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“People in this world look at things mistakenly, and
think that what they do not understand must be the void.

This is mot the true void. It is bewilderment.”

Miyamoto M usashi, A Book of Five Rings (1645)



ABSTRACT

The understanding of the ageiragess and of ageing-associated diseases
represents a significant challenge for the scientdmmunity, governments and society at
large. | identified in skeletal muscle of murinedets by microarray an increase in PPBR-
expression during acute phase of hindlimb susperatxelerated ageifjgwith a possible
compensatory role, and an increase in expressiatslef NR4A family of nuclear receptors
in the skeletal muscle of caloric restricted rascelerated ageingAdipose tissue has an
endocrine role being actively involved in crosstaith peripheral organs such as skeletal
muscle. Visfatin is a recently discoveradipokinewith pleiotropic functions. Unlike in other
types of cells, in differentiated C2C12 myoblastsgenous added visfatin (eNampt) did not
act as an insulin-mimetic factor as shown by waestéot and fluorescent assays. Visfatin
treatment of differentiated C2C12 myotubes gendragyertheless an increase in the levels
of reactive oxygen species as shown by fluorestegrroscopy that was dependentdm
novotranscription and translation of a new set of geamerevealed by RT-PCR. This increase
in oxidative stress was independent of activatibtne stress-activated protein kinases
(MAPKS) such as ERK and p38, but dependent on N&kdtBation as proved by western

blot.
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Chapter 1- INTRODUCTION



1.1 Ageing as a challenge for biomedical research in the

21% century

Based on World Health Organization predictions26$0 the aged segment of
human population will grow from 650 million today almost 2 billion and will have also an
increased lifespan. Therefore, an in-depth themktinderstanding of the biological changes
occurring during ageing is required for a bettenagement of the pathological conditions
associated (Benz and Yau, 2008; Franco et al.,; 20880 et al., 2009). As many as 300 distinct
explanatory theories of ageing have been develapddhe list is continuously growing
(Medvedev, 1990). Ageing has been approached fitiereht perspectives brought by different
disciplines within biological research includingowtionism, developmental biology, genetics,
genomics, cell biology, physiology and biochemistygeing was initially conceptualized within
the framework of evolutionary theories by A. Weismavho explained it as a normal
consequence afatural selection{Gavrilov and Gavrilova, 2003). In 1952 P. Medawaveloped
the“mutation accumulationtheory by integrating within the evolutionary gegstive the corpus
of knowledge of classical genetics, conceptualizgging as the final state of a gradual
accumulation of mutations with age, leading in¢hd to a reduced level of fithess culminating
with death (Ljubuncic and Reznick, 2009). Thatagonistic pleiotropy”theory explained the
ageing process as an accidental consequence attiba of genes that were selected as favourable
during early life development, but were deleteridusing later stages (Williams and Day, 2003).
The evolutionarydisposable soma'theory (Drenos and Kirkwood, 2005) is the lasbtleécal
construct in this line of thought explaining ageasya consequence of the trading-offs required
during development between reproduction, growthrapdir. The scientific breakthroughs brought
by biochemistry and cell and molecular biologydelin the last decades have also been
incorporated into ageing research, the most nofadoiadigm proposed being three radical

theoryof ageing discussed below.



1.1.1 Thefreeradical theory of ageing
The idea that abetlism is the critical factor in determining thmits of
lifespan was initially proposed in 1928 by Peadftate-of-living” hypothesis that assumed a finite
energy expenditure available to each living organikints, 1989). Therefore, an accelerated
metabolic rate and an increased rate of oxygenuropgon should result in a reduced lifespan.
Although not accepted anymore by scientific comrtyudue to the lack of a strict correlation
between the rate of metabolism and lifespan omggeihenotypes (Van Voorhies, 2004), thete-
of-living” hypothesis nevertheless nurtured further reseatotthe roles of oxygen and reactive
oxygen species (ROS) in metabolism that culminkgte in the*oxygen poisoning’hypothesis.
The theory that oxygen can have deleterious effatisellular structures and metabolism was
proposed in 1954 by R. Gerschman when she nothagdhe process 6bxygen poisoning”
shares similar mechanisms of action with the phesmmm of x-irradiation through the generation
of various species of free oxygen radicals (Gersohet al., 1954). This idea was further employed
by D. Harman two years later in his seminal paplarinan, 1956). Harman based his theory on the
assumption that the accumulation of RO®wproductsof normal cellular redox reactions will
slowly, but certainly, lead to an increased nunddegenetic mutations, impaired cellular functions
and eventually ageing. Harman predicted correbdy the main factors in this process are the
proteins which directly use oxygen, especially ghosntaining iron. The later identification of
genes involved in oxygen metabolism like superoxigenutase (SOD) gave Harman'’s theory
solid empirical grounds (McCord and Fridovich, 1R6Bhe basic components of initial Harman’s
theory were the following:
1. Thegeingprocess correlates withetabolicrate;
2. Thmetabolicrate is proportional to the moleculaygenused,;
3. Oxidationprocess, catalyzed by multiple enzymatic reactigeserates

free radicalsthat can have a deleterious impact on cell carestis.



4. A functionaintioxidantdefence system is critical for delaying or amelioigthe
ageingprocess.

Recently, thiee radical theory of ageing’(FRTA) expanded to include other
forms of activated oxygen such as peroxides anehadés, and was renamed th&idative stress
theory of ageing(Sohal and Weindruch, 1996). The two versions akertheless considered to be
identical for the communication purposes in thespng thesis. After two decades of detailed
research Harman further modified his initial hypestis by focusing only on the specific roles of
mitochondrial-derived free radicals, proposing‘ttietochondrial theory of ageing’(MTA)

(Harman, 1972). Recently, the mitochondrial theodeageing (MTA) received additional support
from independent studies exploring also the rofewitochondrial genome stability and
mutagenesis in cellular ageing (Miquel, 1992) andifthe research on the roles of mitochondrial
bioenergetics mechanisms in the production of REDE&h as electron transfer and oxidative
phosphorylation (Lenaz et al., 2000). Besides ttiéierences all FRTA and MTA theories can be
classified broadly in two main categories: thecidental” versions and thgrogrammed”

versions of thdree radicaltheory of ageing (Medvedev, 1990). The accidergadion considers
that the number and the amplitude of stochastietdebus effects of oxygen metabolism shape the
ageing process, while the programmed version stéeésgeing is the inevitable final stage of a
predetermined developmental programme. Since katants of the theory nevertheless assumed
the core idea that the free radicals producedvydicells are regulating the rate and the extént o
ageing process, it was possible to derive predistlmased on theory that were tested
experimentally. There are two main research dimastin this aspect (Agarwal and Sohal, 1993).
First of all, based on the theory, arceleratedate of ageing should correlate withinoreased
production of free radicals resulting in a reduligpan. This led to a line of research that
compared the levels of free radicals with the aggimenotypes in different experimental animals

or tissues (Adelman et al., 1988). Secondpareasein antioxidant defence shouli&celeratehe



ageing process, eventually increasing the lifesphis line of research is based on the results of
the studies of the effects of different mutatiohamtioxidant genes on the ageing process and on
the effects of pharmacological/dietary intervensig@ems and Doonan, 2009). Both lines of
research gathered significant arguments for anthsigdue theory of free radicals of ageing. So far
a comprehensive, widely acceptaufied theoryintegrating all the relevant experimental data
concerning the effects of the free radicals onrag@i a single explanatory system has not been
achieved (Beckman and Ames, 1998). Neverthelessgénerally accepted at least that the
progression of ageing phenotype is dependent oovballbalancebetween the rate of free
radicals produced and the action of the antioxidaf¢nce system, and that a progressive
imbalancebetween the two forces toward a reduced or imgairgioxidant status will result in an
accelerated ageing process (Muller et al., 2007).

Simultaneously with the sasdof the roles of free radicals on lifespan agelrag,
other independent lines of research revealed thigical role in the development of many
pathological conditions associated with ageing sagcheurodegenerative diseases, cancer,
cardiovascular diseases and impaired immunity (Aetes., 1993). These studies were
incorporated in the FRTA set of theories as argusnjustify the hypothesis that free radicals
play a significant role in the development of tigeiag procesgself, not only in the modulation of
its associated pathogenic aspects (Ku et al., 199@) main postulate of this direction of research
is that the differences in the generation of fiedigals are thenain causef the differences in
lifespan between individuals of the same specidsa#sb between species. Therefore, the scientific
community dedicated to decipher ageing is curretithded between those defending theak”
version of FRTA, that considers that free radigddsy a major rol@nly in the development of
ageing-associated diseases whitdtirectly affects the lifespan, and those dedicated to diedien
“strong”, supposedly the original interpretation of FRTAgtthonsiders that the levels of the free

radicalsdirectly limit the lifespan and shape the ageing profilammy species (Beckman and Ames,



1998). While théweak” concept has a broad support, thieong” version is still highly debated
and controversial. It was also shown that thereckrse relationships between antioxidant defence
mechanisms and inflammatory status (Mulholland.e1899). For example, the death of
endothelial cells occurring in models of atherogengenerated by oxidative stress inducers or
cytokines is reduced by the pre-incubation withadlants such as catalase (CAT) or N-acetyl-L-
cysteine (NAC) (Dimmeler and Zeiher, 2000). Ini&idd, antioxidants such as SOD and
tocopherol are able to reduce the skin inflammaitiomice (Lange et al., 1998). Since reactive
oxygen species are by-products of usual cellulechemical reactions, understanding the
mechanisms that protect the integrity and the fanetity of mammalian proteome and genome
against their deleterious effects represents aaleesearch goal of the study of ageing and
regulation of lifespan. For example, it was shohatt Drosophila models lacking copper/zinc-
containing superoxide dismutase presented decrdiéssgmhn (Phillips et al., 1989) and that
homozygous null mice for Mn-superoxide dismutas@$®@D) are not viable (Li et al., 1995).
These reports proved the essential role of antamtigrotection not only for a proper ageing but
also for a normal early development. In addititreytinspired a subsequent research based on the
assumption that by improving the antioxidant caliiglof cells to resist the oxidative stress, the
ageing process could be delayed or even rever$edeXperimental attempts usiggnetic,
dietary/lifestylesor pharmacologicaintervention strategies have had only partial odest
successes, sometimes leading even to contradigsmts. For example, whilst the expression of
the human mitochondrial catalase extended thephfiesn mice models (Schriner et al., 2005), the
heterozygous mice lacking one allele of MNSOD ditpresent nevertheless any significant
change (Van Remmen et al., 2003). Similarly, whilé mice lacking CuZnSOD had reduced
lifespan (Elchuri et al., 2005), its ubiquitous oaepression failed to increase it in the same model
(Huang et al., 2000).

