
cells, and the signal generated is dependent oddbeee of mitochondrial dehydrogenase activity
(Mosmann 1983). MTT can only be cleaved by activ®chondrial enzymes in living cells and the
assay measures the activity of NAD-dependent delggirase enzymes; it can also be used to
assess the cytotoxic effects of drugs (GerlierEmaimasset 1986).

Twenty-four hours after seeding adherent cells thi® 96-well plate, they were subjected to the
different treatments. Then, the medium was aspiratied replaced with 10QL of MTT (0.5
mg/mL) in medium and cells were incubated at 37ah@ 5% CQ under sterile conditions for 2h.
Then, DMSO (5QuL) was added to each well and the purple/browntalysf formazan formed

were dissolved by placing the plate on a shakemfreemperature) for approximately 10 min.
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Suspended cells were centrifuged after treatmemisexsuspended in a medium solution contained
MTT (0.5mg/mL) for 2h, formazan salt crystal formedre dissolved by adding the solubilization
solution (10% SDS-1% HCI).

The absorption at 570 nm was measured on a mulplate reader (Wallac VictdrPerkinElmer).
The average absorbance reading of octuplicatenezdts was calculated and analysis of cell

viability was based on percentage change from dnéral for each treatment.

3.4 Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) activity was assayed bpectrophotometric method based on the
reduction of pyruvate to lactic acid coupled to NADxidation. The decrease in absorbance at 340
nm was monitored at 37 °C. 100 pM®4 for 30 minutes was used as a positive control.

- SH-SY5Y and HL-60 cells were incubated with 1 mpg/of eachSevia extract for 24 h. LDH

release from cells was monitored by collectingusditg of medium.

3.5 Assay for caspase 3 activity

Caspase 3 activity in the cell lysates was measusety a fluorimetric assay kit by following the
instructions from the manufacturer (Sigma). Afteratments, cells were collected and lysed using
the lysis buffer provided in the kit (250 mM HEPES 7.4 containing 25 mM CHAPS and 25 mM
DTT). The assay was based on the hydrolysis ofpiytide substrate acetyl-Asp-Glu-Val-Asp-
aminomethylcoumarin (Ac-DEVD-AMC) by caspase 3,uisg in the release of free AMC
moiety. The fluorescence of AMC was read using dtimeil plate reader (Wallac Victdy
PerkinElmer); excitation and emission wavelengtlesanaB60 nm and 460 nm, respectively.

The concentration of the AMC released was calcdlating an AMC standard curve. Caspase 3
activity was expressed in nmole of AMC releasedrpir per mL of cell lysate and normalised for
total protein content in the lysate. Results apgored as percentage in respect to the control.
Staurosporine (ug/mL) was used as an apoptosis inducer (positineral).

- SH-SY5Y and HL-60 cells were incubated with otheut steviol glycosides (1 mg/mL) for 1, 6
or 24h. After, the samples were collected using khis buffer and processed as previously
described.

3.6 Measurement of intracellular reactive oxidizing species (ROS) levels

ROS intracellular level was evaluated by using thuorescent probe 2'7'-
dichlorodihydrofluorescein diacetate ABICFDA). At the end of each time-point treatmentsl|sc
were washed twice in PBS and incubated wiilivoH,DCFD for 20 min at 37 °C. #DCFDA is a
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small non-polar, non-fluorescent molecule thatudiffs into the cells, where it is enzymatically
deacetylated by intracellular esterases to a pwarfluorescent compound, that is oxidised to the
highly green fluorescent 2',7'-dichlorofluoresc@@CF). The fluorescence of oxidized probe was
measured using a multiwell plate reader (Wallaaaffc PerkinElmer). Excitation wavelength was
485 nm and emission wavelength was 535 nm. Fluenescvalues were reported as the percentage
of intracellular ROS in respect to controls.

- B1647 were incubated with @M AgNO; for 10 min, then 10 or 100M H,0, was added to the
cells. After the overexpression of AQP1, AQP3, AQie8s were treated or not with 1 H,0,

for 10 min.

- SH-SY5Y and HL-60 cells were incubated with 5 mb/of eachStevia extracts for 1 or 24h, then
subjected or not to oxidative stress generatedddyudM HO,for 30 min.

Hydrogen peroxide level was also determined in B1&dlls by using Peroxyfluor-1 (PF1). PF1 is
a fluorescent boronate probe, selective foO4l although less sensitive than,BCFDA. The
fluorescence of the oxidized probe was measurea onultivell plate reader (Wallac Victor
Perkin Elmer) at excitation and emission of 485ammd 535 nm, respectively. Fluorescence values
were reported as the percentage of intracelluj@,hvith respect to controls.

- B1647 cells (1 x 10cells/mL) were washed twice in HBSS and incubatitl 10 uM PF1 for 20

min at 37 °C, in the dark. Then, the cells werehedsthree times in HBSS and pre-treated with 5
uM AgNOs for 10 min, then 100 or 200M H,O, was added to the cells and the fluorescence was

determined after 10 min.

3.7 Glucose transport assay

Glucose transport assay was performed as previalesgribed (Hrelia, Fiorentini et al. 2002;
Fiorentini, Prata et al. 2004). Adherent cells (S¥5Y) were seeded at density of 16.6 %. Witer
treatments with different compounds, they were wddwice in PBS and treated for 10 min at 37
°C with a mixture (named as DOG mixture) of 2-de@«j1,2-*H] glucose (0.§:Ci/assay) and 1.0
mM unlabeled glucose analogue; under these conditibe uptake was linear at least for 20 min
(zero-trans conditions). The transport was stopped by addinlprptin (final concentration 0.3
mM), a potent inhibitor of glucose transport adtiviCells were scraped adding cold PBS and
centrifuged at 400Q for 1 min. The pellet was resuspended in 3 mLnuAtiGold MV scintillation
cocktail and the radioactivity was measured by itlgscintillation counting (Tri-CarB liquid
scintillation analyser, PerkinElmer).

Suspended cell (HL-60 or B1647) were utilized at 40° cells/mL in PBS. They were incubated

with different stimuli and/or inhibitors at 37 °C and then treated witmiature (named as DOG
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mixture) of 2-deoxy-D-[1,2H] glucose (0.4 pCi/assay) and 1 mM unlabelled ggecanalogue for
2 min at 37 °C. After this time, the uptake wagped by adding phloretin (final concentration, 0.3
mM). Cell were washed with PBS and resuspendednm. 3Jltima Gold MV scintillation cocktail.
Sample radioactivity was measured by liquid sdattdn counting (Tri-CarB liquid scintillation

analyser, PerkinElmer).

3.8 Cdll transfection

The transfection was done using Cell Line Nuclemfé® Kit V (Amaxa Biosystems, Cologne,
Germany). 2x 1¢ cells was resuspended in 100 pL Nucleoféc®olution at room-temperature,
then 2 ug DNA or 2 ug pmaxGER/ector (positive control for overexpression) wadsled to the
suspension, or 300 nM siRNA. This suspension wassferred into an AmaXacertified cuvette
(sample must cover the bottom of the cuvette witleububbles). Cells was electroporated using
appropriate Nucleofector® Program. Immediately, G-pl of culture medium, pre-equilibrated at
37 °C, were added to the cuvette and the samplayeratty transferred into 6-well plate. Cells were
maintained at 37 °C/5% GQor 24 or 48h and after this period treatmentsewdame.

- B1647 cells were nucleofected with Cell Line Naafector™ Kit V (Amax& Biosystems,
Cologne, Germany) with Program T-019 followithge manufacturer's instructions; plasmid vectors
pCMV6-XL4 or pCMV6-XL5 for the overexpression of AQP1 (NM_D88), AQP3
(NM_004925) and AQP8 (NM_001169) were obtained florngene(Rockville, USA).

For silencing, siRNA against AQP3 (Duplex sequel@@GCAGAUCUGAGUGGGCA [dT][dT];
UGCCCACUCAGAUCUGCUC [dT][dT]), AQP8 (Duplex sequence:
CUGCUCAUUAGGUGCUUCA [dT][dT]; UGAAGCACCUAAUGAGCAG {T][dT]) and
random RNA sequence (scrambled, as negative cpmsok obtained from Sigma-Aldrich. After
24 or48h, cells were used for the experiments: cell ilitgkassays, evaluation of AQP1, AQP3,
and AQP8 expression by Western blotting, and testisn efficiency.

3.9 Immunoblotting analysis

- Preparation of whole cell lysates

On completion of a given treatment, cells were wdstwice with cold non-sterile PBS and then
lysed by the addition of buffer containing 2% sadidodecyl sulphate (SDS), 10% glycerol, 50
mM Tris base, protease inhibitor cocktail (1:10@®d phosphatase inhibitors | and 1l (1:2000).
Whole cell lysates were collected after 10 min ration on ice and stored at -20°C for subsequent
analysis.

- Preparation of cytosolic cell lysates
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Following completion of the treatment period, cellsre washed with ice-cold PBS and lysed on
ice using CelLytic M containing mammalian proteasd phosphatase inhibitor mixture.

The resulting lysed cells were left on ice to sdimé for 15 min. The lysates were centrifuged at
50009 for 5 min at 4 °C to remove unbroken cell debnd auclei and supernatants containing the

cytosolic fraction were collected and stored af€30

- Protein assay

Cell lysate protein concentration was colorimethcadetermined by the Bio-Rad Bradford
Coomassie Blue protein assay (Bio-Rad Laboratonesh bovine serum albumin (BSA) as
standard (Bradford 1976). Since elevated conceotraif detergents (such as Triton X-100 and
SDS) interferes with Coomassie Blue reagent, pmoteincentration of fractions obtained from
sucrose gradient or sample for Western blotting eetermined by the Bio-Rad DC protein assay
kit (Bio-Rad Laboratories), using BSA as a standarthe presence of appropriate concentration of
Triton X-100 or SDS or lysis buffer. For the exmeents carried out at King's College,
bicinchoninic acid (BCA) protein concentration asseas used. This highly sensitive method was
firstly described by Smith (Smith, Krohn et al. 598This colorimetric assay depends on the
reduction of Cé' to CU by peptide bonds in protein under alkaline condiiand can be used for
determining protein concentrations of unknown sampby comparing absorbance at 562 nm
relative to a standard curve of known protein cotregions. Standards and samples were prepared
in triplicate. Lysis buffer was added to the standdaat a 1:1 ratio and double-distilled water was
added to each sample at 1:1 ratio. Once aliquatedthe 96-well plate, the BSA standards and
samples were incubated with 2@ of BCA reagents mixture (reagent A: reagent B :15
Thermo Scientific, UK) at 37 °C for 25 min. The gamabsorbance at 562 nm was then measured

using a microplate spectrophotometer (Tecan Synrise

- SDS-PAGE and Western blot analysis

After determining protein concentration, the voluneguired to provide 1Qg of protein sample
was determined and aliquoted into separate Eppemdgloes containing reducing loading buffer
(0.02% bromophenol blue + 2% 2-mercaptoethanolg Aégatively charged protein extracts were
denatured at 95 °C for 3 min prior to loading oatsodium dodecyl sulfate — polyacrylamide gel
(SDS-PAGE), 10% SDS-PAGE Mini-ProtéaiGX™ precast gels using a Mini-Protean apparatus
(Bio-Rad Laboratories).Samples were loaded alongside 4 PageRule™ protein ladder
(Fermentas, USA) to enable identification of pnoseof interest andlectrophoretically transferred

to nitrocellulose membrane (Hybond-C; GE HealthcarePVDF membrane (for the experiments
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set at King’'s College) in Tris-glycine buffer at @ for 90 min Non-specific binding to
membrane was blocked by incubating in Tris-buffesaline (TBS)/Tween, pH 8.0, containing 5%
non-fat dried milk or BSA for 1 hour at room temgkerre. Blots were probed overnight at 4 °C with
primary antibodies, washed with TBS/Tween and timenbated for 1 hour at room temperature
with secondary horseradish peroxidase conjugatéboadies. Membranes were washed and the
antigens were then visualized by addition of ECusPWestern Blotting Detection Reagents.
Images of the blots were obtained using a CCD im&GéemiDoc MP System, Bio-Rad) and
bands were acquired and analysed by using Imagewhalysis software; for the experiments set at
King's College, membrane was detected using thee&®ap G-box and software Syngene, and data

obtained was analysed using densitometry softwaegé J.

Table 2. Table of primary antibody.

Species
Antigen (antibody raised in)| Dilution Supplier
a-tubulin Rat 1:5000 Millipore
B-actin Mouse 1:5000 Sigma-Aldrich
HO-1 Rabbit 1:500 Abcam
Prx-1 Rabbit 1:500 Abcam
flotillin-2 Rabbit 1:1000 Sigma-Aldrich
phospho-Akt Rabbit 1:1000 Cell Signaling Technglog
Akt Rabbit 1:1000 Cell Signaling Technology
GLUT1 (C-20 and N-20) Goat 1:1000 Santa Cruz
GLUT4 Goat 1:1000 Santa Cruz
P13 Kinase Rabbit 1:1000 Millipore
phospho-PI3K Rabbit 1:1000 Millipore
AQP1 Rabbit 1:1000 Santa Cruz
AQP3 Rabbit 1:1000 Santa Cruz
AQP8 Rabbit 1:1000 Santa Cruz
caveolin 1 Rabbit 1:1000 BD Biosciences
transferrin receptor (CD71)| Rabbit 1:1000 BD Biesaies
Lyn Rabbit 1:1000 Abcam
VEGF receptor-2 Rabbit 1:1000 Millipore
phospho-tyrosine Rabbit 1:1000 Millipore
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Table 3.Table of secondary antibody.

Dilution Supplier

Rabbit monoclonal

HRP conjugated 1:10000 Cell Signaling Technology

Mouse monoclonal

HRP conjugated 1:10000 Cell Signaling Technology

Donkey anti-goat
HRP conjugated 1:5000 Santa Cruz

Donkey anti-goat
FITC-conjugated 1:500 Santa Cruz

Rat monoclonal
HRP conjugated 1:10000 Millipore

All antibody were diluted in 5% BSA or non-fat ditienilk in PBS/0.1% Tween.

3.10 Cholesterol depletion

Cyclodextrins are cyclic oligomers of glucose thetve the capacity to sequester lipophilic
molecules in their hydrophobic core (Pitha, Irieakt1988). It has been shown tiatyclodextrins
remove cholesterol from cultured cells (Ohtane ket al. 1989; Kilsdonk, Yancey et al. 1995), and
among the different dextrin derivatives, metfytyclodextrin (CD) was shown to be the most
efficient as acceptor of cellular cholesterol, #mel most commonly used (Klein, Gimpl et al. 1995;
Zidovetzki and Levitan 2007). Therefore, metBytyclodextrin was chosen to induce cholesterol
depletion from plasma membrane of B1647 cells, experiments were performed to set the
desired conditions, as the degree of cholesterpletlen is a function of the3-cyclodextrin
derivative concentration, incubation time, tempam@tand cell type subjected to the treatment
(Christian, Haynes et al. 1997).