There are a few reports published that ee&m to contradict the basic tenets of the



FRTA-derived predictions. For examp(@, elegansnutants lacking mitochondrial SOD2
presented increased levels of ROS levels in mitodha simultaneously with ancreased

lifespan, and incubation of these longevive mutantls antioxidants such as NA€ancelledthe
effects (Yang and Hekimi, 2010). Similarly, chroebnditioning of the same wild-type nematode
models with a low concentration of an ROS-induecmhsas paraquat not only generated higher
global ROS levels, but increased also the lifesgdnes. In Drosophila, the simultaneous
overexpression of catalase and MnSOD in mitochartud surprisingly toxic effects reducing the
lifespan, although improved the antioxidant defemce reduced the levels of free radicals
produced (Bayne et al., 2005). The overexpresditinecantioxidant genes in murine models had
also toxic effects in some cases (Rando and Epgt@89). For example, the overexpression of the
wild-type form of SOD1 in skeletal muscle led tgrsficant myopathy and an accelerated aged
phenotype due to an increased level of proteineggdion, and surprisingly higher levels of ROS
(Wong and Martin, 2010). These results do not resréyg reject the FRTAS sets of predictions
because they could be still explained through tmeept othormesisdescribed below.
Alternatively, such results might indicate that th&ntification of oxidative stress levelgnnotbe
reduced only to the measurement offtlee radicalsproduced, a better understanding of the
antioxidant defence status and of the mechanisqudatng it being crucial in this respect. For
example, it was shown that while during physicareise the production of the free radicals in
skeletal muscle is greatly increased (Bejma antiQfi9), this event is nevertheless simultaneously
activating the antioxidant defence mechanisms wimdbng term has a beneficial effect on
myocytes physiology (Zainal et al., 2000). Agelogers and degrades the ability of skeletal
muscle to activate during physical exercise thenel@s of antioxidant defence system such as
heat-shock proteins (Liu and Steinacker, 2001 )gefloee the production of free radicals has a
higher physiological impact with increased age t&etonceptual and experimental tools have to

be developed in order to obtain a more accuratmatbn of the levels of oxidative stress and of



the ability of antioxidant defence to protect tlelidar constituents against the deleterious edfect
of the free radicals. In addition, less it is knoabout the roles akpair mechanisms that do not
counteract the free radicals produged se but remove afterwards the oxidised products
generated by such ROS such as carbonylated prolipidsperoxides or oxidized bases (Beckman
and Ames, 1998). The reasons why some oxidatiesstnducers induce a senescent phenotype
and other do not could be explained through a miffeal ability of such repair mechanisms to
remove the toxic by-products generated. Theretbeemain driving force behind the differential
development of the senescent phenotype betweanrattfspecies or different individuals of the
same species could lie in fact in the differencethe ability toreactto the ROS experienced, not
necessarily in the amount of free radicals produced

Theharmacologicainterventions based on the administration of tinevkn
antioxidant supplements such as NAC (Miquel et1&l95) or Ginko Biloba extracts (Sastre et al.,
1998) successfully improved mitochondrial enzymptcameters and antioxidant defence in mice
models, but had no effect on lifespan. The ondtatly intervention that proved so far to be
effective in extending lifespan and delaying agehgny experimental model employed is the
caloric or dietaryrestriction (Fontana et al., 2010; Piper and BarZ&K®8; Zahn and Kim, 2007).
The mechanisms through which caloric restrictioprioves the ageing phenotype are still unclear
but it was shown at least to be partially dependentduced levels of inflammation and oxidative
stress and a changed genomic expression profdenig#éo an improved antioxidant defence
(Merry, 2002, 2004, 2005). Caloric restriction etiein an ageing context can be explained
through the concept dformesisi.e. low level of damaging stimuli applied contously which will
have in the end global positive effects.

The future understanding of thetrefeships betweenxidative stressndageing

will require the exploration of the distinct effeadf ROS/antioxidant defence on individual tissues

and organs, as well as an estimation of the carttab each tissue has on the development of the



overallageing phenotype. Of great theoretical and prdatigaortance will be the identification of
tissue-specific ageingparkersor of mediatorsthat could haveleiotropicor evenoppositeeffects

in differentcellular types or physiologicabntexts. For example, genes that have a pro-apopto
role in one cell type but are anti-apoptotic inesthases, genes that have a prooxidant role in some
of peripheral tissues and antioxidant in othergyesres that are associated with an insulin-registan
and pro-inflammatory state in some cases but witmsulin-sensitive and anti-inflammatory state

in others. This will allow for differentiajeneticor pharmacologicainterventions at molecular,
cellular or organism levels that will offer a gomabdel to test the predictions made by the theories
of ageing described above, by correlatingstage of ageingn a particular tissue with the levels of

cellular stress

1.2 Adipose tissue- a critical regulator of thelevelopment of the

inflammation and oxidative stress characterizing aging-associated diseases

In the last decades many genes reguldtmgimits of lifespan and the
development of ageing have been discovered in erpatal models. For example, the transgenic
C. elegans nematode modelslaf-16gene that encodes for a transcriptional factoulegong
insulin signalling presented not only an incredgfiedpan but also a healthier phenotype (Ogg et
al., 1997). Similarly, Drosophila models overexgiegmethuselalgene that encodes for a G-
coupled receptor lived longer (Lin et al., 1998)eTdiscovery thab. cerevisageasts
overexpressingirtuin-2 (sir-2) gene that regulates epigenetic aspects of chinorfugaction
showed an increased replicative lifespan (Kaebedeal., 1999) initiated an extensive stage of
screening research of synthetic or natural comp®timat can activate the human sirtuins to delay

or prevent ageing (Alcain and Villalba, 2009). Thst genetically-modified murine model
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showing an increased lifespan was developed in 886 it was discovered that Ames dwarf
mice @f/df) that were deficient in growth hormone, prola@imd thyroid-stimulating hormone
lived longer (Brown-Borg et al., 1996). Recentlyvéis found that the gemdothothat encodes for
a type | membrane protein, possibly belonging ehlibta-glucuronidase family, is also a hormone
that has anti-ageing properties by inhibiting imssgignalling (Kuro-o, 2008). For example, while
klothonull mice had a shorter lifespan with an acceést@geing phenotypkhlothotransgenic
mice had an increased lifespan (Kurosu et al., ROk%ese reports indicate that regulation of
lifespan, the rate of ageing and the developmeageing-associated diseases are affected by
changes in gene expression of main regulatorssofimmetabolism, changes in epigenetic status
and changes in the signalling of the networks nooimigy metabolism. The essential roles of
inflammation, oxidative stress and of a dysfunaiametabolic regulation in the pathogenesis of
ageing-associated diseases are already known.s#stat, chronic low level of inflammation is
also a central element of the immunosenescentsstidtabbe et al., 2004). The ageing phenotype
correlates with a change in the expression profil@ the activity pattern of the circulating
cytokines and with an increased risk of mortaliticéstro et al., 2005).

In recent years adipose tissue has started tmdberstood not only as a fat depot,
but also as an importaahdocrineorgan (Jazet et al., 2003; Mohamed-Ali et al.,899ayhurn
and Wood, 2005). Adipokines are cytokines secrbyeghite or brown adipocytes that act in
autocrine/paracrine (Karastergiou and Mohamedz81,0) or endocrine fashion (Kos and
Wilding, 2009). Adipokines have complex roles sastthe regulation of the adipose mass
(Cawthorn et al., 2007; Cawthorn and Sethi, 20@8ammation (Wang et al., 2005) or glucose
(Rabe et al., 2008) and lipid metabolism (Lagol.e809). Since inflammation and oxidative
stress characterize the ageing phenotype (Beaeglogle 2007; Maury and Brichard, 2010; Maury
et al., 2007; Rousseau et al., 1997) and sincesdipssue has an important endocrine impact on

the physiology of other peripheral tissues, itei@sonable therefore to expect that there are close
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relationships between tlageing procesaffecting peripheral tissues aadipokines Ricard and
Guarente, 2005). In addition, the relationshipsvieen other closely related mediators of
inflammation such as the cytokines and ageing @&leestablished and deciphered. It is known for
example that the levels of interleukin-2 (IL-2)ptar necrosis factos-(TNF-o) and interleukin-6
(IL-6) change with age (Grubeck-Loebenstein andRNV2002), and it has also been shown that the
ageing of immune system has a central role in €veldpment of theverall ageing phenotype
(Fulop et al., 2006). Similarly, it is reasonaldeskpect that changes in adipokine expression or
activity could also have a major impact in the depment of ageing-associated diseases, in whose
progression inflammation and oxidative stress playajor role (Picard and Guarente, 2005). The
list of adipokines is continuously growing and umbds besides already known cytokines (Td\F-
IL-6, IL-8, IL-10) other members with a less undeosl biology such as adiponectin, leptin,
resistin, omentin, apelin, vaspin, chemerin, visfahd monocyte chemotactic protein-1 (MCP-1)

(Wozniak et al., 2009).