B1647 cells suspended in culture medium were inesbavernight with 3H]-cholesterol (0.5
uCi/mL), then washed, suspended in PBS and expasdifférent concentrations of CD (2.5 to 25
mM) for different incubation times (0—40 min). Toeasure the relative cholesterol content, cells
were washed twice in PBS, pelleted at 4.600r 1 min and sample radioactivity was quantifisd

liquid-scintillation counting (Tri-CarBliquid scintillation analyzer, PerkinElmer).

3.11 I solation of membrane caveolae/lipid rafts
Caveolae/lipid rafts (DRM, detergent resistant membs) and detergent-soluble membrane
domains were separated by flotation assays addiuiedpreviously described methods (Caliceti,
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Zambonin et al. 2012). 200 1¢° B1647 cells (approx. 6 mg of protein) were washeide with
PBS, pelleted at 30@ for 7 min and left on ice for 10 min. The cell leélwas incubated at 4 °C in
1.2 mL of lysis buffer (1% Triton X-100, 150 mM NBG0 mM Tris and 5 mM EDTA
supplemented with 0.1 mM PMSF, 0.1 mM TLCK, 0.1 mMWCK, 1 mM orthovanadate and
protease inhibitor cocktail, pH 8.0). In all subgent steps, solutions and samples were kept at 4
°C. The lysates were then spun for 10 min at 6g@@0an Eppendorf Microfuge and supernatants
were homogenized in a Potter homogenizer with Btkes. For sucrose gradient separations, 1.0
mL of 80% sucrose prepared in PBS was mixed witkqural volume of homogenized sample and
then overlaid with a 5—-40% sucrose linear stepigradl.3 mL each of 5%, 30% and 40% sucrose
in PBS). After centrifugation in a SW50.1 Beckmator at 160.00@ for 18 h at 4 °C, nine 500L
fractions were collected from the top of the gratliecqual volume aliquots of each fraction was
added with Laemmli buffer containing both mercafitaaol and bromophenol blue and boiled for
3 min. Samples were then subjected to SDS-PAGEmamdinoblotting.

This detergent-based fractionation on sucrose-tlerggadient isolate buoyant lipid rafts and
caveolae (a subset of lipid rafts, flask-like inwvegions of the plasma membrane with lipid
composition similar to rafts and expressing a ajataveolin proteins on the inner leaflet of the
membrane bilayer (Razani, Woodman et al. 2002)itbist not able to discriminate between rafts
and caveolae. Caveolin antibody-based immunoisoiatof detergent-insoluble membranes
selectively isolates caveolae and not lipid rgftd]ing down also the caveolar lipids, cholesterol,

and associated proteins.

3.12 Immunoprecipitation

Following completion of the treatment period, cellsre lysed using a lysis buffer (the same used
for Western Blot). Lysates containing equal protamounts were incubated overnight with the
specific antibody for the protein chosen for thenuomoprecipitation (VEGFR-2). Subsequently
samples were incubated with protein G-Sepharosgsbfea 1.5 h at 4°C and then pelleted. Pellets
were washed four times with lysis buffer, treateithwreducing buffer containing 4% 2-
mercaptoethanol and boiled for 3 min. Samples wiren subjected to SDS-PAGE and
immunoblotting with primary antibodies (anti-cavieel, anti-phospho-tyrosine, or anti-VEGFR-
2).

3.13 Immunofluorescence
B1647 cells (2 10°) were incubated for 20 min with or without 10 mNDCthen pelleted, washed

with PBS to remove culture medium, and fixed in 8&bv) paraformaldheyde for 15 min. Cells
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were washed twice with HBSS, blocked with PBS/B3A @v/v) for 1 hour at room temperature,
washed 3 times, and then overnight incubated & with 20ug/mL of anti-Glutl raised against a
peptide within an extracellular domain of the huneansporter protein (N-20). Cells were then
treated for 1 hour at room temperature with fluoee$¢ FITC-conjugated rabbit anti-goat IgG,

mounted on slides and visualized using an Olympig$ Imicroscope.

3.14 Real-time impedance-based used for detecting cell proliferation

Measurements of cell proliferation were performesing the ICELLigence Real-Time Cell
Analyzer DP (Roche Applied Science, Indianapoy,inside a cell culture incubator.

The iCELLigence system is a impedance-based syfsteoell-based assays, allowing for label-free
and real-time monitoring of cellular processes sashcell growth, proliferation, cytotoxicity,
adhesion, morphological dynamics (like contractiamd modulation of barrier function. The
system is composed of an electronic analyzer ttgainiside the cell culture incubator, and an iPad
which runs the software and operates the entiresys a wireless mode. At the core of the system
are electronic plates (E-Plates L8) that have nategl microelectrode sensors in the bottom of the
wells. The presence or absence of cells sensitiaety precisely affects the electronic and ionic
exchange between cell culture media and the miectreldes when an electric field is applied to the
system. Changes in electrical impedance reflecbtbgical status of the cells, thus the system
allows monitoring of time-dependent perturbatiofeets in a tissue culture environment, providing
dynamic information and a unique approach to ca#idal assays.

Cell index is the unit measure of cell impedance mormalized cell index is the cell index value at
a time point divided by value of cell index at arler starting or reference point. Impedance was
collected every 15 minutes for proliferation assays

Cells are seeded at a density 816" cells/well on an specific E-plate 8 (Roche Appl&tience) in
10% FBS growth medium. All controls and treatmentgshese experiments were performed in
duplicate.

- HASMC were seeded on E-plate 8 and treaded wdtif8rent Klotho concentrations (0.1; 0.5; 1

nM). Growth and proliferation were monitored fortd8
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3.15 Fluorescent assay for intracellular Glutathione (GSH) content

Glutathione (GSH) is a tri-peptide ubiquitously eegsed in all cell types and it represents the
major non-enzymatic regulator of intracellular redeomeostasis (Masella, Di Benedetto et al.
2005).

Cells were seeded in 24-well plates. After differeeatments, cells were washed twice with ice-
cold PBS, and cold 6.5% trichloroacetic acid (TG¥#¥gs added to the wells and left for 10 min on
ice. TCA is widely used for the precipitation obpgins (Witt and Roskoski 1975), and in this case
it was used for the extraction of GSH. After depnoization, the supernatant was transferred into
Eppendorf tubes; 7.nL was incubated with 277.5L of sodium phosphate buffer at pH 8.0
containing 5 mM EDTA and 1pL of o-phthalaldehyde (OPA; 1 mg/mL in methanol) # min at
room temperature in a black 96-well plates. OPA ftorogenic reagent that reacts with primary
amines and in the presence of thiol it yields @ense blue colored fluorescent product; the assay
provides a rapid and very sensitive method forrdateéng reduced GSH.

Fluorescence intensity was then measured at atagzoi wavelength of 340 nm and an emission
wavelength of 420 nm in a Hidex plate reader (CHeareV, Hidex). The GSH content was
calculated using a GSH standard curve, and exmtegsenanomoles of GSH per milligram of
protein.

After the supernatant removal from the 24-well @atNaOH was added to each well to collect
protein lysates for determination of the cellulaiotpin concentration using the BCA assay
(previously described).

- HASMC were plated into 24-well plates at a densift 5x10" cells/well. After 24 h growth,
treatments were carried out. Total content wassassein normal glucose, high glucose and
mannitol conditions, after 12 and 24h treatmenh\git5 uM-5 puM sulforaphane or after 8 and 24h
treatment with 0.1-0.5-1 nM Klotho.

3.16 Statistical analysis

Results are expressed as means + SD or means + BHiMrences among the means were

determined by Bonferroni’s multiple comparison tiediowing one-way ANOVA.
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Chapter 4- Results
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4.1 Redox Signalling in Human Leukaemia Cells. Role of Aquaporins

As previously stated, it has been shown that sjgeaijuaporin isoforms facilitate the passive
diffusion of HO, across biological membranes, controllingOxd membrane permeability and
signaling in living organisms (Bienert and Chaumadi4).

In particular, three AQP isoforms have been repbitechannel b, across the plasma membrane:
AQP1, AQP3, widely expressed in blood cells, andP8Qexpressed in primitive erythroid cells
(Vieceli Dalla Sega, Zambonin et al. 2014).

The aim of this study was to investigate the rdl&QP isoforms in human cell lines derived from
acute myeloid leukaemia, in order to verify whettaso in these cells, AQPs could represent one
potential way through which 4@,, produced by Nox enzymes, moves inside the cels¥ing like

a signal molecule, thus contributing to cell sualignd proliferation.

Our research group has previously reported that &mymes are a major source of ROS in acute
leukaemia-derived cell lines and that Nox-derivedSRare required for proliferation and survival
of these cells, being directly involved in maintagthe high glucose uptake essential for cellular
aberrant growth (Prata, Maraldi et al. 2008; Mard&data et al. 2010).

Experiments were performed in a erythro-megakaryodyuman cell line, B1647, focusing the
attention on AQP1, AQP3 and AQPS.

4.1.1 Evaluation of the effect exerted by AQP inhibition on intracellular ROS level

Powerful tools to study the involvement of a protén a biological process or disease are the
pharmacological inhibition of its activity or thege deletion/silencing. When an inhibitor is used,
it should be characterized by high specificity affinity, but unfortunately these compounds are
often unspecific, due to several off-target effemtshe inhibition of features that are not unidoe
the target enzyme. As far as AQP transporters @neezned, it has been reported that silver ions
are potent and specific inhibitors of AQP activiagting by binding to cysteine or histidine resislue
in the region of the channels (Vieceli Dalla Seganbonin et al. 2014). Thus, the effect of AgNO
was investigated, and preliminary experiments weeeformed in order to test its potential
cytotoxicity in B1647 cell line.

Cells were treated with different AgN©oncentrations for 10 min and the viability was laated

by using MTT assay as reported in Material and Meéshsection (Fig.1A). The results show that
treatment with AgN@did not affect B1647 cell viability up to 1M, thus we chose bM AgNO3

for the subsequent experiments.

Cells treated with UM AgNOs for 10 min were then exposed to M or 100 uM H;0..

Intracellular ROS level was evaluated spectrofimetrically by means of #DCFDA probe (as
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reported in Material and Methods). As shown in BB, cells treated with AgN§exhibited a 22%
decrease in the basal intracellular ROS level coethbto control cells. The role of extracellular
H,0, in triggering DCF fluorescence is confirmed by tbleservation that the treatment with
extracellular 5 mg/mL catalase abrogated the ef®cAQP inhibition on the basal intracellular
ROS level. When cells were externally added with (@ or 100 uM H,0,, a significant
fluorescence increase was observed, while cellsnorgated with AQP inhibitor exhibited a 35%
and 19% decrease in fluorescence compared to e speked with HO, 10 uM or 100 uM,
respectively.

In order to confirm that intracellular ROS levehminly due to hydrogen peroxide;®} level was
also measured by using PF1, a fluorescent borahseesndowed with high selectivity for.8,
over similar ROS, such as superoxide anion anddhlpate ion (Chang, Pralle et al. 2004). After
the treatment with AgNg) cells were incubated with 1QM or 200uM H>0,, as shown in Fig.
1C. The trend of the experiment obtained with tR& Probe is very similar to that obtained with
the HDCFDA probe reported in Fig. 1B, confirming that®4 is the main intracellular ROS.
Unfortunately, although PFL1 is a useful tool owiagts selectivity towards #D,, it is not sensitive

enough to evaluate possible changes in basal élluéar H,O, level (Miller and Chang 2007).
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Fig. 8. Effect of AQNG; on viability and on intracellular ROS level in B1617 cells.

(A) Cells were incubated with different concentwas of AgNQ (1-50uM) and their viability was evaluated by using

MTT assay as reported in Material and Methods. Rataexpressed as % of Control and represent nie&s of at

least three independent experiments. Data wereg/sathlby one-way ANOVA followed by Bonferroni's testp <
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0.001 significantly different from Control. (B) Gglwere incubated with pM AgNO; and then treatedith 10 or 100
uM H,0,. Intracellular ROS level was evaluatedsDCFDA fluorescence as reportadMaterial and Methods. In

the experiment with 5 m@nL catalase, the enzyme wadded prior to AgN@treatment. Data are expressed as % of
Control and represent means + SD of at least timependent experiments. Data were analysed byvayeANOVA
followed by Bonferroni's test: *p < 0.05 signifigandifferent from Control®p < 0.05significantly different from cells
treated with 10uM H,0,; °p < 0.05 significantly different from cells tted with 100uM H,0,. (C) Cells were
incubated with .UM AgNO; and then treated with 100 or 20M H,0,. Intracellular ROS level was evaluated as PF1
fluorescence as reported in Material and Methodda@re expressed as % of Control and represemsme&D of at
least three independent experiments. Data wergsetby one-way ANOVA followed by Bonferroni's tegt < 0.05
significantly different from Control’p < 0.05 significantly different from cells treatedth 100 uM H,0,; °p < 0.05
significantly different from cells treated with 2Q®1 H,0..

4.1.2 Study of the correlation between Nox-generated ROS and AQP activity

The single or combined effect of Nox and AQP intadn could help to understand their mechanism
of action and to investigate the correlation betwteir functions. Several small molecules have
been and are still being used as direct NADPH ®ddahibitors. The most frequently used Nox
inhibitors are diphenylene iodonium (DPI) and apuooy although they have been proved to be
unspecific. DPI acts as a general flavoproteinkitbr and, therefore, also inhibits eNOS, xanthine
oxidase, and proteins of the mitochondrial electtamsport chain. Apocynin shows intrinsic
antioxidant activity, that is, ROS-scavenging pmtips (Altenhofer, Radermacher et al. 2014).
Since many previously data in B1647 cell line welbgained with DPI, this inhibitor was chosen to
perform the subsequent experiments.

B1647 cells were pre-incubated with DPI and theated with AgQNQ. Intracellular ROS level was
evaluated spectrofluorimetrically by means ofDE&FDA probe (as reported in Materials and
Methods section). As shown in Fig. 2A, a decreagsatracellular ROS level was observed after the
pre-treatment with 1M DPI for 30 min. The treatment with both the inkaios, AQNG; and DPI,
caused a decrease in intracellular ROS level, hmit effect was not additive, suggesting that they
act by two different ways.

Evidence so far described allows to speculate tha,1647 cell line, Nox-produced-B, outside
the cell could cross the plasma membraree AQP channel, thus acting as signal molecule.
Therefore, the measure of a cellular activity lidke this signalling pathway could strengthen this
hypothesis.

Data obtained in our lab have previously demorstrahat HO, mimics the growth factor
stimulation of glucose uptake in leukaemia celledin suggesting a key role for ROS in the
signalling leading to Glutl regulation (Maraldi,oFéntini et al. 2007). In B1647 cells, VEGF is

supposed to utilize ROS as messenger intermedittemstream of the VEGF-receptor 2, and
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glucose uptakes considered a modealf cellular activity strictly bound to VEGF-induceckll
proliferation. In this cell type, antioxidants aN@x inhibitors (DPI and apocynin) induce a similar
decrease in the glucose uptake rate (Maraldi, Retatal. 2007). Therefore, the effect of AQP
inhibition on glucose transport in B1647 cells véasessed by means of a radioisotopic assay as
reported in Material and Methods section. Cellseniacubated with M AgNO3 for 10 min and

the results are shown in Fig. 2B. It can be seah AgNGO; treatment caused a 32% decrease in
glucose transport compared to the control cellagreement with data on intracellular ROS level,
the simultaneous treatment with DPI and AgNi@l not cause an additive effect on glucose uptake
(Fig. 2B).
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Fig. 9. Effect of AQP and Nox inhibition on intracdlular ROS level and glucose transport in B1647 ck.

(A) Cells were incubated with M AgNO; and then treated with 1M DPI for 30 min. Intracellular ROS level was
evaluated as DCF fluorescence as reported in Méind Methods. Data are expressed as % of Cantbrepresent
means + SD of at least three independent expergnddaita were analysed by one-way ANOVA followed by
Bonferroni's test: *p < 0.05 significantly differefiom Control. (B) Cells were incubated with Aghlénd then treated
with 10 uM DPI for 30 min. Glucose uptake was evaluated leans of a radioisotopic assay as reported in Materi
and Methods. Data are expressed as % of Controtegprdsent means + SD of at least three indepemi@etriments.

Data were analysed by one-way ANOVA followed by Bwroni's test: *p < 0.05 significantly differenoin Control.

4.1.3 Evaluation of the effect exerted by AQP silencing on intracellular ROS level

Gene silencing is considered a gene knockdown nmésahasince the methods used to silence genes
generally reduce the expression of a gene but daompletely eliminate it. Gene silencing is
usually more specific than the use of inhibitohgréfore this technique was chosen to support data
obtained with AgNQ.

Specific sSIRNA were used to silence AQP1, AQP3 AQiP8 isoforms, as described in Materials

and Methods section.
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First of all, constitutive expression of the targgdforms was established by Western Blotting
analysis, using specific antibodies against AQPQPA and AQP8. As it can be seen in Fig. 3A,
B1647 cell line does not express AQP1, while thastitutive AQP3 and AQP8 isoforms are
clearly evident. For this reason, only AQP3 and 8@®forms were silenced.

A
Control
AQP1—>
Control
AQP3 -
Control B
Control siRNA AQP3 Control siRNA AQP8
AQP8 —» ™
B-actin — - B-aCtin -> M SN 3-aCtin -> www— —

Fig. 10. Expression of AQP isoforms in B1647 cells.

(A) Constitutive expression of AQP isoforms in B¥6eklls. The images show a representative expetimérof three
independent analyses. (B) B1647 cells were tratedeby electroporation with siRNA against AQP3, /Aer a
random RNA sequence (scrambled) as negative coasotliescribed in Materials and Methods. Effect 8fAR
interference on the target isoforms was confirmgii@stern blot with specific antibodies against AR AQPS8. The

images show a representative experiment out oétiméependent analyses.

B1647 cells were then transfected by electropanatiith sSiRNA against AQP3, AQP8 or a random
RNA sequence (scrambled) as negative control amcflect of this procedure was confirmed by
Western Blotting analysis, as shown in Fig. 3B. Viability of the transfected cells was assayed by
means of both the Trypan Blue exclusion test aedMAT test, indicating that this treatment does
not affect cell viability (data not shown).

Then the effect of AQP3 and AQPS8 silencing wasaitald on intracellular ROS levels (Fig. 4).
The results in Fig. 4A show that basal ROS leved gignificantly reduced only by silenced AQPS8.
On the other hand, when cells were stimulated thighaddition of HO, both the silenced isoforms
were able to cause a significant decrease in D@drdscence, although AQP3 siRNA in a lesser
extent compared to AQP8 siRNA.

In order to corroborate also the data obtainedomdition of Nox inhibition, the effect of DPI on
intracellular ROS level was evaluated after AQP8 AQP8 silencing, as shown in Fig. 4B.
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Fig. 11. Effect of AQP3 and AQPS8 silencing on intreellular ROS level in B1647 cells.

(A) 24 h after transfection with SiRNA, cells weteated with 100uM H,0,, then intracellular ROS level was
evaluated as DCF fluorescence as described in Mitand Methods. Data are expressed as % of ¢@mtdorepresent
means = SD of, at least, three independent expatgndata were analysed by one-way ANOVA followed b
Bonferroni's test: *p < 0.05 significantly differeflom control;®p < 0.05 significantly different from cells treatedth
100uM H,0.. (B) 24 h after transfection with siRNA, cells wdreated with 1@&M DPI, then intracellular ROS level
was evaluated as DCF fluorescence. Data are express% of control and represent means + SD déaat, three
independent experiments. Data were analysed bywageANOVA followed by Bonferroni's test: *p < 0.05
significantly different from controfp < 0.05 significantly different from cells treatadth 10 uM DPI.

From the comparison of Figs. 1B and 2A with Figa.ahd 4B, it can be seen that the inhibition
profile of ROS formation obtained by the use of A@®RI Nox inhibitors or by AQP silencing are

similar. From the data obtained by the silencinthtégque it was possible to observe that AQP8
isoform, rather than AQP3, is able to transpoi®ithrough the plasma membrane of B1647 cell

line.

4.1.4 Evaluation of the effect exerted by AQP overexpression on intracellular ROS level

As well as the inhibition of an enzyme activity tbe helpful in the understanding of its
involvement in a biological process, the overexgims of its level amplifies its effect,
corroborating the evidence obtained. Furthermorerexpressed levels of AQRsvivo are used as
marker for several cancer types, thus this teclenggun mimic a pathological condition.

B1647 cells were transfected by electroporationhwdifferent plasmids designed for the
overexpression of AQP1, AQP3 or AQPS8, and in thasecthe overexpression of AQP1 was
considered as a positive control. The transfectffitiency was estimated as fluorescent/non-
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fluorescent cell ratio 24 hours after the electrafon with a GFP vector (see Materials and
Methods section), and resulted to be about 70%.
Fig. 5A shows the Western blotting analysis oftdrget isoforms overexpression compared to their

constitutive expression.
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Fig. 12. AQP1, AQP3 and AQP8 overexpression and itffect on cell viability/proliferation in B1647 cdls.

(A) B1647 cells were transfected by electroporatidth plasmids designed for the overexpression QPA, AQP3,
AQP8 or electroporated without DNA and lysed af2dr h. Overexpression of target isoforms was corddnby
Western blot with specific antibodies against AQRQP3 or AQP8. The images show a representativerargnt out
of three independent analyses.

(B) B1647 cells were transfected by electroporatigth plasmids designed for the overexpression QfPA, AQP3,
AQPS8 or electroporated without DNA. After 24 h tbells were lysed, then viability/proliferation weegaluated by
MTT assay as described in Materials and Methodd,cmmpared to Control. Data are expressed as %rifat and
represent means * SD of, at least, three indepérderriments. Data were analysed by one-way ANGMibwed by

Bonferroni’s test. No significant differences weesealed.

Densitometric analysis normalized by actin contrmaws that AQP3 overexpression causes a 3.5-
fold protein increase and AQP8 overexpression presla 4.1-fold protein increase.

Trypan blue exclusion test (not shown) and MTT wssare performed 24 and 48 hours (not
shown) after transfection, and data reported in BBshowed no significant differences in the
viability of the cells transfected with the threlagmidic vectors compared to the control cells
electroporated without DNA.

Twenty-four hours after transfection, intracelluROS level was measured by means of DCF
fluorescence either in basal condition or after {RDH,O, addition.

As it can be seen in Fig.6A only AQP8 overexprassiaused a little but significant increase in
ROS basal level, while all of the three overexpedsisoforms were able to significantly enhance

the intracellular ROS level in the presence gDK(Fig. 6B).

55



1501 B H,0, 100puM

=
o
?

(% of Control)
5
?

n
o
1
DCF Fluorescence

DCF Fluorescence
(% of Control)

Ll Ll L] C I I Ll L)

Y > 3]
S & & &
* v v v

Fig. 13. Effect of AQP overexpression on intracellar ROS level in B1647 cells.

B1647 cells were transfected by electroporatiom pwlasmids designed for the overexpression of AQ¥IR3, AQP8

or electroporated without DNA. (A) 24 h after tréawtion, the intracellular ROS level of cells ovwgreessing different
AQP isoforms was evaluated as DCF fluorescencejaarted in Material and Methods. Data are expresseth of
control and represent means + SD of three indeperedg@eriments. Data were analysed by one-way ANGMlawed

by Bonferroni's test: *p < 0.05 significantly difemnt from control. (B) 24 h after transfection, Isebverexpressing
different AQP isoforms were treated with 1M H,O,, then intracellular ROS level was evaluated as DCF
fluorescence. Data are expressed as % of conttbtepresent means + SD of at least three indepé¢mra@eriments.
Data were analysed by one-way ANOVA followed by Bwroni's test: *p < 0.05 significantly differenoin control.

These results, along with that obtained in AQP3 AQdP8 silencing conditions, strongly support
the notion that AQP8 and, in a lesser extent, AQRS able to funnel ¥, across the plasma

membrane in the acute leukemia B1647 cell line.

4.1.5 Effect of AQP isoforms on VEGF-dependent modulation of ROS intracellular level
The angiogenic growth factor VEGF exerts proliferatand migratory effects on endothelium, thus
tyrosine kinase receptor VEGF receptor 2 (VEGFRva} thought to be exclusively expressed by
adult endothelial cells. Since endothelial and hepwetic cells share a common progenitor,
known as hemangioblast, it has been shown that VEGF VEGFR-2 are also expressed in a
subset of multipotent hematopoietic stem cellsql&e Valtieri et al. 1999) and in many leukemia
cells (Fiedler, Graeven et al. 1997).
Therefore, coinciding expression of VEGF/VEGF rdoep may result in the generation of an
autocrine loop supporting the proliferation andvstal of leukemia cells.
It has been shown that B1647 cells constitutivelgdpces VEGF and express its VEGFR-2
receptor (Bonsi, Pierdomenico et al. 2005), thusG¥B/EGFR-2 signalling pathway ensures the
viability and the fast proliferation of these cells particular, the research group demonstratat th
Nox-derived ROS provoke VEGFR-2 autophosphorylatiwhich causes the modulation of many
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cellular activities, among which glucose uptakeicgy bound to VEGF-induced leukemic cell
survival and proliferation (Maraldi, Prata et &0.1D).

Therefore, since it has been demonstrated that ASQrms mediate D, transfer across the
plasma membrane in B1647 cells, changes in AQRiycttould be linked to VEGF signal
proceeding through Nox proteins, thereby modulathegintracellular ROS level. In order to test
this hypothesis, overexpressing and silenced AQHs were exposed to exogenous VEGF and
assayed for intracellular ROS production.

To better evaluate the VEGF role, keeping out fifeceof other growth factors, AQP1, AQP3 or
AQP8 overexpressing cells and AQP3 or AQPS8 silerzmdts were serum starved for 16 hours.
Cells were then stimulated with 50 ng/mL exogenMEBGF for 30 min and assayed for

intracellular ROS level, as reported in Fig. 7.
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Fig. 14. Effect of VEGF on intracellular ROS levebf AQP overexpressing or AQP silencing B1647 cells.

(A) B1647 cells were transfected by electroporatigth plasmids designed for the overexpression QPA, AQP3,
AQP8 or electroporated without DNA. After 24 h fraransfection, control and overexpressing AQP1, BQPAQPS8
cells were serum starved for 16 h and then stiradl&r 30 min with 50 ng/mL VEGF. The intracelluBOS level
was evaluated as DCF fluorescence as reported teridband Methods. Data are expressed as % ofaloand
represent means * SD of at least three indepemrdgetriments. Data were analysed by one-way ANOMvvied by
Bonferroni's test: p < 0.05 significantly different from correspondindE@F untreated cellSp < 0.05 significantly
different from VEGF treated control cells. (B) aellvere transfected by electroporation with specafRNA against
AQP3, AQP8 or a random RNA sequence (scrambleddpassol. After 24 h from transfection, control, AQBr AQP8
silenced cells were serum starved for 16 h and #tiemulated for 30 min with 50 ng/mL VEGF. Thentracellular
ROS level was evaluated as DCF fluorescence. Dataxgpressed as % of control and represent me&fisaf at least
three independent experiments. Data were analygegnb-way ANOVA followed by Bonferroni's testp* 0.05

significantly different from corresponding VEGF teted cells®p < 0.05 significantly different from control cells.
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Treatment with exogenous VEGF caused an increas¢ratellular ROS level at the same extent
in control, AQP1 and AQP3 overexpressing cells Jevtlie VEGF-induced ROS increase in AQP8
overexpressing cells was significantly higher (H4).

As it can be seen in Fig. 7B, VEGF-stimulated R@&lpction was not affected in AQP3 silenced
cells, while the intracellular ROS content decréasignificantly in AQP8 silenced cells, both in
control and VEGF-treated cells.

These data confirm the above hypothesis and comtddhe importance of AQP8 constitutive

expression in modulating VEGF-induced ROS genaratio

4.2 Redox Signalling in Human Leukaemia Cells: Role of VEGF/VEGFR

In recent studies, the expression of VEGF/VEGFRnte myeloid leukaemia patients has been
detected and the increased level of plasma VEGF bleah correlated with reduced survival
(Aguayo, Kantarjian et al. 2002). Moreover, leuk&entells have been associated with
angiogenesis, upon the demonstration that leukaprogression is accompanied by an increase in
bone marrow vascularization (Perez-Atayde, Saltaal.e1997). Therefore, the elucidation of the
mechanism underlying VEGF/VEGFR activity in leukaaroells is necessary for the development
of new therapeutic agents.

Caveolae and lipid rafts are ordered structuresy@mbrane microdomains, characterized by high
concentration of cholesterol and glycosphingolipidéich are involved in fundamental cellular
functions such as endocytosis, protein traffickamgl signal transduction (Patel and Insel 2009). In
endothelial cells, VEGFR-2 is present in caveola®ugh association with Caveolin-1 (Cav-1),
which negatively regulates the receptor activitybasal state. Dissociation of VEGFR-2 from
caveolae/Cav-1 seems to be essential for VEGFRi®phasphorylation and activation of
downstream signalling events (Labrecque, Royal.€2(®3). Recent experimental evidence shows
that, in endothelial cells, VEGF promotes the redeaf VEGFR-2 from caveolae/lipid rafts, thereby
inducing its activation (Ushio-Fukai 2007). Withetpresent experiments, the potential involvement
of plasma membrane caveolael/lipid rafts in VEGF4ated redox signaling was investigated in the

human leukaemia B1647 cell line.