1.2.1 Visfatin- a new adipokinend modulator of oxidative stress and

inflammation

Visfatin is a multifunctiongtotein belonging to adipokine family with a
multistep history. The first historical stage stdrseventeen years ago when it was discovered that
it had a synergistic effect on the maturationwhian pre-B cell colonies in association with other
interleukins, and it was nam&BEF (Pre-B-cell colony-enhancing factor) (Samal et 094).
The precise nature of its cellular function remdinbscured for another seven years until 2001
when it was discovered that PBEF gene sequencea higé level of homology with NadV gene
from the prokaryotélaemophilus ducreyMartin et al., 2001). In the following year it was
discovered that both human and bacterial genes eogliag for a nicotinamide

phosphoribybosiltransferase enzyme (Rongvaux €2@02) that synthesizes nicotinamide
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mononucleotide (NMN) from nicotinamide (NA) and dgsphate, the human gene getting
consequently two more namé&&m-PRTasandNampt The fact that intracellular form of visfatin
synthesizes NMN, an intermediate of nicotinamiderae dinucleotide (NAD), could indirectly
impact the ageing process and the developmentedig@gssociated diseases. For example, it was
discovered that sirtuin-2 gene that regulatesdke of lifespan and ageing phenotype encodes for a
histone deacetylase in yeasts which requires NA® asbstrate (Wenzel, 2006). Multiple
homologues of sirtuin-2 gene have been identiffidsbiman genome and all use NAD as a
substrate. The next stage of visfatin researchopased in 2005 when a controversial paper was
published (Fukuhara et al., 2005) that reportet ReEF/Nam-PRTase/Nampt is alsoaahpokine
being secreted into plasma by visceral fat adipggcgind acting as an insulin mimetic agent. As an
adipokine PBEF/Nampt is also knownwasfatin (visceral fatderved hormoe) or extracellular
Nampt eNampt), to distinguish it from the intracellular form BBEF/NamptiNampt). The
identity of visfatin as an adipokine actively seeceby white and brown adipocytes from both
subcutaneous and visceral adipose depots is wadelypted today. Nevertheless, it is still unclear
if visfatin is a genuine insulin mimetic agent ahd issue is still debated. Only a few independent
experiments were able to confirm the original hjaesis (Adya et al., 2008a, 2009; Lim et al.,
2008; Xie et al., 2007). Moreover, the original papas been retracted by the publishing journal.
The present stage of research is focusateexploration of the differential
roles of both intracellular (iINampt) and extracklueNampt) forms of visfatin in the modulation
of oxidative stress and inflammation. Independepeements performeih vivo, ex vivoandin
vitro led to divergent conclusions. There are good aegusito consider that in some tissues or in
some physiological conditions visfatin hagratectiverole, defending cells from different types of
threatening stimuli like genotoxic stress (Rongvatial., 2008), ER-stress (Li et al., 2008) or
oxidative stress (Borradaile and Pickering, 20@ich protection can have short-term anti-

apoptotic effects (Kendal-Wright et al., 2008) amdome cases even longer-term, anti-ageing
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effects (van der Veer et al., 2007). However, tlageesolid arguments to assert that in other cells
or tissues visfatin is in fact a powerful inducéiogidative stresandinflammation its
overexpression or its increased function beinglveain a large variety of pathological conditions
associated with ageing ranging from leukaemia (Hasnmand Schemainda, 2003), lung injury (Ye
et al., 2005), Alzheimer’'s (Adams, 2008) and athi(iNowell et al., 2006) to obesity (Berndt et
al., 2005) and diabetes (Chen et al., 2006). Stheaexperiments measuring the synthesis of NMN
by the intracellular form of visfatin (Busso et, &008), the levels of tissue-specific expression
(Choi et al., 2007) or the levels of plasma cirtafavisfatin (Otero et al., 2006) showed that
visfatin is associated with particular pathologicahditions in some experimental models.
Nevertheless, until now there is no global, unifieelory about the underlying mechanisms and
overall effects of either form of visfatin. Alsoven when it is possible to make a reliable statdti
correlation between a pathological biomarker amdelel of visfatin expression or function, the
precise physiological roles and relevance of suideved changes are still obscure. An increase in
visfatin intracellular expression or extracellutsaicretion could be @usativefactor in some of the
diseases listed above, but in the same time itdoave acompensatorpr even greventive
function in other cases. The murine null knock-maidels are unviable and the experiments that
used PBEF-heterozygous mice did not clarify thetrongcial questions about visfatin
relationships with the regulation of oxidative sge@nd inflammation (Revollo et al., 2007). The
usefulness of other types of models like lower relgrates or prokaryotes to elucidate all
functional properties of visfatin is also doubtfalthough some progress has been made recently in
this matter (Vrablik et al., 2009). Therefore, s present stage of research it is not possible to
definitively corroborate or dismiss any of the oping hypotheses concerning the relationships
between extracellular visfatin and cellular stress.

One important fact about visfatin is thas highly expressed in skeletal muscle,

which led to the suggestion that it might alsoaecemyokine(Krzysik-Walker et al., 2008). So far
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there are just a few papers dedicated to expleredle of skeletal muscle intracellular visfatin in
the generation or protection against oxidativesstand inflammation (Costford et al., 2010; Fulco
et al., 2008), and until our published paper (@ttal., 2010) there were no reports published about
the effects of exogenous visfatin (eNampt) on skélauscle physiology.

Visfatin looks to have complex, evamagonisticeffects in different tissues or in
different pathological conditions, being associatgtth a prooxidant state/insulin resistance in
certain tissues and with increased oxidative siresdin-sensitivity in others, with a pro-
inflammatory state in some pathological cases aittdan anti-inflammatory state in others.
Therefore, a detailed research of its biology caifdr a solid base for buildingtheoretical
modelto test the validity of the predictions made bifedtent theories mentioned above about the

relationships between the levels of oxidative staasd the extent or the intensity of ageing.

1.3 Nuclear receptors and ageing

Nuclear receptors (NB® a family of transcription factors that in tiheman
genome are encoded by 48 different genes (BensamgefTontonoz, 2008). The general structure
of NRs is composed of a ligand binding domain, aA0#hding domain and other modulator
domains required for protein-protein interactioBggns, 2005). Nuclear receptors can reside in the
nucleus or in the cytoplasm. The majority of nuclegeptors are activated after the binding of
ligand, while some are active in a constitutivéehfas (Mangelsdorf et al., 1995). Based on
structure and ligand, nuclear receptors can bsifled in three main classes:

1. steroid subgroup that binds to DNAagerodimers, comprising different subtypes such
as glucocorticoid, androgen, estrogen and progeser

2. orphan subgroup that has no ligaedtified yet, such as NR4As;
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3. adopted orphan receptors subgroupatttaas heterodimers with retinoid x receptors
(RXRs) and need a ligand for activation, sucheasxisome proliferator activated receptors
(PPARSs) and liver X receptors (LXRs) (Chawla et 2001).

Nuclear receptors hamportant roles in regulating the transcription (by
activation or repression) of genes that controlniabolism, inflammation and stress-
responses (Giguere, 1999). Besides their roleaasdriptional regulators nuclear receptors
have also crucial non-genomic effects such asytesalic modulation of the activity of ion
channels, protein kinases, protein phosphatasgisampholipases, therefore indirectly
regulating the glucose and lipid metabolism orahgoxidant status (Ordonez-Moran and
Munoz, 2009). The ability of nuclear receptors itedchydrophobic, lipophilic ligands
opened the possibility of screening new compoundsu(al or synthetic) to be used in
clinical practice to target the associated signglhetworks regulating inflammation,
metabolism or oxidative stress that are underlyiregmechanisms of pathological conditions
associated with ageing (Carlberg and Dunlop, 2008 .already known the roles of some of
nuclear receptors such as retinoid receptors (§al985) and glucocorticoid receptors
(Djordjevic-Markovic et al., 1999) in ageing, besk is known about relationships between
PPARs and ageing.

Some of PPAR agonists were discovered to haveRPiRdependent effects.
For example, troglitazone could not increase PPRikity in SZ95 cells without the
previous overexpression of exogenous PRA&Rd several types of antagonist treatment or
ectopic expression of a dominant negative PRA®m failed to change the inhibition of
cyclin D1 expression and the regulation of the cetlle (He et al., 2004). The safety of
PPAR agonists came also into question recently afieas showed that TZDs administration
in human patients with diabetes increased thefoiskone fracture (Kahn et al., 2008).

Similarly, rosiglitazone increased the risk of ¢cawdscular diseases. The explanation
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proposed was based on the fact that the above enedtiagonist blocked also the
phosphorylation levels of PPARby Cdk5 at Ser273 residue, changing the expresdion

many genes involved in obesity and insulin-resistan

1.3.1 PPARs and the ageing phenotype

Peroxisome proliferator activated receptors (RB)are a type of ligand-activated
nuclear receptors that were considered as a disiess because of a shared, typical domain
structure. PPARrwas the first member of the PPAR family to be tdfezd when it was found to
be activated by rodent hepatocarcinogenic ageatsatbo caused proliferation of peroxisomes
(Issemann and Green, 1990). The other two memBE®&Ry and PPARB/6, were cloned two
years later due to structure similarity with PPARDreyer et al., 1992). The PPARSs large Y-
shaped hydrophobic pocket of the ligand-binding dioncan accommodate a large variety of
lipophilic compounds with an acidic head group (@aret al., 2000). This distinct feature was
exploited experimentally in order to screen forunak or synthetic compounds that could activate
or block PPARs function. The first clue came frainical trials of patients with type 2 diabetes
that showed a reduced level of fasting glucosdaarpa upon administration of clofibrate (Barnett
et al., 1977), and later it was discovered thdilmate is a ligand of PPAR-(Mehendale, 2000).
Recently it was also discovered that thiazolidineds are potent PPARagonists that can be used
in the treatment of insulin resistance (Ghazzi.etl&97), and activation of PPARS by its
specific agonists such as L-165041 was shown tacesthe levels of circulating insulin and
triglycerides in animal models of obesity (Leibaxvét al., 2000). These initial scientific
breakthroughs stimulated an exploratory stage refestng new compounds targeting PPARS in

order to treat many pathological conditions asgediavith ageing, although many of these
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molecules were later shown to have significantichihside effects (Cheatham, 2010).