4.2.1 Effect of methyl-g-cyclodextrin on plasma membrane cholesterol depletion
The maintenance of cholesterol levels is essefttiaiunctional caveolae and depends, in part, on
the interaction of cholesterol with Cav-1, the magtructural component of caveolae (Labrecque,

Royal et al. 2003). As well as the use of inhilsta helpful in understanding the biological rofe o
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a protein, disassembling of caveolae/lipid rafte ¢@ useful to clarify the functions they are
involved in.

It has been shown that cyclodextrins remove chedekstfrom cultured cells (Ohtani, Irie et al.
1989; Kilsdonk, Yancey et al. 1995; Klein, Gimpl &t 1995), since they are cyclic glucose
oligomers able to sequester lipophilic moleculeshiir hydrophobic core (Pitha, Irie et al. 1988).
Among the different cyclodextrin derivatives, mdtBycyclodextrin was shown to be the most
efficient as acceptor of cellular cholesterol, #imel most commonly used (Klein, Gimpl et al. 1995;
Zidovetzki and Levitan 2007). Therefore, metRytyclodextrin (CD) was chosen in the subsequent
experiments to induce cholesterol depletion fromspla membrane of B1647 cell line, thereby
disrupting caveolae/lipid rafts.

First of all, experiments were performed to setdksired conditions, as the degree of cholesterol
depletion is a function of the CD concentrationguipation time, temperature and cell type
subjected to the treatment (Christian, Haynes etl@7). The purpose was to achieve a lipid
environment alteration associated with membrareghityy and viable cells.

B1647 cells suspended in culture medium were inesbavernight with 3H]-cholesterol (0.5
mCi/mL), then washed and exposed to different Cbceatrations (2.5-25 mM) for 20-40 min in
order to find the best working conditions (not simpw

Fig. 8A shows the time course of CD effect on cki@eml level, evidencing that cell treatment with
5 mM CD for 20 min was able to remove about 60%lesterol. In these conditions cell viability
was affected only about 10%, as resulted by Tryplare exclusion test (Fig. 8B) and MTT assay
(not shown). Higher CD concentrations caused ahdnigecrease in cell viability, therefore 5 mM

CD for 20 min was the treatment selected for thiefiong experiments.
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Fig. 15. Effect of CD concentration and incubatiortime on cholesterol content and cell viability in B647 cells.
(A) B1647 cells were incubated witfH]-cholesterol (0.5 pCi/mL) in cell culture mediuior 16 h at 37 °C, washed,
re-suspended in PBS and treated with 5 mM CD ffierdint time periods (0-30 min). Cell suspensioresamwashed

with PBS, then 3H]-cholesterol content was estimated by liquid 8ttétion counting. (B) The viability of the cells
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treated with different CD concentrations (5-10 mfdy 20 min was evaluated by Trypan Blue exclusiest tas
described in the Materials and Methods. Data amremsed as % of control and represent means + Shreé
independent experiments, each performed in trilicdata were analysed by one-way ANOVA followed by
Bonferroni's test *p < 0.005, significantly different from control cell$** p < 0.0005, significantly different from

control cells.

4.2.2 Isolation and identification of membrane caveolae/lipid rafts by detergent extraction and
sucrose gradient centrifugation in B1647 cells

The isolation and identification of membrane cawedipid rafts from the other portions of B1647
plasma membranes is the first step requested &siigate VEGFR-2 localization in this cell type.
Historically, caveolaellipid rafts have been definéunctionally by their low density and
insolubility in cold 1% Triton X-100, thereby formg the Detergent Resistant Membrane fraction
(DRM), and other membrane fractions that are sbéda by TX-100. Then caveolae/lipid rafts are
isolated by flotation in a linear sucrose densitgdient, where they distribute in the top few
fractions of the gradient. This procedure yield$amly consistent product that is enriched in
cholesterol and raft marker proteins (L. J. Pikerdal of Lipid Research vol. 44, pp. 655-667,
2003).

B1647 cells were lysed using TX-100, centrifuged ahe supernatant was collected and
subsequently subjected to sucrose density-gradedi%) centrifugation as described in the
Materials and Methods section and the results laoes in Fig. 9A. Nine fractions were collected
and analysed by SDS-PAGE followed by Western bigttiusing anti-flotillin-2 (48 kDa), anti-
caveolin-1 (24 kDa) and anti-Lyn (58 kDa) antibcdias protein markers for DRM fractions.
Indeed, flotillin-2 and Lyn are known to be asstaibwith caveolae/lipid rafts in different cell és
(Barnes, Ingram et al. 2004), as well as Cav-1. Trhesferrin receptor (CD71), an integral

membrane protein, was selected as a marker forgggtiesoluble non-raft membrane fractions.
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Fig. 16. Isolation and identification of membrane aveolae/lipid rafts by detergent extraction and suwmse

gradient centrifugation in B1647 cell line.

(A) Cells were lysed with 1% Triton X-100 at 4 °C argparated by sucrose density-gradient ultracentifag as
described in Materials and Methods. Equal aliquaftseach fraction were subjected to SDS-PAGE and téves
blotting. Flotillin-2, caveolin-1 and Lyn were usad markers for caveolae/lipid raft fractions; CO@f non lipid raft

fractions. (B) Typical profile of protein concerticms in gradient fractions after ultracentrifugati Protein content
was determined as described in Materials and MeathDdta represent means * SD of three indepemrdgeatiments,
each performed in triplicate. Data were analysedobg-way ANOVA followed by Bonferroni’'s testp°< 0.01,

significantly different from each other.

As it can be seen in Fig. 9A, flotillin-2, Lyn ahv-1 are localized in the low-density region & th
gradient (fractions 2-6), where caveolae/lipid sadte supposed to be, instead, CD71 is located in
the fractions 6-9, corresponding to non-raft memeértactions localization.

Fig. 9B shows the protein content of the differgradient fractions. It can be seen that the amount
of proteins present in the DRM fractions is undetiele with this procedure (although evident in
the Western blot), and the main part of B1647 pnstevas found in the high-density region of the

sucrose gradient.

4.2.3 Effect of cholesterol depletion on VEGFR-2 localization in B1647 cells

In order to investigate the effect of disruptingealae/lipid rafts on VEGFR-2 localization, B1647
cells, deprived or not of human serum (HS), welgiessied to 5 mM CD treatment for 20 min,
lysed by using TX-100, and separated by sucrossityegradient centrifugation as previously
described.

Also in this case nine fractions were collected andlysed by SDS-PAGE followed by Western
blotting using anti-VEGFR-2 antibody, in order toserve VEGFR-2 localization.

As reported in Fig. 10, VEGFR-2 distribution difdvetween serum-starved (- HS) or serum added
(+ HS) cells. In serum starved cells VEGFR-2 isspre both in raft and non raft regions, whereas
in serum added cells VEGFR-2 content increaselsamon-raft fractions, suggesting that VEGF is
able to link to its receptor causing a shift of MEGF/VEGFR-2 complex towards non-caveolar

membrane regions.
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Fig. 17. Effect of methylg-cyclodextrin on VEGFR-2 localization in B1647 cef.

B1647 cells in the presence or absence of humams@iS) pre-treated or not with 5 mM CD for 20 mavere lysed
with 1% Triton X-100 at 4 °C and separated by sseraensity-gradient ultracentrifugation as desdribe the
Materials and Methods. Equal aliquots of each foactvere subjected to SDS-PAGE, Western blotting esvealed
for anti-VEGFR-2 (210 kDa). A representative bloshown.

It can be seen also that cell treatment with Clulted in the redistribution of VEGFR-2 from
caveolae/lipid rafts to non-caveolar fractions biotlhhe presence and in the absence of HS, owing
to the caveolae/lipid raft disruption.

Since it has been shown that CD is capable of re@mgosholesterol from both raft and non raft
fractions (Gaus, Chklovskaia et al. 2005), expenitnavere performed to ensure that the efficiency
of cholesterol removal was higher in DRM fractiohke results (not shown) confirmed that
fractions 2-6, corresponding to caveolae/lipid gaft our experimental conditions, exhibited the
higher cholesterol depletion compared to othetrtivas.

These data demonstrated that, as well as in erdddthells, also in a human leukemia cell line
VEGFR-2 is partially localized in caveolae/lipidftaand that the VEGF/VEGFR-2 interaction

displaces the receptor from raft to non raft region

4.2.4 Effect of cholesterol depletion from plasma membrane on ROS generation and glucose
transport activity in B1647 cells

Since it has been demonstrated that CD treatmenbkes a partial movement of VEGFR-2 from
caveolael/lipid rafts towards non-caveolar membragens, it is interesting to investigate whether
this receptor redistribution could correspond $oaittivation.

Therefore, experiments were performed in orderxanene the effect of CD (in the presence or
absence of HS) on intracellular ROS level and glacoptake, two downstream events linked to
VEGF/VEGFR-2 signaling pathway.
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Figs. 11A and B show that, when HS is presentCeeffect is negligible on both ROS production
(Fig. 11A) and glucose uptake (Fig. 11B), sincethis condition VEGF-VEGFR-2 pathway is
partially already activated. On the other hand, witells were serum starved, CD treatment
significantly enhanced both parameters, probabtabse VEGF-VEGFR-2 interaction is facilitated
by the partial caveolae/lipid raft disruption, thley triggering the signal transduction pathway
which leads to an increased ROS generation anasguaptake.

Moreover, analyses of the images obtained by imrum@scence microscopy of cells labelled
with an anti-Glutl antibody against an extracelulamain of Glutl revealed that incubation with
CD, in condition of serum starvation, greatly endemnthe staining for the transporter at the cell
surface (Fig. 11C). These results indicate thatt@Btment increases glucose uptake through Glutl

recruitment into the plasma membrane from intratailpool.
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Fig. 18. Effect of methyl$-cyclodextrin on ROS generation, glucose transpoctivity and Glutl translocation in
B1647 cells.
(A) B1647 cells in the presence or absence of huseanm (+ HS) and pretreated or not with 5 mM CbZ0 min (+

CD) were incubated with 5uM DCFH-DA, then ROS intlular level was measured spectrofluorimetricadly
described in the Materials and Methods. (B) Callthie presence or absence of human serum (+ HS)ratetated or
not with 5 mM CD for 20 min (+ CD) were incubatedthwDOG mixture, then glucose uptake was assayelighid
scintillation counting as described in the Materiahd Methods. Data in panel A and B are expreaséd of control
and represent means + SD of three independentimgus. Data were analysed by one-way ANOVA fokaWhby
Bonferroni's test: **p < 0.001, significantly different from control cel{+ HS, - CD). (C) Cells in the presence or
absence of human serum (x HS) and incubated (pim&BS at 37 °C with 5 mM CD for 20 min (= CD) reefixed in
3% (w/v) paraformaldheyde for 15 min. Cells werenthmmunolabelled with anti-Glutl (N-20) antibodwiéed
against an extracellular domain of Glutl, thereferddencing Glutl present on the cell surface)atee with

fluorescent FITC-conjugated secondary antibody\aswgalized using immunofluorescence microscopy.
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These results confirm that the disrupting effecuseal by CD on B1647 plasma membrane
caveolaellipid rafts leads to VEGFR-2 redistribatito a non caveolar region, implying its

consequent activation.

4.2.5 Thereationship between VEGFR-2 and Caveolin-1

As previously stated, an association between VEQFRRd Cav-1 has been reported in endothelial
cells, which negatively regulates the receptorvagtiin basal state. To investigate whether an
interaction/co-localization between VEGFR-2 and -Qaalso exists in B1647 cells and, if so,
whether this relationship could affect the VEGFR&Rivation, the following immunoprecipitation
experiments were performed.

B1647 cells were serum starved or not for 18h, tinemunoprecipitated for anti-VEGFR-2. The
samples were then subjected to SDS-PAGE and Webtetting analysis, using anti-Cav-1 and
anti-phospho-tyrosine antibodies.

As reported in Fig. 12, in serum starved conditferHS) Cav-1 and VEGFR-2 colocalize, and
VEGFR-2 is slightly phosphorylated. On the othendyawhen serum is present, the association
between VEGFR-2 and Cav-1 is significantly lesslent, whereas VEGFR-2 phosphorylation is
markedly increased. These results are in accordaitbehose obtained in endothelial cells, where

Cav-1 acts as negative regulator of VEGFR-2 agtias previously stated.

IP VEGFR-2
ID: Caveolin-1 W 24kDa
0.3 0.7*
ID: P-Tyrosine -— 210 kDa
09° o047
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Fig. 19. Association of VEGFR-2 with Caveolin-1 ilB1647 cells.

Cells deprived or not of serum (+ HS) were subjgd® immunoprecipitation with anti-VEGFR-2 as désed in

Materials and Methods. Samples were electrophordasetiunoblotted and revealed for anti-Cav-1, ahidgpho-
tyrosine or with anti-VEGFR-2 as control. A repnesdive blot is shown. Results were obtained cangid three
independent Western blot experiments. Relative amtsowere determined by scanning densitometry amagpressed

in arbitrary units. p < 0.05, significantly different from control cel|s HS).
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4.2.6 The modulation of the VEGF/VEGFR-2 interaction on ROS intracellular level and glucose
uptake

As above stated, the elucidation of the mechanisdedying VEGF/VEGFR activity in leukemia
cells could be very useful for the development@friherapeutic strategies and agents.

To this purpose, the effect of different compouab# to inhibit VEGF/VEGFR-2 interaction by
different mechanisms was investigated in B1647|owedl

Bevacizumab was selected as a monoclonal antibgdinst VEGF since this drug is the most
commonly used against VEGF-sustained cancers (YAmg et al. 2013). Semaxinib was chosen
for its ability to inhibit VEGFR-2 tyrosine kinasxctivity, although the evaluation of its effect on
ROS intracellular level is prevented by its autoflscence (Vajkoczy, Menger et al. 1999).
Finally, to deeply investigate the role of Cav-1B1h647 cell model, the Cav-1 scaffolding domain
(CSD), representing the portion of the proteinifhass 82 to 101) essential for Cav-1 interaction
with other proteins (Couet, Li et al. 1997), wasdis

First of all, the influence of these compounds dr648/ cell viability was evaluated and the results
were reported in Fig. 13. It can be seen that lineettreatments, protracted until 2 hours, did not
affect B1647 cell viability.
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Fig. 20. Effect of Bevacizumab, Semaxinib or CSD 0B1647 cell viability.

B1647 cells were incubated for 2 hours with 3.4 mévacizumab, or 20 uM Semaxinib, or 5 uM CDS.
Viability/proliferation was evaluated by MTT assag described in Materials and Methods, and comp@aredntrol.
Results are expressed as means * SD of threeendept experiments. Data were analysed by one-vid®\AA

followed by Bonferroni’s test. No significant diffences were revealed.

Subsequently, B1647 cells in the presence or absehbuman serum (x HS), were assayed for
ROS intracellular level after pre-treatment withvBeizumab (30 min) and CSD (2h) and the
results are shown in Fig. 14A. In agreement witvfmus data, it can be seen that, in serum
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cultured cells, the VEGF treatment is unable taig@lROS generation, since in this basal condition
VEGF/VEGFR-2 signalling pathway is already actidhteon the contrary 50 ng/mL VEGF
treatment in serum-starved cells caused a significerease in ROS level, reaching about the same
ROS content of control cells. As far as the treaiméth Bevacizumab or CSD is concerned, it can
be seen that it was able to cause a significanedse of intracellular ROS level independently on
the presence of HS or VEGF.

Cells subjected to the same treatments and inativatk the different inhibitors were analysed for
glucose transport (Fig. 14B), obtaining results)\a@milar to that reported in Fig. 14A.
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Fig. 21. Effect of different inhibitors of VEGF/VEGFR-2 interaction on intracellular ROS level and glicose
uptake in B1647 cells.
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(A) B1647 cells, control and serum-starved (-HS, “Calndlep”) were treated with 500 pg/mL Bevacizumald (3M)
for 30 min or 5 uM Cav-1 Scaffolding Domain (CSBYy £h, in the presence or absence of 50 ng/mL VE{d the
intracellular ROS level was spectrofluorimetricatheasured by means of DCFH-DA, as described in fiddgeand
Methods.Data are expressed as % of control and represemtsne SD of three independent experiments. Date wer
analysed by one-way ANOVA followed by Bonferroni&st: *p < 0.05, significantly different from control celly <
0.05, significantly different from serum depriveahtrol cells (- HS, Control dep).

(B) B1647 cells, control and serum-starved (- HSoritrol dep”) were treated with 20 pM Semaxinib 2oh, or 500
pag/mL Bevacizumab (3.4 nM) for 30 min or 5 pM Ca®daffolding Domain (CSD) for 2h, in the presencalosence
of 50 ng/mL VEGF; then glucose uptake was assayetighid scintillation counting as described in Mgals and
Methods. Data are expressed as % of control angsept means + SD of three independent experimBats. were
analysed by one-way ANOVA followed by Bonferroni&st: *p < 0.05, significantly different from control celf® <
0.05, significantly different from serum depriveahtrol cells (- HS, Control dep).

The results obtained with the three compounds tabiehibit VEGF/VEGFR-2 interaction confirm

the importance of this molecular complex in mamtag the redox loop leading to high intracellular

ROS level and glucose uptake in B1647 cells.
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4.3 The maintenance of ROS balance inside the cells: Role of natural or
physiological molecules

When ROS formation is dysregulated and goes bewntidxidant defences, oxidative stress takes
place, and when oxidative stress exceeds the yalfitcell to repair biomolecule oxidation,
oxidative damage occurs. During oxidative strdss réesulting cellular response is likely to involve
both redox signalling and oxidative damages, whaas#ribution will depend on the concentration
and nature of the ROS involved. When a redox imtzadaoccurs, a variety of cellular responses is
activated, in order to minimize the potential dassmgnd to re-establish the correct redox
homeostasis.
The role of natural or physiological molecules iaintaining or altering the ROS balance inside the
cells is, therefore, of extreme interest and intexg explored. Recent epidemiological studies
demonstrated that increased consumption of crutievegetables rich in organosulfur compounds
is associated with reduced incidence of human caasewell as atherosclerotic coronary heart
diseases, inflammatory and oxidative stress-reldisaders (Xue, Qian et al. 2008).
Sulforaphane (SF) [1-isothiocyanate-(4R)-(methyisyl) butane] is one of the most abundant
molecule found in these vegetables, and its cheaveptive role has been demonstrated in many
cellular or animal models (Shapiro, Fahey et a0130In particular, its mechanism seems to rely on
the induction of phase Il enzymes and antioxidantell lines and in animals (Fahey and Talalay
1999), as demonstrated also in cardiomyocytes bgmup (Angeloni, Leoncini et al. 2009).
Cellular redox response mechanism is realized laysthe transcription of a variety of antioxidant
genes through sequences known as antioxidant resd@ments (ARE). The relationship between
oxidative stress, activation of these ARE sequersses subsequent gene transcription is often
mediated by specific transcription factors, suclthasNrf2 (nuclear factor erythroid 2-related facto
2), which plays a key role in a number of physiaday and disease processes (Chen and Kong
2004). In response to oxidative stress, Nrf2 uptetgs phase Il gene products aimed at
detoxification, cytoprotection, and clearance ofeptial carcinogens as well as at the reduction of
excessive ROS accumulation (Wilson, Kerns et al320
Among the many genes and gene products up-reguigtétif2 there are heme oxygenase 1 (HO-
1), a protein having antioxidant, anti-inflammata@nyd antiapoptotic activity, or peroxiredoxin-1,
(Prx-1), which is essential for eliminating®, generated by a variety of cellular stresses aad pr
inflammatory cytokines and has a protective rolaiast oxidative stress-induced apoptosis.
In recent years, another protein, whose name ithiJdas gained a great attention. Discovered in
1997, the Klotho gene has immediately attractedessing interest, since its overexpression in
small animals extends lifespan, whereas defectilghld expression results in rapid aging and
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early death. It seems that the same pathways migtt in humans. The Klotho protein exists in
two forms: membrane Klotho, which functions as @eor, and secreted Klotho, which functions
as a humoral factor with an enzymatic activity (8« 2011). Both the Klotho forms have
regulatory effects on general metabolism.

Part of the experiments concerning the study ofrthe of natural and physiological molecules in
the maintenance of redox balance was performetieaKing's College London (Cardiovascular
Division, School of Medicine) under the supervisadrDr. Richard Siow and Dr. Giovanni Mann.
Dr. Mann’s team is interested in the role of antiext genes in vascular protection. Therefore, in
his lab it has been studied the effect of a varatynolecules able to modulate the expression of
antioxidant genes thus contributing to the protectof vascular dysfunction in atherosclerosis,
diabetes and hypoxia condition. Among these natuoralecules, the role of sulforaphane in
mediating the pre-activation of Nrf2 and its doweatn target HO-1 in the cerebral vasculature was
studied by Dr. Mann’s group (Alfieri, Srivastavaatt 2013).

For these reasons, the effects of sulforaphane g6K)Jotho (KI) on HO-1 and Prx-1 expression
and GSH intracellular level were studied in cultbleiman aortic smooth muscle cells (HASMC)
subjected to high glucose conditions mimicking hgbgaemia. In fact, it has been shown that
several pathologies such as dislipidaemia, hypsidan diabetes and metabolic syndrome can
induce an increased oxidative stress, leading tdimaascular disease or increased risk factors
(Hopps, Noto et al. 2010).

4.3.1 Effect of sulforaphane on HO-1 and Prx-1 expression in HASMC

As far as SF toxicity is concerned, it has beenvghthat the consumption of broccoli and other
cruciferous vegetables produces SF plasma contiensaanging between 0.031-781, reaching

a maximum at 1.5-2h (Dinkova-Kostova & Kostov, 2D1Phese concentrations guarantee safety
and efficacy of SF (Dinkova-Kostova & Kostov, 201Bdr this reason the non toxic concentrations
of 2.5 uM and 5 puM SF were chosen for the follonexgeriments.

All the experiments were performed in HASMC main& in three different conditions for 24
hours:

- “Normal Glucose, NG”: 5 mM glucose in the coltunedium DMEM;

- “High Glucose, HG”: 25 mM glucose in the coltunedium DMEM, to mimic an hyperglycaemia
condition;

- “Mannitol, Man”: 5 mM glucose + 20 mM mannitol the colture medium DMEM, as osmotic

positive control with respect to HG.
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After this period, HASMC were treated with 2.5 uM® uM SF for 12 or 24 hours. The whole
HASMC lysates were then subjected to SDS-PAGE aedt&n blotting analysis, using anti-HO-1
and anti-Prx-1 antibodies and the results are shawg. 15A. Fig. 15B shows that SF treatment
causes a significant increase in HO-1 expressiohictw is strongly proportional to SF
concentration. Also Prx-1 expression is augmemedASMC following SF treatments, but in this
case the increase is significant only with 5 uM &fd particularly in mannitol conditions (Fig.
15C).
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Fig. 22. Effect of 12 hours sulforaphane treatmenbn HO-1 and Prx-1 induction in HASMC maintained in
Normal Glucose, High Glucose, or Mannitol conditios.

(A) Confluent HASMC were maintained in NG, HG andaMfor 24 hours in DMEM, then treated with vehicle
(Control; DMSO, 0.01% v/v) or 2.5 and BV SF for 12 hours. Whole cell lysates were colldctelectrophoresed,
immunoblotted and revealed for anti-HO-1, anti-Brand antie-tubulin as control. A representative blot is sho{&
and C) Densitometric analysis of HO-1 and Prx-1reggion relative ta-tubulin in HASMC maintained in NG, HG
and Man for 24 hours in DMEM, then treated with aridl 5uM SF for 12 hours. Data are expressed as mearig of s
independent experiments and were analysed by omeANOVA followed by Bonferroni’'s test: *p < 0.05
significantly different from control NG, ** < 0.001 significantly different from control N&°p < 0.01 significantly
different from control HG?°°p < 0.001 significantly different from control HG#g < 0.01 significantly different from

control Man, ### < 0.001 significantly different from control Man.
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The same experiment was repeated treating HASME 2vi uM or 5 uM SF for 24 hours and the

results are shown in Fig. 16. From Figs. 16B an@ lican be seen that after 24 hours the
increased expression of both the proteins are depgendent on the SF concentration than data
obtained after 12 hours, particularly in the calsera-1 (Fig. 16C).
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Fig. 23. Effect of 24 hours sulforaphane treatmenbn HO-1 and Prx-1 induction in HASMC maintained in

Normal Glucose, High Glucose, or Mannitol conditios.

(A) Confluent HASMC were maintained in NG, HG ahthn for 24 hours in DMEM, then treated with vehicle
(Control; DMSO, 0.01% v/v) or 2.5 and BV SF for 24 hours. Whole cell lysates were colldctelectrophoresed,
immunoblotted and revealed for anti-HO-1, anti-Brand antie-tubulin as control. A representative blot is shoyB

and C) Densitometric analysis of HO-1 and Prx-1reggion relative ta-tubulin in HASMC maintained in NG, HG
and Man for 24 hours in DMEM, then treated with ar&l 5uM SF for 24 hours. Data are expressed as meamsea t
independent experiments and were analysed by omeANOVA followed by Bonferroni's test: *p < 0.01
significantly different from control NG, * < 0.001 significantly different from control NG*°p < 0.001
significantly different from control HG; ###< 0.001 significantly different from control Man.
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4.3.2 Effect of Klotho on HO-1 and Prx-1 expression in HASMC

Klotho is a molecule of recent discovering, so #féect of 0.1, 0.5, 1 nM Klotho Human
Recombinant protein addition on HASMC viability apdbliferation was analysed by using the
xCell System ICELLigence Real-Time Cell Analyzer DBide a cell culture incubator. This real-
time cell system continuously monitors changesmpadance over time, represented arbitrarily as
the cell index, as described in the Materials andtidds section. For proliferation assay,
impedance was collected every 15 minutes up to d@#sh No changes in vitality/ proliferation

status of the cells were observed, as reportedys E7A and 17B.
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Fig. 24.Effect of different Klotho concentrations on HASMC viability/proliferation.

(A) HASM cells were treated for 24 hours with diff@t concentrations of KI. Red = control, Blue £ @M, Purple =
0.5 nM, Green = 1 nM. Viability/proliferation wasauated by xCell System iCELLigence Real-Time Qelalyzer
DP as described in Materials and Methods. (B) Histm representation of the results shown in PandD#ta are
expressed as % of control and represent meansdf 8idee independent experiments. Data were archlyg@ne-way

ANOVA followed by Bonferroni’s test: no significandifferences were observed.

Confluent HASMC were maintained in the three abdescribed conditions (NG, HG, Man) for 24
hours. After this period, HASMC were treated witl1,00.5 or 1 nM Klotho for 24 hours. The
whole HASMC lysates were then subjected to SDS-PA@E Western blotting analysis, using
anti-HO-1 and anti-Prx-1 antibodies and the resardésshown in Fig. 18A.
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Fig. 25. Effect of 24 hours Klotho treatment on HOt and Prx-1 induction in HASMC maintained in Normal
Glucose, High Glucose, or Mannitol conditions.

(A) Confluent HASMC were maintained in NG, HG aMi@dn for 24 hours in DMEM, then treated with 0.15,0or 1
nM KI for 24h. . Whole cell lysates were collectedectrophoresed, immunoblotted and revealed fafHD-1, anti-
Prx-1 and antix-tubulin as control. A representative blot is sho@and C) Densitometric analysis of HO-1 and Prx-
expression relative te-tubulin in HASMC maintained in NG, HG and Man @4 hours in DMEM, then treated with
0.1, 0.5, or 1 nM Kl for 24 hours. Data are expeeisas means of three independent experiments aredamalysed by
one-way ANOVA followed by Bonferroni's test: *f¥ < 0.001 significantly different from control NG°p < 0.01
significantly different from control HG*°p < 0.001 significantly different from control HG#g < 0.01 significantly

different from control Man, ###< 0.001 significantly different from control Man.

Data showed in Figs. 18B and 18C evidence that HEBSkéated with exogenous Kl exhibit a
strongly, significant increase in HO-1 and Prx-Jrssion. Regarding to HO-1 (Fig. 18B), the
highest increase is observed in NG and HG conditiparticularly corresponding to the lowest Ki
concentration used. A similar trend is observed a@isthe case of Prx-1 expression (Fig. 18C). It
has to be pointed out that the most active 0.1 riMdfcentration is closer to the physiological
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concentrations of soluble Klotho levels (GolembiksysSafranow et al. 2013), confirming that Kl

takes part on the natural antioxidant defences.

4.3.3 Effect of High Glucose condition on GSH intracellular levelsin HASMC

Glutathione (GSH) is ubiquitously expressed inadll types and it represents the major non-
enzymatic regulator of intracellular redox homesistéMasella, Di Benedetto et al. 2005). Changes
in endogenous antioxidants such as GSH and ansiokidnzymes may reflect a physiological
consequence provoked by oxidative stress. It has Baown that long-term exposure of cultured
mouse endothelial cells to high glucose (28 mMulted in impaired GSH synthesis and decreased
GSH levels (Kline, Bassit et al. 2009).

Therefore, the GSH intracellular level of HASMC mained in High Glucose condition was
compared to that measured in the same cells maaadain Normal Glucose and Mannitol
conditions. After 48 hours growth, the cells weraimained in High Glucose conditions for 6, 12,
24 or 48 hours and in NG or Mannitol conditions && hours, then GSH intracellular level was
determined by using OPA fluorescence as describddaiterials and Methods section. The results
reported in Fig. 19 show that High Glucose conditrovoked a significant decrease in the
intracellular GSH level after 48 hours.