The administration of PPARs agonists or changé¥dHARs expression had so far
no obvious effect on lifespan, but there are g@adons to consider that PPARs can influence
indirectly the development of ageing phenotypes.example, it was discovered that PP&R-
agonists treatment increased in human embryonieki@93 cell line (HEK293) the expression of
antiageing genklotho,discussed above, through the binding to a noncaabRPAR-response
element (Zhang et al., 2008). Although PPARgonists property of hepatocarcinogenicity in
rodents (although not in humans) was shown to asgevith age (Youssef and Badr, 2005), the
activation of the receptor was able to reducenflammation in a model of T-cell ageing through
the repression of T-bet (Jones et al., 2002). PBARignalling is also involved in ageing-
associated diseases since it was shown that iteteh induced myonuclear accretion and
increase in the number of oxidative fibers in tkelstal muscle, delaying sarcopennia (Giordano et
al., 2009). It was also shown that PPAR-is regulating the expression level of sirtuinl gé&mat
has anti-ageing properties (Okazaki et al., 20ADPPARs have important antioxidant and anti-
inflammatory effects in different tissues, witheavf minor and specific differences not fully
understood yet. Nevertheless, within PPAR famillyd®PAR-B/6 has the most consistent
behaviour as an antioxidant and anti-inflammatoggdiator across multiple tissues, especially in
skeletal muscle (Luquet et al., 2003). In additiBRARB/S is expressed in skeletal muscle at
higher values compared to the other two types (Blebial., 2002), which suggest a possible local
preeminent role. Therefore, in the next chaptedica¢ed to PPARS a special attention will be paid
to PPARB/S.

| will present below the accumulakedwledge underlying the possible
connections between PPARS and the regulation afellular stressandinflammationin the
context ofageingassociated diseases. Although the focus of myshél be on skeletal muscle

models of ageing, summarizing the current knowleatyzut the role of/é in regulating the
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mechanisms of oxidative stress and inflammatioother tissues will be useful in interpreting the

results presented in following chapters.

1311 The rolePPAR-B/6 in regulating oxidative stress and
inflammation

The first PPARS knock-out model developed had no obvisks defects, but the
skin from mutant mice treated with the compouoredtradecanoylphorbol-13-acetate (TPA) to
induce epidermal differentiation showed a much éidgyperplastic phenotype than the control
group (Peters et al., 2000). In addition, the $fom PPARf/6 knock-out models showed an
impaired or delayed reduction in TPA-induced inflaatory response compared to wild-type
control group, when co-treated with the nonsteraaaidi-inflammatoryyNSAID) anti-
inflammatory drugsulindac The increased degree of inflammatory cells ir#ilon in the
epidermis of PPAR/6 knock-out models indicated that PPAR-has a significant function as an
anti-inflammatory regulator. In addition, PPAIS expression was induced in primary
keratinocytes by the treatment with cytokines sacfi NFe and interferon-gamma (IFi-via
activator protein 1 (AP-1) signalling, acting sutpsently both as an anti-apoptotic factor and as a
regulator of the keratinocyte differentiation andleration (Tan et al., 2001). The treatment of
cultured keratinocytes with PPABS agonists such as GW1514 significantly reducediekine
production upon TPA challenge and UV-B, and treathwith cytokines such as
lipopolysaccharide (LPS) or TNé&increased PPAR/S expression in the same type of cells
(Schmuth et al., 2004). Another relevant discoweag that PPARS/S is upregulated in psoriasis
by lipoxygenase products due to an aberrant inieraof PPARB/6 with nuclear factor kappa-

light-chain-enhancer of activated B cells (NFkBattbould trigger an activation of a cellular
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hyperproliferative programme in the skin (Westerdaa al., 2003). In another experiment the
keratinocytes from PPAR-null mice treated with TPA had increased myelogeiase (MPO)
activity levels compared to the control keratin@syta marker of skin inflammation (Kim et al.,
2006). Subsequent independent studies proved BXRPB/5 is more than a simple inhibitor of
inflammation, having complex roles. For examplayais shown that PPAR is involved in the
regeneration process of wounded skin by moduldhiegemporal expression and spatial
localization of growth factors such as fibroblasiwgth factors (FGFs) and platelet-derived growth
factor (PDGF) and of pro-inflammatory cytokinesclsas TNFe and interleukin-f (IL-1p) at
certain sites around the injury (Michalik et aD02; Tan et al., 2004; Tan et al., 2002), everds th
are required for an efficient and fast regenerafidrese discoveries proved that PPBR-could

be an important target in the treatment of agesapeaiated diseases affecting skin by modulating
the expression of crucial genes regulating oxi@asivess and inflammatory response.

PPARB/S is the most promising member of PPARs family e@atmgskeletal muscle
dysfunctionalities during ageing. It was showndgample that PPAR/S has a major role in
regulating oxidative stress responses and inflanamat skeletal muscle. An important clue came
from a conditional transgenic model mice expresS8iR@R /5 in skeletal muscle that showed a
considerable increase in oxidative fibers in vasi@bers types like tibialis, plantaris and soleus
based on the number of succinate dehydrogenasevpasells (Luquet et al., 2003). PPARS
skeletal muscle-specific transgenic mice had alsceased activities of antioxidant enzymes like
citrate synthase arfithydroxyacyl-CoA dehydrogenase, a leaner phenaayylea reduced amount
of fat that it is similar with the phenotype of teeercise models of muscle activity in rat, micd an
humans. Other studisowed that the administration of the PPAR-agonist GW-501516
improved the metabolic syndrome phenotype in siklgtuscle induced by a high-fed diet,
enhancing metabolic rate and fatty agidxidation, proliferation of mitochondria and rethugthe

levels of lipid droplets (Grimaldi, 2005; Luqudtad., 2005). The mechanisms regulated by the
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PPAR$/5 were decipherenh vitro by using rat L6 skeletal myotubes treated vBW¥W-501516
agonist that showed an upregulation of ganeslved in fatty acid transpoi;oxidation and
mitochondrial respiration, switching therefore thelling choice from glucose to lipids (Tanaka et
al., 2003). The transfection of mouse C2C12 skiatey@tubes with a PPAR/S dominant
negative construct reduced the anti-inflammatofgat$ induced by the compound
tricarbonyldichlororuthenium (([Ru(C0O)3CI2]2)) thathibits NFkB activation by TNFe (Woo et
al., 2006). A significant proof that PPARS is critical for antioxidant defence came from the
discovery that in skeletal muscle PPAReoactivator-& (PGC) is also a target of PPAR®S
(Hondares et al., 2007). The role of PPBRAn regulating inflammatory response in muscle was
suggested by the discovery that NFkB-signalling a@ssatedn vitro in mouse C2C12 myotubes
upon incubation with palmitate, event that washitbeid by the activation of PPARS with the
agonist L-165041 (Jove et al., 2005). Therefore RIBA activation could effectively reduce the
oxidative stress and inflammation underlying thealliepment of ageing-associated diseases
affecting skeletal muscle.

PPARB/6 is widely expressed ibrain, especially in late embryonic stage
(E18.5) (Woods et al., 2003). It is expressed kgamthe entorhinal cortex, cerebellum and
hippocampus, with a higher level of expressionagnmns and oligodendrocytes than in astrocytes
(Heneka and Landreth, 2007). PPAR-null mice showed also a defective CNS myelination
especially incorpus callosunfPeters et al., 2000). The modelling of focal ceaklschemia in
mice showed that infarct size was increased in PBARull animals that had bigger levels of
lipid peroxidation and reduced levels of glutatl@pancoupling protein 2 (UCP-2) and superoxide
dismutase (Arsenijevic et al., 2006), known antiaxits. The administration of PPARS agonist
GWO0742 increased the overall protection in an ahimadel of experimental encephalomyelitis
(EAE) by reducing the astroglial and microgliallashmatory activation (Polak et al., 2005). The

administration of PPARY/S agonists such as L-165041 and GW-501516 protdotdter against
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damaging agents by reducing ROS levels in humaardogergic neuroblastoma SH-SY-5Y cell
line treated with thapsigargin to model Parkinsa@ffects (lwashita et al., 2007). Furthermore,
the activation of PPARRY/S in this SH-SY-5Y cellular model reduced the leokbxidative stress
and the activation of caspase-3/7, a main execaeitiohapoptosis (Arsenijevic et al., 2006). The
modelling of postnatal development of the braiwitro by re-aggregating neuronal cultures
showed that enzyme acyl coA synthetase 2 (A@Sa)xarget for PPAR/S (Basu-Modak et al.,
1999), being involved in fatty acid metabolism, nieuoutgrowthand inflammatory responses in
spinal cord (Benani et al., 2003). PPAR-is therefore a potent antioxidant and anti-inflaghony
mediator in brain.

PPARB/6 has an importaritepatic function by decreasing glucose
consumptiorand by increasing insulin sensitivity (Lee et 2006), by promoting fatty acid
synthesis and by reducing the lipid droplets cantidagasawa et al., 2006). In addition, PPRR-
has immunomodulatory properties, interfering witb-induced acute phase reactions in liver and
inhibiting the transcriptional activity of STAT3 (Ko et al., 2007). PPARK agonist treatment
also decreased the level of expression of cycl@mage-2 (COX-2) in human hepatocellular
carcinoma line HepG2 (Glinghammar et al., 2003)ictviis a known regulator of inflammatory
mechanisms and oxidative stress.