150
2100-"" . T =
I3 *
®»o
e
501
0 ] L L L L T
S & & a8 e
o L g g &
& ¢
GO

Fig. 26. Effect of different times of exposure to igh Glucose condition on intracellular GSH levelsin HASMC.
Confluent HASMC were maintained in HG for 6, 12,@448 hours, and in NG or Man for 48 hours. Intthdar GSH
levels were determined employir@phthaldialdehydg OPA) fluorescence as described in Materials arethigds.
Data are expressed as 100% Control, whose actubl G®centration is 40-50 nmol/ mg of protein.. Dat®
expressed as means = S.E.M of three independertiments and were analysed by one-way ANOVA folldvioy
Bonferroni’s test: p < 0.05 significantly different from control NG.
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4.3.4 Effect of sulforaphane on GSH intracellular level in HASMC

Since it has been reported that SF enhances thk G&H levels in SH-SY5Y cells (Tarozzi,
Morroni et al. 2009), it was investigated whethas imolecule could be able to restore the depleted
GSH level observed in HAMSC maintained in HG coiogitfor 48 hours.

To this purpose, HASMC maintained in NG, HG or Mamditions for 24 hours in DMEM, were
treated with 2.5 pM or 5 uM SF for 12 or 24 hounstlihe same three conditions, then the
intracellular GSH levels were measured. As it canseen in Figs. 20 A and 20 B, SF treatment
provoked a significant increase in HASMC intrackliluGSH content in all the condition tested,
both at 12 and 24 hours. In particular, as reparideg. 20B, SF was able to completely restore the

significant depletion of GSH levels observed aft@hours exposition to HG condition.
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Fig. 27. Effect of different times of exposure toudforaphane on intracellular GSH levels in HASMC.

Confluent HASMC were maintained in NG, HG or Mamditions for 24 hours in DMEM, then treated witlb 2r
5uM SF for (A) 12 hours, (B) 24 hours. IntracellulaSH levels were determined employi@gphthaldialdehyde
(OPA) fluorescence as described in Materials anthiviés. Data are expressed as means + S.E.M ofitidependent
experiments and were analysed by one-way ANOV/Aofedld by Bonferroni's test: 1§ < 0.01 significantly different
from control NG, ***p < 0.001 significantly different from control N&p < 0.01 significantly different from control
HG, °°°p < 0.001 significantly different from control HG#g < 0.01 significantly different from control Man##p <
0.001 significantly different from control Man;B< 0.05 significantly different from control NG .

4.3.5 Effect of Klotho on GSH intracellular level in HASMC

GSH disorder plays a role in many pathological assestates such as ageing, diabetes and several
chronic liver diseases. In aged mice, GSH leveés decreased (Wang, Liu et al. 2003). Since
Klotho protein has been correlated to aging pragsg might be a relationship between the
decrease of GSH levels and Klotho function.

To explore this possibility in the cellular modelder investigation, HASM cells maintained in NG,

HG or Man conditions for 24 hours in DMEM, wereated with 0.1, 0.5, or 1 nM Klotho for 8 or
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24 hours in the same three conditions, then asdayete intracellular GSH levels. Results in Fig.
21A and 21B show that, when HASMC are treated Witbtho, a significant increase in GSH
intracellular levels occurs in all the tested ctinds, with a little major extent corresponding2ib

hours Kl exposure (Fig. 21B).
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Fig. 28. Effect of different times of exposure to Ktho on intracellular GSH levels in HASMC.

Confluent HASMC were maintained in NG, HG or Mamditions for 24 hours in DMEM, then treated witl1,00.5 or
1nM Kl for (A) 8 hours, (B) 24 hours. Intracellul@&SH levels were determined employi@ephthaldialdehyd€OPA)
fluorescence as described in Materials and MethBdda are expressed as means = S.E.M of three endept
experiments and were analysed by one-way ANOV/Aofedld by Bonferroni's test:pf< 0.05 significantly different
from control NG, * < 0.01 significantly different from control NGp < 0.05 significantly different from control HG,
°°p < 0.01 significantly different from control HGp#< 0.05 significantly different from control Man## < 0.01

significantly different from control Man.

Also these results confirm that Klotho is involvad the physiological antioxidant defences,
suggesting that a part of its antioxidant effeculdoproceed through the modulation of GSH

intracellular levels.
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4.4 Study of the antioxidant and anti-hyperglycaemic properties of a natural

molecule

Topics that have been carried out at the King'de@el London and those in which the italian
research group is interested, gave rise to thd fiioblem studied, concerning the antioxidant and
anti-hyperglycaemic role of steviol glycosides axted from the perennial shr@evia rebaudiana
Bertoni. Indeed, it was demonstrated that metab®jicdrome and obesity, which often include
diabetes, are characterized by an altered oxidatiiexidant status. In particular, hyperglycemia
and inflammation, important components of thesedsymes, increase the production of ROS,
resulting in an increased oxidative stress withr@ativation of NADPH oxidases (Hopps, Noto et
al. 2010).

The plantSevia rebaudiana Bertoni has been used by the native people ofgaasaand Brazil to
treat diabetes, moreover, the plant’s leaves giuteaalistinctly sweet taste, containing no calgries
and are rich in metabolites such fasarotene, vitamins, terpenes and flavonoids, whigle the
plant its therapeutic advantages (Mohd-Radzmamilshal.). The zero-calorie properties are very
beneficial to patients suffering from obesity andbetes, as it will not elevate their blood glucose
levels, furthermore, a number of animal studiesshd@monstrated that, in diabetic rats, steviosides
exert anti-hyperglycemic and insulinotropic acti¢gdsppesen, Gregersen et al. 2002).
Rebaudioside A and stevioside (the two main stegiptosides found in this plant) are the two
predominant derivatives used in high potency swestealternative to sucrose, thus the antioxidant
activity of Rebaudioside A and other commer&@via extracts was investigated. Furthermore, as
above stated, the research group has been stunliea Ibng time the role of glucose transport
activity in leukaemia cell proliferation, thus, ta§ advantage from this expertise, the potential
insulin-like properties of these steviosides wdse atudied.

The study was carried out in the neuroblastoma $BYSand the promyelocytic leukaemia HL-60
cell lines, since they both express the Glutl isufof glucose transporter, which is responsible for
the basal glucose uptake, and Glut4, responsiblmsaolin-stimulated glucose uptake in peripheral
tissues (Lord, Bunce et al. 1988; van der Heiden&eers et al. 2006). Furthermore, these cells
express also the insulin-like growth factor-1 rd¢oep (IGF-1) (Saltiel and Kahn 2001), thereby

being susceptible to insulin action.

4.4.1 Effect of different Stevia extracts on cell viability and caspase-3 activity in SH-SY5Y and
HL-60 cell lines
Four differentSevia extracts, differing by the relative content of Retlioside A and stevioside,

were used for the following experiments:
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R97: contains 97-98% Rebaudioside A

R60: contains about 60% Rebaudioside A and abcd¥ts@vioside

SG: contains 50% Rebaudioside A and at least 2B%oside

TRU: contains a mixture of steviol glycoside noalgtically quantified.

First of all, the effect of the foutevia extracts on cell viability was evaluated by MTTsag as
reported in Materials and Methods section. SH-S¥sN HL-60 cells were treated with different
concentrations oftevia extracts (0.5-5 mg/mL, corresponding to 0.5-5 mBI7Rwhich can be
assumed as a pure compound) for 24 hours. Figsa2@A2B show that the extracts did not affect

cell viability/proliferation, confirming that thegre not cytotoxic within the concentration range
tested.
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Fig. 29. Effect of differentStevia extracts on SH-SY5Y and HL-60 cell viability/prolferation.

SH-SY5Y (panel A) and HL-60 (panel B) cells wereatied for 24 hours with different concentrationsthed four
extracts (0.1 mg/mL to 5 mg/mL). Viability/prolifetion was evaluated by MTT assay as described itefidds and
Methods, and compared to control (C). Results apeessed as means + SD of three independent exg@snin=8).

Statistical analysis was performed by Bonferromiigltiple comparison test following one-way ANOVAig8ificant
differences were not revealed.

Cytotoxicity was also evaluated by measuring tictale dehydrogenase (LDH) activity, as reported
in Materials and Methods section, which is an indegell membrane integrity. As it can be seen in
Figs. 23A and 23B, after 24 hours treatment withdkiferentStevia extracts, the LDH activity did

not change in both cell lines. LDH activity measune 100 uM HO, treated cells for 30 min was
shown as positive control.
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Fig. 30. Effect of different Stevia extracts treatment on lactate dehydrogenase (LDH3ctivity in SH-SY5Y and

HL-60 cells.
LDH activity was measured as described in Matergald Methods. SH-SY5Y (panel A) and HL-60 (panelcB)is

were treated with the four different extracts ahd/mL final concentration for 24 hours, or cellsrevéreated with 100
UM H,O, for 30 min as control of LDH activity. Results aexpressed as means + SD of three independent
experiments, each performed in triplicate. Statidtanalysis was performed by Bonferroni’s multiptenparison test

following one-way ANOVA. P < 0.05, significantly different from control cells

In order to evaluate a possible effect on apoptdbkis activity of caspase 3 was measured, as
reported in Materials and Methods section. Caspasesa family of cysteine proteases with
aspartate specificity, playing a central role imiaas apoptotic responses, where they are activated
in a sequential cascade of cleavages (Alnemri,ngision et al. 1996). To detect the enzymatic
activity of caspase 3, the fluorogenic substrateD&0/D-AMC was used, and staurosporine, a well
known apoptosis inducer, was employed as positwéral. Treatments of cells witBevia extracts

for 1 or 6 hours (data not shown) or for 24 holigg. 24A and 24B) did not influence caspase 3
activity, indicating that the steviol glycosidested did not induce programmed cell death.
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Fig. 31. Effect of differentStevia extracts treatment on Caspase 3 activity in SH-SY$5and HL-60 cells.

Caspase 3 activity in SH-SY5Y (panel A) and HL-p@r{el B) cells was evaluated in the presence ofi/inin steviol
glycosides incubated for 24 hours. Staurosporiteuf®, 1ug/mL for 4 hours) was used as positive control.paas 3
activity was measured spectrofluorimetrically aftdrhours in cell lysates as reported in Materaild Methods. Each
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column represents the mean + SD of three indepémdg@eriments. Statistical analysis was performg@8dnferroni’s

multiple comparison test following one-way ANOVAp ¥ 0.05, significantly different from control cells

4.4.2 Effect of different Stevia extracts on ROS intracellular level in SH-SY5Y and HL-60 cell
lines

The antioxidant activity of the four commerckkvia extracts was investigated in SH-SY5Y and
HL-60 cells by means of DCF fluorescence, as repom Materials and Methods section. As
shown in Fig. 25, the compounds did not exhibit anjioxidant activity, since they were neither
able to decrease basal ROS level at the highesteotnation used (Figs. 25A and 25B) nor to
counteract intracellular ROS raise due to exogermidative stress (10QM H,O, for 30 min)
(Figs. 25C and 25D). This lack of antioxidant aityivs in contrast with the data reported by other
Authors (Shivanna, Naika et al. 2013; Tavarini afdgelini 2013), probably because the
compounds used in the present study are commeseiakteners containing 95-98% steviol
glycosides with no appraisable amounts of polyplenmaturally present istevia leaves, likely

responsible foBevia antioxidant activity.
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Fig. 32. Effect of differentStevia extracts treatment on intracellular ROS levels inSH-SY5Y and HL-60 cells.
SH-SY5Y (panel A) and HL-60 (panel B) cells wereated for 1 hour with differertevia extracts (5 mg/mL), then

basal ROS levels were measured by means,DIOHDA assay as described in Materials and MethBgsults are
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expressed as means = SD of four independent expetsn{n=38). Statistical analysis was performed lyfBrroni’s
multiple comparison test following one-way ANOVAigS8ificant differences were not revealed. SH-SY%¥4r{el C)
and HL-60 (panel D) cells were pre-incubated folaur with differentSevia extracts (5 mg/mL) then exposed to
oxidative stress generated by 1M H,O, for 30 min. ROS levels were measured by means,BiFDA assay as
described in Materials and Methods. Results areesgged as means + SD of four independent expersnien8).
Statistical analysis was performed by Bonferromiigltiple comparison test following one-way ANOVAig8ificant
differences were not revealed amongkitreated cells.

4.4.3 Effect of different Stevia extracts on glucose transport activity in SH-SY5Y and HL-60 cell
lines

The effect of the four differertevia extracts on glucose transport activity was evaldian HL-60
and in SH-SY5Y cell lines, and compared to theaftef 100 nM insulin, a concentration value
often reported in the literature (Udelhoven, Leexeaal. 2010). Figs. 26A and 26B show that all the
extracts were able to enhance glucose uptake alasiextent after 1-hour incubation in both
cellular lines.. More interestingly, results revélaht Sevia extracts and insulin behave similarly,
beingStevia extracts as efficient as insulin in increasingcgke uptake. Moreover, the co-treatment
with insulin andStevia extracts causes a rise of glucose transport ggnify higher than the

increase due to insulin alone.
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Fig. 33. Effects of differentStevia extracts and insulin treatment on glucose transpdractivity in SH-SY5Y and
HL-60 cells.

SH-SY5Y (panel A) and HL-60 (panel B) cells wereatied with steviol glycosides (1 mg/mL) or with 18 insulin
(1) or with steviol glycosides and insulin simulerusly. Glucose uptake was assayed as descritied Materials and
Methods. Results are expressed as means + SD @ thdependent experiments, each performed inicaipl
Statistical analysis was performed by Bonferroniltipie comparison test following one-way ANOVA. *f<05,
significantly different from control cells; °p<0.0fignificantly different from the corresponding lsehot stimulated

with insulin.
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It is well known that insulin induces the translea of Glut4 from cytosolic storage vesicles te th
plasma membrane, thereby enhancing the glucosgpwanactivity. The same behaviour has been
described for Glutl in acute leukaemia cell limesasponse to different stimuli (Maraldi, Fioremtin
et al. 2004; Maraldi, Prata et al. 2007). Interegy, it has been recently shown for the first time

a neuronal system that in SH-SY5Y cells both Glatl Glut4 are translocated to the plasma
membrane in response to insulin through a phogpHaiositol 3-kinase (PI3K)—dependent
mechanism similar to that described in muscle guase tissues (Benomar, Naour et al. 2006).
Therefore, the expression of Glutl and Glut4 inrablastoma and leukaemia cells following
treatment with insulin oBevia extracts was assessed by Western blot analysiglbtysates (as
reported in Materials and Methods section). FigsA 2and 27B report representative immunoblots
for Glut isoforms and the densitometric analysiggF27C and 27D) in both cell lines. It can be
seen that the increase in Glutl and Glut4 contbetgimed following exposure t&evia extracts is
similar to that obtained by insulin stimulation.€Be results are in accordance with those observed

in the evaluation of glucose transport activity.
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Fig. 34. Effects of differentStevia extracts and insulin treatment on Glutl and Glut4content in SH-SY5Y and
HL-60 cells.

SH-SY5Y and HL-60 cells, treated with insulin orthvsteviol glycosides, were lysed with CelLytic M described in
Materials and Methods. Cell lysates were electropded and immunoblotted with anti-Glutl and antH@l
antibodies, as described in Materials and MethPdsctin detection was used as control. Immunoblefsresentative

of three independent experiments are reported F#S85Y (A) and HL-60 (B) cell lines. Densitometranmalysis
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(normalized forp-actin content and expressed as fold of controjhiswn for Glutl (C) and Glut4 (D). Statistical
analysis was performed by Bonferroni's multiple gamison test following one-way ANOVAp*< 0.05, significantly

different from control cells.

4.4.4 Effect of different Stevia extracts and insulin on PI3K pathway in SH-SY5Y and HL-60 cell
lines

It is well known that insulin, through its receptstimulation, provokes the phosphorylation of
tyrosine receptor kinases and the activation oigaas transduction pathway involving PI3K and
Akt (Hers 2007). Since the results thus far obthislkeow that th&evia extracts mimic the insulin
action, the possible involvement of the PI3K sigmapathway in the steviol glycoside action was
investigated. Then the phosphorylation status &KPand Akt was evaluated followin§evia
extract treatment and insulin stimulation of SH-SY&nd HL-60 cell lines. Immunoblotting results
reported in Figs. 28A and 28B and densitometridyasimareported in Figs. 28C and 28D show that,
upon the treatment with insulin &evia extracts, the phosphorylated forms of both PI3K Akt
were significantly increased, indicating a possibimilar mechanism of action or, at least, a

common signalling pathway between these two stimuli
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Fig. 35. Effects of differentStevia extracts and insulin treatment on PI3K/Akt pathway.

SH-SY5Y and HL-60 cells, treated with insulin orthvsteviol glycosides, were lysed with CelLytic M described in
Materials and Methods. Cell lysates were electropded and immunoblotted with anti-PI3K, anti-Aktdaanti-
phospho-PI3k and anti-phospho-Akt, as describeMaterials and Method$i-Actin detection was used as control.
Immunoblots representative of three independenté@x@nts are reported for SH-SY5Y (A) and HL-60 (8}l lines.
Densitometric analysis of PI3K phosphorylation s$ats expressed as phospho-PI3K/total PI3K ratjoaf@ expressed
as fold of control. Densitometric analysis of Aktgsphorylation status is expressed as phosphoefdt/kt ratio (D)

and expressed as fold of contrgh. < 0.05, significantly different from control cells
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Chapter 5- Discussion
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5 Discussion

The three major problems investigated and presenttus Thesis deal with the great universe of
“ROS management”. A fine balance between reactw@izing species generation and antioxidant
levels allows either the cross talk between celihe control of fundamental intracellular

functions. Moreover, the generation of these doeblged molecules can lead to the activation of
survival mechanisms or trigger the cell death. Besnario is complicated by the observation that
different cell types seem to display different nedensitivities, different signalling pathways and
different defence mechanisms. Beside the role o ROnormal physiological signalling, growing
evidence implicates alterations in redox signallingxcessive ROS production as contributors to
many disease processes. Cancer, insulin resiséamcsubsequent diabetes mellitus, aging and age-
related regenerative capacity, neurodegeneratsaades and inflammation are correlated with
intracellular redox state. In this context a catitssue is the important role played by antioxtdan

in human diet or as therapeutic agents, sometimsidered “beneficial’, sometime “deleterious”.
As stated in the “Aim of the Thesis”, the first maproblem investigated concerns the role of ROS
in biosignalling.

After the discovery that NADPH oxidases are notya@pressed in phagocytic cells, but also in a
variety of cellular types, it has been demonstrateat these enzymes are the major source of
intracellular ROS. NADPH oxidases are now recoghitte have specific subcellular localization,
required for localized ROS production and activatid specific redox signalling pathways (Ushio-
Fukai 2009).

One of the surprises in redox biology was the nedat recent appreciation of hydrogen peroxide
(H20,) as a messenger molecule;(d is considered a second messenger in differentvagth
among them several growth factor-induced signaltagcades and insulin signalling (Sies 2014),
which was probably the first transduction chainwhich H,O, resulted as a second messenger
(May and de Haen 1979), inducing tyrosine phosghtion and acting as a growth factor (Ushio-
Fukai, Tang et al. 2002). To act as a signal mdéeddb,O, has to be spatially and temporally
produced and this is the case gfdoriginated by the regulated NADPH oxidase enzym@ckv
produces superoxide anion outside the cell. Owinthé spontaneous dismutation or to the action
of SOD, superoxide anions give rise tg(Hl After its production, KO- is not free to move across
the membrane, in agreement with its physicochenpicgberties: HO, has, in fact, a slightly larger
polarity than water, making its non-facilitatedfdgion through the hydrophobic lipid bilayer less

rapid than that of water (Bienert and Chaumont 2014
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It was experimentally demonstrated that specificP&Qacilitate HO, diffusion, crossing this
uncharged molecule with the same speed of watername rapidly than by simple diffusion
(Bienert and Chaumont 2014). This observation hesnbconfirmed by using specific AQPs
inhibitor, as silver or gold nitrate, which provake decrease of J&, movement into the cell
(Niemietz and Tyerman 2002).

In the first set of experiments here reported, emaohnstrated that, also in acute leukaemia-derived
B1647 cell line, specific AQP isoforms constitutpassible way through which Nox-derived®3

can enter the cells to act as a signal moleculss. ditservation has been confirmed by the inhibition
of AQP function obtained either by AgN®©@r AQP silencing, which provoked similar resultse
decrease of D, transport when this peroxide is exogenously addezhdogenously produced by
Nox enzymes, as revealed by the evaluation of R@8aellular levels.

Among the many AQP isoforms, AQP1, AQP3 and AQP&weported to channel,B8, through
the plasma membrane (Bienert and Chaumont 201464 Btell line expresses, at least, AQP3 and
AQP8. Silencing or overexpression of AQP3 and AQR#&onstrated a pivotal role played by
AQP8 in facilitating HO; diffusion across plasma membrane in B1647 cells.

The combined effect of an AQP inhibitor, Aghl@ind of a Nox-inhibitor, DPI, allows to evaluate
the correlation between Nox-generated ROS and AQiNitg. The lack of an additive effect on
intracellular ROS level exerted by these two infoils suggests that they act by preventing Nox-
produced HO, to enter the cell in two different wayise. either by blocking KO, production or
transport.

It has been previously observed thaOkimimics the growth factor stimulation of glucoseak# in
leukaemia cell lines, suggesting a key role for R@®@%he signalling leading to Glutl regulation
(Maraldi, Fiorentini et al. 2007). Furthermore,Bt647 cells, constitutively expressing both VEGF
and its receptor VEGFR-2, VEGF is supposed to z&tilROS as messenger intermediates
downstream of the VEGFR-2, and glucose uptaka cellular activity strictly bound to VEGF-
induced cellproliferation. The measure of glucose transponvigtobtained in AQP- and Nox-
inhibition conditions allows to demonstrate thaiOx produced by Nox and channelled AQP
through the plasma membrane, is indeed able t@a& signal molecule in B1647 cells, being
responsible for the signal leading to Glutl acyivitloreover, data here reported demonstrated that
when AQPS8 is overexpressed in B16478 cells, thityabif VEGF to trigger an increase of,8,
intracellular level is enhanced; on the contrarhew AQP8 isoform was silenced, a decrease in
intracellular ROS level triggered by VEGF was oliedr These data confirm the importance of

AQP8 basal expression in modulating VEGF-induce®&R@neration.
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There is now a consensus that VEGF family is ctud@ vascular development and
neovascularization in both physiological and patbga processes. VEGF and VEGFR receptors,
indeed, are not exclusively expressed by endotraibs, but are also present in hematopoietic cell
This is not surprising, since during embryonic depment hematopoietic and early endothelial
cells originate from a common precursor known asdrgioblast, thus several pathways are shared
by hematopoietic and vascular cells (Choi 1998). rbtent studies, the expression of
VEGF/VEGFR in acute myeloid leukaemia patients b@sn detected and the increased levels of
plasma VEGF have been correlated with reduced \wlnand low remission rates (Aguayo,
Kantarjian et al. 2002).

The role of caveolae and lipid rafts in the regaolabf signal transduction and protein traffickiisg
now well established. Rafts may contain incomp¢malling pathways that are activated when a
receptor or other required molecules are recruina them, or, on the contrary, they can limit
signalling by physical sequestration of signallc@mponents, which become in their active form
when are released from rafts (Pike 2003; Partondeid?ozo 2013). As above mentioned, this
concept is peculiar for redox signalling: in orderact as signal molecules, ROS must be generated
in discrete compartments and in a controlled manner

Regarding this point, recent experimental evidesite®ns that, in endothelial cells, VEGF promotes
the release of VEGFR-2 from caveolae/lipid raftsd aits consequent activation, possibly
stimulating NADPH oxidases (Ushio-Fukai 2007). Mwrer, in endothelial cells, VEGFR-2 is
present in caveolae through association with CawdolCav-1), which negatively regulates the
receptor activity in basal state. Dissociation &G&FR-2 from caveolae/Cav-1 seems to be essential
for VEGFR-2 autophosphorylation and activation a@lwdstream signalling events (Labrecque,
Royal et al. 2003).

To investigate the potential involvement of plasmambrane caveolae/lipid rafts in VEGF-
mediated redox signalling in B1647 cells, the ekpental model employed cells cultured either in
the presence or absence of serum. In fact, thigyged is able to auto-produce VEGF, and serum
starved conditions allow to evaluate the cellukasdl state, ruling out other growth factor effects.
The results obtained in the second set of expetsrigere reported, show that when B1647 cells are
serum starved, VEGFR-2 is present in fractionsesmponding to raft and non-raft regions, whereas
when cells are cultured in the presence of seruaGRMR-2 content partially shifts towards non-raft
fractions. This behaviour is consistent with higlberlower VEGF concentrations: serum starved
cells have a lower VEGF concentration, thus VEGFR-Rartially sequestered into caveolae/lipid

raft regions, where it is probably linked to Caveb; the contrary, in serum added cells, the VEGF
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concentration is higher, thus causing the breakddke link Cav-1/VEGFR-2 and the consequent
displacement of a major portion of VEGFR-2 fromeabae/lipid raft to non-raft regions.

The methylB-cyclodextrin-induced disruption of caveolae/liprdfts allows more interaction
between VEGF and its receptor VEGFR-2, causingsii&é towards non-raft regions in both
serum-starved and serum added conditions. Thiditéaed formation of the VEGF/VEGFR-2
complex causes VEGFR-2 phosphorylation and theegprent activation of downstream signalling
pathway, leading to the increase of intracellul@@3level and glucose transport activity.

Moreover, CD treatment increases glucose uptakeugfir Glutl recruitment into the plasma
membrane from intracellular pool, in accordanceéhweiidence reporting that Glutl transporters are
localized in part in caveolaellipid rafts in manglldypes (Sakyo and Kitagawa 2002) and that
cholesterol depletion triggers its translocatioonir cellular stores toward the cell surface in
leukaemia cells (Caliceti, Zambonin et al. 2012).

In agreement with data obtained in endothelialsc@llabrecque, Royal et al. 2003), it has been
demonstrated that, also in B1647 cells, VEGFR-2h@&absence of serum, is more linked to Cav-1;
instead, in serum added cells, VEGFR-2 binding &v-C significantly decreases promoting its
activation, as demonstrated by the higher lev@haisphorylation observed.

It is interesting to consider the role of the pmot€av-1, which has been reported to influence both
positively and negatively various aspects of tumanaigression and to act as tumour suppressor or
poor prognostic factor in many human cancers (Gdetpie et al. 2008). The Cav-1 scaffolding
domain (CSD) mimics the action of Cav-1 proteimpresenting the portion of the protein essential
for both Cav-1 oligomerization and the interactith other proteins (Couet, Li et al. 1997). CSD
binds many signalling molecules, and in many casasgatively regulates their functions (Drab,
Verkade et al. 2001). Results obtained in the etmn of intracellular ROS level and glucose
uptake activity in the presence of CSD suggest @at-1 may act as a negative regulator of the
VEGFR-2 function also in B1647 cells.

The results obtained with Bevacizumab (FerrardaHliét al. 2004) and Semaxinib (Fong, Shawver
et al. 1999), able to inhibit the VEGF/VEGFR-2 natetion with different mechanism of action,
confirm the importance of this molecular complexniaintaining the redox loop leading to high
intracellular ROS level and glucose uptake activityB1647 cells. The importance of inhibit
tumour angiogenesis is now recognized as an helpflllin therapeutic strategy, nevertheless, the
wide adverse effects induced by anti-VEGF agentaastrated that these drugs have a broad
impact on vasculatures in multiple healthy tissared organs (Folkman 1971).

The second major problem investigated concernsdieeof natural or physiological molecules in

maintaining or altering the ROS balance insidectlés.
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The issue of protectiveersus deleterious roles for both endogenous and dietelrantioxidants

in health and diseases is highly debated. Fronmidn@y reviews published on this topic, G.E. Mann
and co-workers observed that, although epidemiokdgevidence suggests that diets containing
high amounts of natural antioxidants afford pratttagainst coronary heart disease, antioxidant
supplementation trials have largely reported onbrgmal health benefits (Mann, Rowlands et al.
2007). A convincing point of view comes from B. Hagll, who claims that, provided one is not
deficient in vitamins, the antioxidant defences thha synthesize ourselves are far more important
than any antioxidant benefit deriving from largeglkementation of vitamins E, C, carotenoids or
flavonoids. Thus, agents that stimulate our adeptasystems and elevate our endogenous
antioxidant defences and other protective system@ng Ine more protective against tissue damages
due to oxidative stress than the consumption gelamounts of vitamins or antioxidants (Halliwell
2012).

One of the most important of the adaptation systethe nuclear factor erythroid 2-related factor 2,
Nrf2, a transcription factor that increases leveisseveral protective agents, such as reduced
glutathione, and the expression of endogenousyadéints, such as heme oxygenase 1 (HO-1) or
peroxiredoxin-1, (Prx-1), in response to toxic agdKasper et al, 2009).

Many nutraceuticals compounds, extracted from aewsarof plants, are able to activate Nrf2
pathways, such as resveratrol, pterostilbene, sydf@ane, curcumin, cafestol, quercetin, and
epigallocatechin-3-gallate (Balstad, Carlsen et28ll1). To this regard, it has been shown that
vascular cells respond to an environmental oxiéastress by inducing endogenous antioxidant
defence mechanisms and that dietary antioxidants coanteract oxidative stress in vascular and
inflammatory diseases by modulating key redox smesigene transcriptionvia NF-«xB and
Nrf2/ARE signalling pathways (Mann, Rowlands et2007). Among the endogenous antioxidant
defences, the recent discovery of the Klotho protaised a great appeal, since the Klotho gene was
identified as an “aging suppressor” in mice (Kurgail).