PPARB/6 is also an important regulator of lipid-induceflammation and
oxidative stress in theardiovascular system For example, the activation of PPAR by its
specific agonist GW0742X reduced the atheroscleroairkers in low density lipoprotein receptor
(LDLR) null mice (Graham et al., 2005). Surprisinghe deletion of PPAR/ from macrophages
further reduced the atherosclerotic lesions argdsbo in LDLR null mice and lowered
considerably the levels of inflammatory cytokinkeed et al., 2003). The possible explanation
could be the binding of PPARS in unligated form to the transcriptional represBol-6, blocking

its activation. Once activated by a specific ligd&PARB/S releases Bcl-6 that will further block
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the expression of pro-inflammatory cytokines sus&CP-1. In knock-out models Bcl-6 is
constitutively activated and therefore constarglyresses inflammation, which explains the
reduction in atherosclerotic lesions observedh&ndurrent proposed model PPAR-acts a non-
conventionabwitchby selectively repressing or activating the inflaatany pathways, depending
on the status of the ligand binding to it. In theefform it sequesters inflammation repressors, but
once interacting with the ligand it releases trgutators of inflammation. This proves that PPAR-

B/6 has complex roles in regulating inflammatory mecéms, and further research is still required.

1.4 Skeletal muscle and ageing

During ageing skeletaiscle progressively develops an atrophic phgreoty
characterized by a reduced mass, fewer fibersrapdired contractility, a condition described also
asfrailty (Faulkner et al., 2007). The sarcopenic pathokigiondition affecting skeletal muscle is
multifactorial (Fujita and Volpi, 2004). Sarcopeici@n be managed by interventional approaches
such as diet and exercise (Bautmans et al., 20§183tegies also known agsalthy ageingFranco
et al., 2009). The roles of an improved antioxid#efence system and of a reduced level of
inflammation in the development of a successfulthgageing phenotype have been deciphered
recently (McArdle et al., 2002). The progressiomgéing and of ageing-associated diseases
changes also the functionality of the signallinthpays regulated by different classes of nuclear
receptors (Baltgalvis et al., 2010; Diep and Camtstau, 1999; Kannisto et al., 2006; Oudin et al.,
1998; Steinbach and Chen, 1995; Torlinska et @00 Particular attention was paid to PPARS
family (Lopez-Soriano et al., 2006) since, as désdrin the previous subchapter, their agonists
have been employed with moderate success in mangatltrials for the treatment of pathological

conditions affecting skeletal muscle such as imstdsistance (Cha et al., 2001; Shibasaki et al.,
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2003; Ye et al., 2001), metabolic inflexibility (§den et al., 2009), muscle waste (Moore-Carrasco
et al., 2008), inflammation (Jove et al., 2005xtained oxidative stress (Ceolotto et al., 200d) an
hypoxia (O'Hagan et al., 2009). Therefore a dewferstanding of the functional and structural
changes in nuclear receptors-associated signgatigvays during myocyte ageing is required for
a proper management of the diseases affectingtakaetlescle. The physiology of skeletal muscle
is also modulated by the action of adipokines aitdkines (Dyck et al., 2006; Vu et al., 2007),
especially in the case of antioxidant defence maishas and inflammatory mediators (Eckardt et
al., 2008; Havekes and Sauerwein, 2010). The extpbor of the effects of newly identified
adipokines such as visfatin on skeletal muscleoaittant defence mechanisms and inflammatory
mediators will further improve our knowledge abalationships between adipokines and ageing,
and hopefully it will make possible the developmeheffective and safe clinical interventions.

My thesis will explore the possible egrste of any changes occurring during skeletal
muscle ageing in the expression of nuclear recepémnilies and of their associated signalling
pathways, especially PPARSs, by using multipleivo andin vitro models. The thesis uses
oppositein vivomodels of ageing: a model atceleratedageing affecting skeletal muscle
(hindlimb suspensiom mice), and a model of skeletal muscalthy ageingtrategy ¢aloric
restrictionin rats). Thehypothesisis that during ageing there arajor changes affecting nuclear
receptors (NR) expression levels (especially PPAlR®)could have an impact on the progression
of ageing-associated diseases. To explore therth ilgsa microarray assays to identify any changes
in NR expression by the above mentioned modellirggeggies followed by RT-PCR and western
blot.

The second part of my thesislve focused on the exploration of any possilffects
of extracellular form of visfatin (eNampt) on skiglemuscle physiology, with a special emphasis
on the oxidative stress production and antioxidEfiénce mechanisms, insulin sensitivity and

inflammation. The hypothesis is that a possibtgeasein visfatin plasma concentration during
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ageing (yet to be determined) could have a sigmtiempact on cellular processes affecting
skeletal muscle relevant for the development ofragassociated disease. For this | will employ an
in vitro model (C2C12 mouse myotubes) and incubation witifipd visfatin, followed by
measurements of the levels of ROS, of the leveadspattern of oxidized products, estimation of the
status of the antioxidant defence, of the activdiindibition of signalling pathways relevant for
insulin sensitivity and stress responses by usiestevn blot and RT-PCR (PI3K/Akt, MAPKs and
NFkB). The changes in NR expression such as PPARBevmonitored by RT-PCR and western
blot. The study will hopefully offer a better thetical understanding of the roles of nuclear
receptors and visfatin in regulating oxidative s¢rand inflammation in skeletal muscle,

information that could be used in the clinical pigefocused on the treatment of ageing-associated

diseases.
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Chapter 2- MATERIALSAND METHODS
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Cdl culture

Murine-derived C2C12 cells were pur@thom ECACC (European Collection of Cell
Culture, 91031101) and proliferated as myoblas& g/l glucose Dulbecco’'s Modified Eagle's
Medium (Sigma, Dorset UK D6546) supplemented wBW/ml penicillin and 100 pg/ml
streptomycin (Sigma, P0791), 2mM glutamine (SigBarset UK G7513) and 15% FCS (Sigma,
Dorset UK C5280). The medium was changed everydays and the semi-confluent cultures were
seeded at a density of 2000/cifo obtain the differentiated myotubes C2C12 nigsis were
grown until reaching 95% confluence and furtheulmated for 4-6 days in differentiation medium
consisting of Dulbecco's Modified Eagle's MediunMBM) supplemented with 2mM glutamine
and 5% horse serum (Sigma, Dorset UK H1270). Tifierentiation medium was changed every
day, and after reaching the level of optimal fusamal differentiation C2C12 myotubes were
further cultured in antibiotic-free and serum-freedium for an additional 24 hrs before being

subjected to any experimental procedures.

Visfatin and other pharmacological treatments

All visfatin and blocking treatmentgperiments were performed in antibiotic-free and
serum-free differentiation medium. Murine visfapiroduced in bacteria by using a His-tag
(Biovision, Inc, Mountain View Ca, USA 4908-50; MiBL, Woburn, MA USA JM-4908-50) or in
HEK 293 cells by using a FLAG-tag (Axxora, San @eGA USAALX-201-364-C010) was
resuspended initially in PBS at a concentratiof.dfmg/ml and divided in small aliquots which
were frozen at -2C. Before each experiment one vial was de-frozehfarther diluted to the
final concentration of 100ng/ml in PBS. For thediimg experiments the following inhibitors
diluted in DMEM were added to the C2C12-differetegthmyotubes 1hr prior visfatin treatment:

10 uM U0126 to block MEK1/2, the upstream activatoietK 1/2 (Cell Signalling, Danvers, MA
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USA9903); 10ug/ml of thelnSolution™p38 MAP Kinase Inhibitor 11l (Calbiochem, Darmstad
Germany 506148) to block p38 kinase; @M of Cycloheximide Ready-Made Solution (Sigma,
Dorset UK C4859) to block translationudy/ml of Actinomycin D ( Sigma, Dorset UK A9415) to
block transcription; 5@g/ml IkB Kinase Inhibitor Peptide (Calbiochem, Darmst&krmany
401477) to inhibit IKKa/B, the upstream activator of NFkB;mM N-acetyl-L-cysteine (NAC,
Sigma Dorset UK A9165) to scavenge ROS. Beforebatian with visfatin cells were washed
three times with antibiotic-free and serum-fredaténtiation medium to remove any trace of
inhibitor.

To activate PPAR/S signalling the agonist GW-501516 (Axxora, San DieQA
USA ALX-420-032) was resuspended initially in DMSO atildited to the antibiotic-free and
serum-free differentiation medium to the workingncentration of 10 nm before being added to
C2C12 cells for 24 hrs, DMSO being employed ashacke. To model the effects of accumulation

of lipids in cultured myotubeStructolipid™

emulsion (Fresenius Kabi, Bad Homburg v.d.H.
Germany) was diluted 1/100 in the antibiotic-freel aerum-free differentiation medium to a

concentration of 0.2 mg/ml of triglycerides anduhated for indicated times.

M easurement of oxygen free radical production

Cells were washed three times in PBSiacubated at 3T with 25uM carboxy-
H2DCFDA diluted initially in DMSO than in PBS atdlworking concentration (Invitrogen,
Paisley UK 136007) for 30 minutes, used for theedgbn of reactive oxygen species at 495/529
nm. In order to visualize the nuclei at 360/450Lnivl Hoechst 33342 from the same 136007 kit
was added in the last 5 minutes of incubation.tRerdetection of superoxide anions the kit
MitoSOX™ (Invitrogen, Paisley UK M36008) was used by dilgtihe fluorescent compound in

initially in DMSO than in PBS at the working conteation of 5uM for the same range of time,
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followed by imaging at 510/580 nm. For the detattd hydrogen peroxide | used the compound
pentafluorobenzenesulfonyl fluorescein (Cayman GbaipAnn Arbor M1 USA10005983)

diluted initially in DMSO than in PBS at the workirtoncentration of ig/ml for the same range
of time, followed by imaging at 485/528ells were further washed three times in PBS, re-
incubated in fresh PBS and subjected to the fluemsbased assays that were performed in two
ways. The first was based on fluorescent microsamaging by using a Leica DFC420 camera
(Leica Microsystems, Wetzl&ermany) attached to a Leica DMIRBE microscope with
following filter cubes: A, 13 and N2.1. Image aysik was performed with the Image J 1.37c
(Wayne Rasband, NIH, http://rsb.info.nih.gov/ij/gins/imagej-updater.html). The quantification
of the fluorescent signal from 4-5 cells from eadhl was divided to the background/noise of the
well and the statistical values (mean, standardatiemn and significance) were computed by using
Excel (Microsoft Office 2003, Microsoft Redmond, WASA). The second choice was based on
the Fluorometric Imaging Plate Reader FlexStatigiMblecular Devices, Sunnyvale CA USA)
that performed automatically the detection of sigmal the computation of values at the same
wavelengths as specified above. In this case thieaustaining step was avoided. The recording
values were divided to the blank and the statiktiahies (mean, standard deviation and
significance) were computed by using Excel (Micfo€ffice 2003, Redmond, Washington,

USA).