In the experiments performed at the King's Collegadon, human aortic smooth muscle cells
(HASMC) were subjected to three different condiipim order to mimic an hyperglycaemic status,
and treated with sulforaphane or exogenous KlofResults show that both these treatments
induced significant increases in HO-1 and Prx-1resgion, confirming that sulforaphane is able to
stimulate Nrf2/ARE signaling pathways and that fietho protein takes part on the natural
antioxidant defenses. Moreover, both sulforaphame l&lotho treatments were able to strongly
elevate GSH intracellular levels and to completelstore the significant depletion of GSH levels
observed after 48 hours HASMC exposition to HG d@ionl These data contribute to partially
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clarify the antioxidant effect of Klotho, which dduproceed through the modulation of GSH
intracellular levels.

Nevertheless, the similar results observed in lineet experimental conditions tested, suggest that
these conditions are not stressing enough to ajpeesignificant differences between a normal
glucose concentration and a simulated pathologstalus. Alternative experimental strategies
should be adopted to carry on this study in theréut

The third faced problemi,e. the study of the antioxidant and antihyperglycemioperties of
natural moleculesevia extracts) used for their anti-diabetes effect]sleace again with the ROS
balance inside the cells, providing a more appdiegroach.

At present, researchers worldwide agree on thdiabgticStevia effect, but they differ on how this
effect proceeds through. Some assert 8atia’'s utility is due to the antioxidant propertiesité
leaves, which have been reported bethvitro andin vivo (Shivanna, Naika et al. 2013; Tavarini
and Angelini 2013). Some other state that stevessate able to down-regulate the NF-kB pathway
and TNF. expression, modulate insulin secretion and sertgitiand inhibit hepatic
gluconeogenesis (Mohd-Radzman, Ismail et al.). foee, many points concerning the mechanism
of action of these compounds need to be clarified.

In order to study the potential insulin-like propes of the most useftevia extracts, the human
neuronal cell line SH-SYS5Y is of particular intetresince it has been recently reported that indhes
cells Glutl translocation in response to insulkelgrowth factor occurs and, for the first timeain
neuronal cell system, also Glut4 translocated ® plasma membrane in response to insulin
(Choeiri, Staines et al. 2002). The evaluationhaf intracellular ROS level demonstrated that the
Sevia extracts tested failed to exert any antioxidafeafin both SH-SY5Y and HL-60 cells, in
contrast with data reported in the literature. @is tegard, it has to be pointed out tB&tia leaves
were properly reported to have antioxidant actjyiiobably due to their naturally elevated amount
of polyphenols (Shivanna, Naika et al. 2013), whsrine compounds used in the present study are
commercial sweeteners, containing 95-98% stevigtagides with non appraisable amount of
polyphenols.

Interesting results were obtained in the evaluatiérthe glucose transport activity, since the
different Sevia extracts tested were as efficient as insulin imeasing the glucose uptake of both
cell lines. Moreover, the co-treatment with insuéind Stevia extracts causes a rise in glucose
transport significantly higher than the increase do insulin alone, revealing an additive effect
between these two stimuli. The expression of glecasansporter isoforms observed in
neuroblastoma and leukaemia cells following treatméth insulin orSevia extracts demonstrated

that both these stimuli provoke a Glutl and Glaruitment from intracellular pools to the plasma
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membrane of HL-60 and SH-SY5Y cells, thereby indgcihe increase in the glucose transport
activity. These data provide important evidencepsuiing the insulin-like effect of steviol
glycosides in human cells and clarify one of thmssible mechanism of action. On this regard, the
investigation of the signal transduction pathwayolwed in the effect of these two stimuli
demonstrated that the phosphorylated forms of BY8K and Akt were significantly increased
upon the treatment with insulin 8tevia extracts, indicating a possible similar mechanigraction

or, at least, a common signalling pathway sharedhlege two stimuli, which can explain their
observed additive effect.

In conclusion, these data suggest that steviologiges act by modulating Gluts translocation
through PI3K/Akt pathway, giving evidence aboutitmecommended use as natural sweeteners for

diabetic patients.
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Fig. 36. HO, signalling in B1647 human acute myeloid leukaemieell line.

The major source of intracellular ROS is the NAD{R)xidase family (Nox), which play an importanteol
in biological processes, producing extracellulgzesoxide (Q ). Two molecules of @« can dismutate and
produce hydrogen peroxide {&) in the presence of the enzyme superoxide dismuta®D) (Lambeth
2004). AQPs is a channel through whickO:5or H,O can enter into the cell; in particular AQPL1 isafe
facilitate the passive diffusion of,8 across biological membranes, whereas AQP3 and8A#)® more
specific for HO, diffusion. AQNG; inhibits AQPs, while DPI blocks Nox. Caveolaefipafts are membrane
regions rich of cholesterol and sphingolipids amtl @ platforms for compartmentalization of progein
involved in signal pathway (Patel and Insel 2008scular endothelial growth factor receptor (VEGFR)
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colocalizes with Caveolin-1 (Cav-1) into caveolaad also insulin growth factor receptor (IGFR) &he
glucose transporter 1 (Glutl) are partially loaadizn these domains.

In B1647 cells, constitutively expressing both VE&tH its receptor VEGFR-2, VEGF is supposed tdzetil
ROS as messenger intermediates downstream of ti&FRE2. Upon the formation of VEGF/VEGFR-2
complex, Nox is activated and,®, produced extracellularly is channellgih AQP3/AQP8 through the
plasma membrane. Inside the cell(4 is able to act as a signal molecule, being resiptanfor the signal
leading to Glutl activity.

Bevacizumab inhibits VEGF; Semaxinib inhibits VEGERCaveolin scaffolding domain peptide (CSD)
mimics Cav-1, acting as a negative regulator of MBE&SFR-2 function. All these compounds confirm the
importance of VEGF/VEGFR-2 complex in maintainirg tredox loop leading to high intracellular ROS
level and glucose uptake activity in B1647 cells.
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Fig. 37. Proposed mechanism of effects provided I8F and Klotho in HASMC.

The representative figure of sulforaphane (SF)Kptho mechanisms is an adaptation of (Tarozzi, idiair

et al. 2009). Human aortic smooth muscle cells (M&$ were subjected to different conditions, in orte
mimic an hyperglycaemic status, and treated wittoS€xogenous soluble Klotho. High glucose and AGEs
increase ROS production (Chen and Kong 2004).

SF is an isothiocyanate present in cruciferous teddees that induces antioxidant defence enzymesigifr
Keapl/Nrf2 transcriptional activation (Angeloni,drecini et al. 2009; Alfieri, Srivastava et al. 2Q01WUnder
basal conditions, Keapl, that contains cysteina&uwes, binds Nrf2. When SF, or other compounds or

oxidative stress change the eletrofilic balance,dysteine residues are oxidized and Nrf2 is rekb@Baird
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and Dinkova-Kostova 2011). Nrf2 translocates to rineleus where binds ARE (Antioxidant Responsive
Element) in the presence of Maf proteins (Baird Bimtkova-Kostova 2011). ARE increase the synthebis
many ARE-dependent antioxidant enzymes in diffecefitsystems (Angeloni, Leoncini et al. 2009),lsas
glutathione reductase (GR), glutathione peroxidd&Px), heme oxygenase (HO-1), NAD(P)H-
Quinone:Oxidoreductase (NQO1), peroxiredoxin-1 {Prx and glutaredoxin, thioredoxin, thioredoxin
reductase. It has been shown that SF directlydnterwith Keapl by covalent binding to its thiobgps
(Dinkova-Kostova, Holtzclaw et al. 2002).

Klotho, a protein with multiple pleiotropic effectexists in membrane and secreted forms with distin
functions. The trans-membrane protein form is aem@ptor for FGF23, although the mechanisms inwblve
in its action remain to be fully elucidated.

Klotho increases HO-1 and Prx-1 expression. Botha8& Klotho treatments were able to elevate GSH
intracellular levels and to completely restore significant depletion of GSH cell contents obseradigr
48-h exposition to high glucose conditions.

—> Increase
— — @ Inhibition

Future experiments

Fig. 38. Proposed mechanism of Steviol Glycosidef$eets on SH-SY5Y and HL60.

Steviol glycosides, primarily stevioside and rebasidle A, are natural constituents of the pl&wvia
rebaudiana Bertoni. Insulin increases glucose uptake in d@jistimulating the translocation of the glucose
transporters (Glutl and Glut4) from intracellultores to the cell surface.

The PI3K/AKT pathway is a key component of the limsgignalling cascade and is essential for glucose
transport, inducing the translocation of Glut4. Ratioside A and three different mixtures of steviol

glycosides activate the same PI3K/Akt pathwayswatg an insulin-like effect.
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6 Conclusions

Results reported in this Thesis contribute to thm@rehension of the complicated world of “redox
biology”.

Having a clear understanding of how ROS regulagmadiing pathways both in physiological
responses and in pathogenesis and progressioseadsdis will allow to develop strategies in order
to improve well-being or to uncover new therapetdigets.

In cancer cells, the increase in ROS generatiom froetabolic abnormalities and oncogenic
signalling may trigger a redox adaptation respomsacling to an up-regulation of antioxidant
capacity in order to maintain the ROS level belbe toxic threshold. Thus, cancer cells would be
more dependent on the antioxidant system and mdreerable to further oxidative stress induced
by exogenous ROS-generating agents or compoundsirthiéit the antioxidant system. The
modulation of ROS content above or below the tlokstevel could lead to cell death, and this
might constitute a biochemical basis to designapeutic strategies to selectively kill cancer cells
Results here reported indicate that the developmenew drugs targeting specific Nox isoforms,
responsible for intracellular ROS generation, or FA@oforms, involved in the transport of
extracellular HO, toward intracellular targets, might be an intangstnovel anti-leukaemia
strategy.

Furthermore, also the use of CSD peptide, whictukita the VEGFR-2 segregation into caveolae
in the inactive form, might be a strategy to sto ¢ellular response to VEGF signalling.

As above stated, in the understanding of the rdalobogy, it is also important to identify and
distinguish the molecular effectors that maintaornmal biological and physiological responses,
such as agents that stimulate our adaptation sgstemd elevate our endogenous antioxidant
defences or other protective systems. Data hemtezpindicate that the nutraceutical compound
sulforaphane and the Klotho protein are able towgtte the HO-1 and Prx-1 expression, as well as
the GSH levels, confirming their antioxidant andtpctive role.

Finally, results here reported demonstrated Shatia extracts are involved in insulin regulated
glucose metabolism, suggesting that the use ofetlcesnpounds goes beyond their sweetening

power and may also offer therapeutic benefits h@npeoving the quality of life.
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List of abbreviations

*OH Hydroxyl Radical

Ac-DEVD-AMC acetyl-Asp-Glu-Val-Asp-aminomethylcoumsa
AGE Advanced glycation end products

AML Acute myeloid leukemia

Angll Angiotensin Il

ANOVA Analysis of variance

AQP Aquaporin

ARE Antioxidant response element

BSA Bovine serum albumin

B1647 Human erythromegakaryocytic leukemia ce# lin
bZip Basic leucine zipper

Cav-1 Caveolin-1

CD Methyl-cyclodextrin

CD71 Transferrin receptor

CSD Cav-1 Scaffolding Domain

CVD Cardiovascular diseases

Cyp Cytochrome

DAG Diacylglycerol

DCF 2',7'-dichlorofluorescein

DCFH-DA Dichlorofluorescin diacetate
DMSO Dimethyl sulfoxide

DMEM Dulbecco’s modified Eagle’s medium
DNA Deoxyribonucleic acid

DOG 2-deoxy-D-glucose

DPI Diphenyleneiodonium chloride

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
eNOS Endothelial nitric oxide synthase

ERK Extracellular signal-regulated kinases
FADH Flavin adenine dinucleotide

FBS Foetal bovine serum

FGF Fibroblast growth factor
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FOXO Forkhead box O

GF growth factor

GLUT Glucose transporter

GPx Glutathione peroxidase

GRed Glutathione reductase

GSH Glutathione

GSK3 Glycogen synthase kinase 3

GSSG Oxidised glutathione

GST Glutathione S-transferase

H,DCFDA 2',7'-dichlorodihydrofluorescein diacetate
H,0, Hydrogen peroxide

HAD highly efficient and unaltered antioxidant dedes
HBSSHanks’ Balanced Salt Solution

HG High Glucose

HIF-1 Hypoxia inducible factor-1

HO-1 Heme oxygenase-1

HRP Horseradish peroxidase

HS Human serum

HUVEC Human umbilical vein endothelial cell
| Insulin

IGF Insulin-like growth factor

IL Interleukin

INOS Inducible nitric oxide synthase

IR Insulin receptor

IRE1 Inositol-requiring kinase 1

IRS Insulin receptor substrate

LAD low antioxidant defences

LDH Lactate dehydrogenase

JNK c-jun N-terminal kinase

Keapl Kelch-like ECH-associating protein 1
Kl Klotho

MAPK Mitogen-activated protein kinase
MnSOD Manganese superoxide dismutase

MRNA Messenger ribonucleic acid
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MTT (3-(4,5 — dimethylthiazol — 2 — yI) — 2,5 — tignyltetrazolium bromide
Man Mannitol

NAD Nicotinamide-adenine dinucleotide

NADH Reduced nicotinamide-adenine dinucleotide
NADP+ Oxidised nicotinamide-adenine dinucleotidegbhate
NADPH Nicotinamide adenine dinucleotide phosphate
NG Normal Glucose

NO" Nitrosonium Cation

NO Nitroxyl Anion

NF-xB Nuclear factor kappa B

NO Nitric oxide

NOS Nitric oxide synthase

Nox NAD(P)H oxidase

NQO1 NAD(P)H quinone oxidoreductase 1

Nrf2 Nuclear factor erythroid 2-related factor 2

O, " Superoxide

ONOO Peroxynitrite

OPA O-phthaldialdehyde

oxLDL Oxidised low-density lipoproteins

PBS Phosphate-buffered saline

PH pleckstrin homology

PI3K Phosphatidylinositol 3-kinase

PIP3 Phosphatidylinositol-(3, 4, 5)-trisphosphate

PKB (or Akt) Protein Kinases Protein Kinase B

Prx Peroxiredoxin

PTP Protein Phosphatases

PVDF Polyvinylidene difluoride

RNS Reactive nitrogen species

ROS Reactive Oxidizing Species

SD Standard Deviation

SEM Standard Error Mean

SDS-PAGE Sodium dodecyl sulfate- poly acrylamidesigectrophoresis
SF Sulforaphane

siRNA Small interfering ribonucleic acid
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SMC Smooth muscle cell

SOD Superoxide dismutase

STZ Streptozotocin

TCA Trichloroacetic acid

TCA cycle Tricarboxylic acid cycle

TEMED Tetramethylethylenediamine
TGF{ Transforming growth factor beta
TNF-a Tumour necrosis factor

Trx Thioredoxin

TrxR Thioredoxin reductase

VCAM-1 Vascular cell adhesion molecule-1
VSMC Vascular smooth muscle cell

VEGF Vascular endothelial growth factor
VEGFR-1 Vascular endothelial growth factor receptor
WHO World Health Organisation
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