M easurement of the rate of glucose uptake

C2C12 cells were washed aftattment 3 times in warm PBS and incubated for 30
minutes at 37°Qvith 0.1 mg/ml of 2-(N-(7-nitrobenz-2-oxa-1,3-didzbyl)amino)-2-

deoxyglucose (2-NBDG) (Invitrogen, Paisley UK N13)diluted in warm PBS. After the
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incubation cells have been washed for 5 times wahm PBS, and the signal detection was

performed by imaging at 495/529 nm.

Western blotting

Differentiated C2C12 myotubes growrl wells plates were washed three times in ice-

cold PBS and lysed by using ice-cold cell lysisfeutCell Signalling, Danvers, MA USA 9803)
with ImM PMSF. For the detection of phospho-praé&mM NaF was also added (Sigma, Dorset
UK). In the case of the experiment that testedptiesibility of visfatin transport (Fig. 6.1) an
additional step of cell washing for three timesusyng warm DMEM before the ice-cold PBS wash
step was performed, in order to detach the vistati could have been bound to any receptor
localized at the plasma membrane. Cells were sdriipm the wells and transferred to 1.5 ml
Eppendorf Biopur' tubes, which were incubated for an additional 48utes on ice with gentle
inversion every 10 minutes, the degree of lysiagp@nspected visually. Cell lysates were
centrifuged at 14,000 rpm at 4f@ 15 min, and the supernatant was transferredrtew tube
from which five microliters of cell lysates werengled for protein quantification by using the
BCA kit (Perbio Science, North Nelson Industriatdés Cramlington, Northumberland 23225).

For the detection of oxidized proteins the OxyBfdit was used (Millipore, Billerica MA
USA S7150). To detect the levels of oxidized preges0 mM DTT was added to the cell lysis
buffer. From each samplepgbwas mixed with 5ul of 12% SDS to denature the proteins. To
derivatize the proteins 10 of 1x DNPH was added and the tube was incubated3 minutes at
RT. To end the reaction 7% of neutralization solution was added and theginst were loaded on
the gels without boiling. For the experiment ddsedi in chapter 3, skeletal muscle sample tissues
taken from control and HLS-mice were homogenizéthity in ice-cold cell lysis buffer by using
a Precellys®24 system (Bertin Technologies, EniougrFrance) with CK28 ceramic beads,
followed by the same procedure as above.

For the detection of phospho-proteins | usedfollowing kits and antibodies: phospho-
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Akt-pathway sample kit (Cell Signalling, DanversANUSA 9916); NFkB pathway sampler kit
(Cell Signalling, Danvers, MA USA 9936); and phosgMAPK family sampler kit (Cell
Signalling, Danvers, MA USA catalogue number 99Fy). the detection of visfatin | used a rabbit
polyclonal antibody (Abcam, Cambridge UK cataloguenber ab72128) or an antibody raised in
mouse against the FLAG-tag (Abcam, Cambridge UK3D32In chapter 3 | used the rabbit UCP-3
(Abcam, Cambridge UK ab3477) and rabbit PPR&R{Abcam, Cambridge UK 8937) antibodies.
As loading controls, mouse monoclonal antibodiesregsy GAPDH (Abcam, Cambridge UK 9484)
and beta-actin (Abcam, Cambridge UK 8224) have lsed. To detect the levels of nitro-
tyrosines a mouse monoclonal antibody was usedipiglie, Billerica MA USA CC22.8C7.3).
Briefly, 60ug of protein supplemented with 1x NuPage samplaatah agent
(Invitrogen, Paisley UK NP0004) was boiled in NuB&adpS sample buffer (Invitrogen, Paisley
UK NP0007) for 10 minutes at 70 and then separated in 10 wells Novex Bis-Tri2% hels
(Invitrogen, Paisley UK NP0335BOX) or in 12 well®Wex Bis-Tris 10% gels (Invitrogen,
NP0322BOX) by using NUPAGE SDS-MOPS (Invitrogensky UK NP0O001) or NuPAGE SDS-
MES running buffer (Invitrogen, Paisley UK NPOOOBr electrophoresis | usedCell
SureLock™ Mini-Cell system (InvitrogerRaisley UKEIO001) attached tBowerEase® 500 power
supply (Invitrogen, Paisley UK EI86000). The prageivere transferred onto a nitrocellulose
membrane (Schleicher and Schuell, Dassel Germany3ing NUPAGE transfer buffer and Mini
Trans-Blot Cell system (Bio-Rad, Hemel Hempstead17R-3930) connected to PowerEase®
500 power supply (Invitrogen, Paisley UK EI8600®)ter transfer the membrane was washed for
5 minutes in TBS before being blocked for 1 hifBS with 5% BSA and 0.1% Tween-2All
primary antibodies were diluted 1:1000 in 1x TB$6% BSA and 0.1% Tween-20 and
incubated with the blot overnight at@ with gentle rocking (30 rpm). The membrane washea
with TBST three times for 15 minutes each, and ithenbated for 1 hr with the goat anti-rabbit-

HRP secondary antibodies (Cell Signalling, Danvta,USA 7074) provided by each kit 1:2000
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in 1x TBS with 5% BSA and 0.1% Tween-2. For theed@bn of mouse-raised antibodies | used a
secondary horse anti-mouse-HRP antibody (Cell SiggaDanvers, MA USA 7076) or a donkey
anti-mouse-HRP antibody (Jackson laboratories,03%4150)diluted 1:10,000 in 1x TBS with 5%
BSA and 0.1% Tween-20. The membrane was furthehedhthree times in TBST for 15 minutes
each, followed by another wash for 5 minutes in TBi$& chemiluminescent signal was detected
using SuperSignal West Pico substrate (Perbio Sejeéviorth Nelson Industrial Estate
Cramlington, Northumberland 34077) and a ChemiD&S)ystem (BioRad, 170-870). The
images were saved electronically by using Quafitg 1 (Bio-Rad, Hemel Hempstead UK 160-
9601) and exported to Adobe Photoshop CS2 (Mictd3fiice, Microsoft Redmond, WA USA).

As a loading control, the HRP-bound GAPDH antibags used (Abcam, Cambridge UK ab9482)

diluted 1:5000 in 1x TBS with 5% BSA and 0.1% Tweh

RNA extraction and cDNA synthesis

To extract RNA from cells and tiss | used the TRIzol method (Invitrogen, Paislé&y U
15596018) and Qiagen RNeasy kit (Qiagen, Dissel@ermany catalogue number 74104). |
added 1ml of TRIzol directly on wells after a thh@ecle washing step with warm PBS and
transferred the cells to a tube to which | add@dndl. of chloroform. The tube was vortexed
vigorously at RT for 10 seconds, and then incub&dednother 2 minutes at RT. The tube was
centrifuged at 4C for 10 minutes at 14,000 rpm and after that 0.6frthe aqueous (upper phase)
was taken from the tube. To this phase | addednD¥olume of absolute ethanol cooled at -20C
and mixed thoroughly, followed by filtering on aa@en RNeasy spin column and centrifugation
for 1 minute at RT at 12,000 rpm. After 1 cycleagtshing with 700 microliters of RW1 buffer and
another two cycles of washing with 700 microlitaral respectively 500 microliters of RPE buffer

at RT for 30 seconds at 14,000 rpm, the columnawuasl by a further centrifugation for two
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minutes at the same conditions. 50 microliters BPO-treated water was added to the column and
incubated for 15 minutes at RT. The RNA was elltgdentrifugation at 12,000 rpm at RT for 1
minute. The quantification and quality control dflR were performed by using Bioanalyzer 2100
system (Agilent, Santa Clara CA USA catalogue nundi938C) and RNA 600 Nano chips
(Agilent, Santa Clara CA USA catalogue number G293834). Before cDNA synthesis |

digested the RNA with DNase | (Sigma, Dorset UK AAR) in order to remove any trace of
genomic DNA that might affect the RT-PCR assays.nficrograms of RNA was diluted in DEPC-
treated water to a final concentration of 8 mi¢ess and incubated with 1 microliter of 10x DNase
reaction buffer and 1 microliter (1 unit) of Amptiation Grade DNase | for 15 minutes atG7

After 15 minutes | added 1 microliter of STOP smnt(50 mM EDTA) for the chelation of

calcium and magnesium ions, and the tube was inedtzd 70C for 10 minutes followed by a 5
minutes step of cooling the tubes on ice. To obtia@ cDNA | used the Superscript Il First strand
synthesis system (Invitrogen, Paisley UK catalogumber 18080-051). Briefly | mixed the RNA
with 1 microliter of 10 mM dNTP mix and 1 microlitef 50 ng of random hexamers and incubated
the mixture at 65C for 5 minutes, then cooled it on ice for anotive minutes. | further added 2
microliters of 10x first-strand buffer, 4 microliteof 25mM MgCI2, 1 microliter of 0.1M DTT, 1
microliter of RNaseOUT (40 units) and 1 microlif@00 unit) of SuperScript Ill RT to the tube.
After gentle mixing the tube was incubated inigiat 25'C for 10 minutes and later at %D for 60
minutes. The reaction was stopped at76ér 15 minutes, and then tube was chilled onTee.
remove any trace of RNA | added 1 microliter (2tsihof RNase H from E. coli for 20 minutes at

37°C.
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Real Time Quantitative Reverse-Transcription PCR (Q-PCR)

The Bio-Rad I-Cycler (Bio-Rad, Hdriiempstead UK) with FAM-490 system detection was
employed for real time quantitative RT-PCR by udimg Platinum® Quantitative PCR SuperMix-UDG
(Invitrogen, Paisley UK catalogue number 11730-02%ER thermocycler conditions were 50°C for twc
minutes, 90°C for two minutes followed by 45 cyatd®5°C for 15 seconds and 60°C for 60 seconds.
All samples were run in triplicate with both prinsats and the control genes to normalize the difilezs
in amount of starting material. Fold changes wateutated using the’2“' method. Statistical analyses
were performed using Student’s t-test. A p-valliess than 0.05 was considered significant. The
following probes from Tagman (Applied Biosystems#gltechnologies Carlsbad, California USA) have

been usednouse sample$PPAR-B/6, Mm00803186_gl1PPAR-o, MM00440939 m1PPAR-y,

MmO00440945 _m1NOX4, Mm00479246_mITNF-a, MmM00443258 maIFN-y, Mm99999071_m1,
IL-6, MmM99999064 mIL-15, Mm00434210_m1yYCP-3,Mm01163394_mi1GLUT-1,
MmO01192270_m1GLUT-3, MmM00441483 m1GLUT-4, Mm01245507_gl1SOD?2,
MmO01313000_m1GPX-3, Mm00492427_m1SOD-1, Mm01344233_glHIF-1A, Mm01283760_m1
NRF-2 Mm00477786_mIVEGFa, Mm01281449 m17RAF1, Mm00493827_mi1nNOS,
MmO00435175_m1SOD1,Mm01344233 glCAT, Mm00437992_mI1INRF1, Mm00447996_m1,
TRAF6, Mm00493836_m1CPT-1b, Mm00487200_m1CPT-2, MmM00487205_m1UCP-3,
MmO00494074_m1ACCa, MmM01304277_m1ACCH, Mm01204683_m1; RX& Mm00436264_m1;
AMPK a2, Mm01264789_m1AMPK g2, Mm01257133_mIPGC-1a, MM00447183_m1PGC-18,
MmO01258518 m1YKT6 homolog (Saccharomyces cerevisiae) snare protem0®0457727_m1l; as
controlGADPH 4352932E anACTB 4352933E)rat samples(Arntl, Rn00577590_mI1Runx1,
Rn00569082_mINR1D1, Rn00595671 m1Iflr2, Rn02133647_sMgmt, Rn00563462_m1;Jchl1,
Rn00568258 mIEpn3, Rn01456494 g1SIn, Rn02769377_sXasqg2 Rn00567508 mlApin,
Rn00581093 m1Psmb8 Rn00589926 mIPsmb9 Rn00562296 miCasp3,Rn00563902 m1;

Tmbim1, Rn01400508_gIVR4A1, Rn00666995_mINR4A2, Rn00570936_mINR4AS,
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Rn00581189 mISREBF1, Rn01495772_gIFASN, Rn00569117 miSCD-1, Rn00594894 g1;
GPAM, Rn00568620 _mIPPAR-y, Rn00440945 m1PPAR-$/6, Rn00565707_mIPPAR-a,
RN00566193 mI1PGC-1a, RN00580241_mIPGC-18, Rn00598552 mIAMPK y3, Rn01400861 g1;
UCP-3, Rn00565874 mIFABP-4,Rn00670361_m1; as contrdd&CTB, 4352931EGAPDH,

4352338E).

Microarray assay

Labelling

600 ng RNA and 3 ul Agilent One-Colour RNA SpikeRNA were labelled with the Agilent Low
RNA Input Linear Amplification Kit PLUS, One-Colowaccording to instructions as follows: 1.2
pl T7 Promoter Primer was added to 600 ng RNA aptispike in control and denatured at 65 °C.
First Strand Buffer, DTT, dNTP MMLV and RNaseOutsaadded. The cDNA was synthesised
during the following incubation step (2h at 40 °8fter 10 min denaturation at 65 °C and the
addition of Cy-labelled CTP, Transcription Buff&TT, NTP, PEG, RNaseOUT, Inorganic
Phosphatase, and T7 RNA Polymerase the synthetlie @ifiorescent labelled cRNA was
performed during the second incubation step (240&C). The labelled cRNA was purified with

the RNeasy Mini Kit (Qiagen Ltd, Disseldorf Germpany

Hybridisation

The Agilent Hybridisation Kit (Agilent, Santa Cla@A USA catalogue number 5188-5242) was
used in conjunction with Agilent Rat Oligo Arraygug of the labelled sample RNA were used for
hybridisation according to the Agilent One-Colouickdéarray-Based Gene Expression Analysis

Protocol The hybridisation was performed for 17 B®°C at 10 rpm. Slides were them washed for
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1 min at 22 °C in Wash Solution 1 (catalogue nuntli&8-5325) and 1 min at 22 °C in Wash
Solution 2, pre-warmed to 37 °C (catalogue numi885326). Slides were incubated for 30s in
Agilent Stabilisation and Drying Solution (Agiler8anta Clara CA USA catalogue number 5185-

5979).

Scanning
The slides were scanned with the Agilent G2565BArbkrray Scanner System. For data

extraction and quality control, the Agilent G2567 &&ature Extraction Software (v.9.1) was used.

Microarray bioinformatics Analysis

Extracted data were analysed using GeneSpring GX {Silicon Genetics, CA USA). Agilent
standard scenario normalisations for FE1-colowyarwere applied to all data sets. A subset of
genes for data interrogation was generated thatided controls, spots of poor quality, and gene
probes that were present in less than 50% of samiptem these selected genes, relative
expression in animals fed thd lib diet was compared to animals on the caloric i&gin diet.
Genes differentially regulated by greater thanf@l@-were selected. One-way, parametric,
ANOVA tests were performed followed by Benjamindadochberg multiple test correction with a
false discovery rate of 0.05. Microsoft Excel téatgs were prepared containing genes that were

over- and under-expressed following CR.

| ngenuity™ Pathway Analysis (I PA)

Ingenuify Pathway Analysis (IPA) 3.0 (IngenultySystems, CA USA) was utilised

to assemble functional networks altered by CR ety entry tool systematically encodes
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findings presented in peer-reviewed scientific pations into ontologies, or groups of genes
/proteins related by common function. Moleculatwaeks of direct physical, transcriptional, and
enzymatic interactions were computed from this Keogye base using the genes differentially
regulated by CR. The resulting networks contaitedar relationships with a high degree of

connectivity and every gene in the network is sujgabby published literature.

M easurement of the levels of oxidized lipids

To measure the levels of oxidifipids | used a LPO kit (Cayman chemical, Ann
Arbor MI USA 705002). C2C12 cells were incubated or not with A@nl of visfatin for 24 hrs.
C2C12 cells were scrapped from wells and sonicatétPLC-grade water (without any metals)
followed by extraction of lipids by sonication. 50@croliters of sonicated extract from each
sample was added to 500 microliters of Extract ®ioled by kit saturated with methanol,
followed by adding of 1 ml of deoxygenated, icedcohloroform to the tube. After centrifugation
at 1,500xg for 10 minutes at  4°C, the bottoyetavas collected which was further added to 450
microliters of a 1:1 mixture of deoxygenated, ioddcchloroform and deoxygenated methanol,
followed by incubation with 50 microliters of chragen provided by the kit (1:1 mixture of FTS
reagent 1 consisting of 4.5 mM ferrous sulphate.thM HCI and FTS reagent 2 consisting of 3%
of methanolic solution of ammonium thiocyanate)teAfs minutes of RT incubation, 300
microliters from each sample was taken and measair8@0 nm in a microplate reader by using a

glass-bottom 96-well plate. The kit is based onftilewing reactions:

ROOH + Fé&* — RO+F¢e"
RO + F¢" + H' — ROH+ Fe**
Fe* +5SCN  — Fe (SCN)*s
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M easurement of antioxidant capability of the cells

To measure the antioxidant status | used a kit f@ayman chemical, Ann Arbor Ml USA
catalogue number 709001. C2C12 cells were incul@mtedt with 100 ng/ml of visfatin for 24 hrs,
or with 100uM of hydrogen peroxide for 30 minutes as a negatosgrol. C2C12 cells were
scrapped from the wells and sonicated in ice-calfieb provided by the kit (5mM potassium
phosphate, pH7.4 with 0.1% glucose and 0.9% sodhioride) and centrifuged at 10,000xg at
4°C for 15 minutes. 10 microliters from the supéanawas mixed with 10 microliters of
metmyoglobin resuspended in the assay buffer peaviy the kit and with 150 microliters of
ABTS chromogen (2,2’-Azino-di-[3-ethylbenzthiazoline gibnate), resuspended in HPLC-grade
water. 40 microliters of 44{4M hydrogen peroxide diluted in HPLC-grade water wdded to
each well to initiate the reaction and the plats slaaked at RT for 5 minutes in the danolox
(6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxyuid), a water-soluble tocopherol analogue,
was used as a positive control instead of samples measurement was done at 405 nm in a

microplate reader.

M easurement of cell viability

To measure the cell viabilityDH-Cytotoxicity Assay Kit Il was used (Biovisiomnc
Mountain View, CA USA K313-500). If the plasma memaitre is compromised than lactate is
released in the culture medium and the lactatedtelggnase from the kit will further oxidize
lactate, generating nicotinamide adenine dinudeghNADH) that is recognized by the WST
compound. The LDH reaction buffer is made of 200roliters of WST substrate resuspended in
HPLC-grade water with 10 ml of LDH assay bufferiellly, 10 microliters of culture medium were
taken from cells incubated or not with 100 ng/mVisfatin for 24 hrs or with 100M of hydrogen

peroxide for 30 minutes as a positive control. Thkure medium sampled was further added to
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100 microliters of LDH reaction mix and incubated 80 minutes at RT. After stopping the

reaction with the STOP solution, the absorbancemaasured at 450 nm.

ELISA

To detect the existence of visfatin (eNgmpthe culture medium of C2C12 cells in basal or
stimulated an ELISA kit (Raybiotech, Norcross GSA VIS-EIA-1) was used. 185 microliters of
1x Assay Diluent B containing biotinylated visfa{ldV) was mixed with 62.5 microliters of
medium taken from wells with C2C12 cells or witle standardsThefinal concentration of the
biotinylated visfatin in each tube was 10ng/ml. Bgewells plate that had been already coated
with goat anti-rabbit secondary antibody was furiheubated with a rabbit anti-visfatin antibody.
After 1.5 hrs the plate was washed 4 times andoatad in each well with either 100 microliters of
mixed BV-standards provided by the kit, either wi®0 microliters of mixed BV-sample medium
from C2C12 cells prepared as above. After 2.5lnegptate was washed and further incubated in
each well with 100 microliters of biotin-streptawidolution for another 45 minutes at RT. After
another washing step the TMB One-Step substrateadadesd to each well for 30 minutes with
gentle shaking. 50 microliters of STOP solution \wdded and the reaction was measured at 450
nm. As positive a serial dilution of standardsistafrom 1000 ng until 0.1 ng was used and

calibrated. The minimum visfatin concentration d&ble was 379 pg/ml.

Statistical analysis

For computation of statistical \@duaverage, mean, standard deviation, Studemgstt-
ANOVA) and for the graphical visualization | usdektExcel 2003 software (Microsoft Office,
Microsoft Redmond, WA USA). To perform ANOVA tedtased GraphPad Prism software

(GraphPad, La Jolla, CA USA).
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Chapter 3- THE ROLES OF NUCLEAR RECEPTORSIN

MEDIATING METABOLIC FLEXIBILITY DURING AGEING
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3A. Introduction

As it was recently predicted by a World Health Gugation report (WHO, 2011),
between 2000 and 2050 the aged population (over g@ars) will reach the landmark of two
billion worldwide and 85% of them will live in thaeveloping world. This aged population is
expected to have an increased lifespan and a higlggee of an active lifestyle than at present.
Medical problems encountered in current aged pdipunlainclude cancer, osteoporosis,
neurodegeneration and dementia, arthritis, cardimyar diseases, stroke, sarcopennia and frailty,
glaucoma and hearing loss, metabolic syndrome hadity (Fontana et al., 2010). Therefore, a
proper theoretical understanding of the cellulgnalling pathways underlying the pathogenesis of
ageing-associated diseases is required in orddgign better therapies for the groups affected or
better preventive strategies for the groups at fisle role of the biomedical research is
consequently to decipher the mechanisms leadibgtogical ageing and to imagine new ways to
prevent (or at least delay) the detrimental symgtassociated with increased age.

During ageing the skeletal muscle is characterigesignificant changes in myofibre
number, mass, size and structure and by a defestisitation-contraction coupling system (Rossi
et al., 2008). Such changes are associated wétredlgene expression, increased cell death and
reduced cell survival, increased oxidative andmdtress, inflammation, ER-stress and hypoxia.
These events result in a reduced muscle mass@mgjth, impaired endurance and contractility
and reduced regenerative properties partially dwntincreased cell death rate of satellite cells
(Gopinath and Rando, 2008), being noticeable atsaraition toward a slower-twitching muscle
fibre type which exhibits a shift to a more aembkidative metabolism (Doran et al., 2009). In
addition, the skeletal muscle from older human @dulesents a significant accumulation of large
intracellular lipid droplets and a changed intaacwvith a fewer number of mitochondria. This
lipid accumulation during ageing is further asstaawvith an impaired mitochondrial bioenergetic

process that is increasing the levels of ROS (Ceaé, 2010).
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This study used two approacheaddel the effects of ageing on skeletal muscle.
One was designed to study the effects of accetbegjeing process by using thiedlimb
suspensiomethod in mic€HLS), and one designed to explore the mechanismslayett or
improved ageing phenotypes in rats subjectezhloric or dietary restriction(CR/DR). In order to
investigate the changes induced by these two apipesaa global genome profiling by using
microarray was performed as described above, feltbly data analysis. To confirm the changes
identified by microarray the findings were furthedidated by using RT-PCR and western blot.
The maingoal of this chapter was to identify changes in thereggion of families of nuclear
receptors and other transcriptional regulatorssesthis could offer useful tools for targeting the

ageing-associated diseases affecting skeletal muscl
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3B. Results

3.1 Identification of the early-responsive genes duced by hindlimb

suspension in mice

The hindlimb saapion method (HLS) is widely employed in animaldsis
to investigate the effects of inactivity on skeletascle physiology characterizing human skeletal
muscle during ageing, bed rest or spaceflight gear1995; Chapes and Ganta, 2005; Morey-
Holton et al., 2005; Riley et al., 1995). Most sasdhave used this method to explore the long-
term,chroniceffects of inactivity (St-Amand et al., 2001), bess is known about the short-term,
acuteeffects. Our collaborators from the Universitykantucky (Dr. Reid lab, Lexington, USA)
performed the unloading experiments by keeping meunindlimb suspended for short-term (1
day) or long-term (12 days), followed by the samglof skeletal muscle (soleus and
gastrocnemius) as described above (Matuszczdk 2084). In order to study the changes
induced by acute HLS on global skeletal muscle gapeession profile, RNA was extracted in our
laboratory from gastrocnemius and soleus sampdes broth control and 24 hrs HLS animals (n=5)
and whole-genome microarray analysis was perforfitadzatti et al., 2008). The raw data
generated by the microarray experiment (GEO nurGi8#9802) were further analyzed by using
GeneSpring GX 7.3.1 software. After the exclusibprobes that were absent or present in less
than 50% of the samples, only the probes that sti@wteast 1.5-fold change between control and
HLS animals and passed the ANOVA test (P< 0.05kwetected. The final list included 1,451
genes differentially expressed in soleus and 1g@ftes in gastrocnemius. In the case of soleus 417
genes were upregulated and 1,034 were downregukatddn the case of gastrocnemius 318 genes
were upregulated and 747 were downregulated. Asfsem the Venn diagram depicted in Fig.
3.1A, only 600 genes were differentially expresseldoth muscle types. This subset of commonly

regulated genes was further subjected to geneeclasalysis by using a Pearson correlation. In
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order to visualize the genomic differences betwaenirol and HLS mice a heat map was
constructed ordered by tree clustering and sigifite (Fig. 3.1B), in which each row represents a
probe and each column represents one sample. e part of the map show genes that did not
correlate between gastrocnemius and soleus, thélemart represents genes that were
downregulated in both muscle types and the lowdrrparesents genes that were upregulated in
both muscle tissues. The red colour representgulatton and the green colour represents
downregulation in gene expression, the intensityhefcolour being correlated with the degree of

change normalized to the negative control values.
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Fig. 3.1 Venn analysis and hierarchichistering of hindlimb suspension (HLS)-altered
gene probes.

A. Venn analysis of the gene expression profilihgantrol and unloaded muscle
demonstrated that a total of 1,451 and 1,065 gemes differentially expressed after HLS in
soleus and gastrocnemius muscle, respectively {fold5P < 0.05); B. A gene cluster analysis was
performed by using a Pearson correlation and hgageaeration of the 600 gene probes
differentially regulated in both soleus and gasteyius muscles. Each row represents 1 of 600
probe sets and each column represents 1 samplénf€nsity of colour in a cell represents the
normalized expression of the probe, where greerr@shdepict low and high expression,
respectively (n=6).
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3.2 Acute hindlimb suspensi¢HRILS) changes the expression profile of genes
involved in glucose and lipid metabolism

Gene Ontology (GO) analysis of geneswmeae significantly regulated in both soleus
and gastrocnemius was used in order to investtbateffects of muscle unloading on individual
biological processes. Table 3.1 shows the lisheften most modulated biological processes
changed by hindlimb suspension ordered by the leyllased on the computation of the number
of the genes expected in the class normalizedetotimber of the genes observed in microarray.
From a total of ten ontologies altered by HLS tingt seven are associated with muscle
development, skeletal muscle function and withgrosynthesis. This discovery correlates with
previous findings that deciphered such changekaletal muscle during ageing in both humans
and rodent models (Jaspers et al., 1988; Tischidr,e1985), further supporting the assertion that
hindlimb suspension is an accurate model of ingatbn of the ageing phenotypes. Other
ontologies significantly changed were cytoskeletaganization and the response to heat
shock/stress. The skeletal muscle during ageingasacterized not only by structural changes but
also by an impaired defence against infection addced resistance to stress, and these two
processes are regulated partially by changes iexpeession of genes involved in the response to
heat stress and heat shock (Morton et al., 2009)imMdings could therefore offer an explanation
for the perceived changes in the aged skeletal lewusc

It has been previously shown that iergn unloading of skeletal muscle changed

the expression profile of genes regulating lipid glucose metabolism (Stein et al., 2005; Stein
and Wade, 2005), leading to an increased reliangdurose as a main fuel and a reduced
utilization of lipids that will accumulate intrad¢elarly. As many as 18 glucose-related ontologies
were altered following the short term HLS in my ekment, especially gluconeogenesis and lipid
metabolism (Table 3.2). In my experiment, while ¢éxpression level of key enzymes in

gluconeogenesis and glycolysis such as fructogebiphosphatase (FBP2), glycerol-3-phosphate
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dehydrogenase 1 (GPD1) and glucose 1-dehydrogéiHag®) wereincreasedthe expression
levels of two other critical enzymes, pyruvate carfdase and phosphoenolpyruvate carboxykinase
werenotmodified (Table 3.3). It was also noticedealucedexpression of other crucial genes for
glucose metabolism such as hexokinase 2 (HK2),gtazgycerate mutase 1 (PGAM1) and
glycogen synthase 2 (GYS2). In conclusion, somgeoks involved in glucose metabolism
identified in the early stage of unloading fit tost paradigm identified in the chronic unloadingt b
others did not. In addition, in contrast with ttenclusions of independent long-term unloading
experiments | noticed that many genes involvedpid Imetabolism presented in fact iaereased
level of expression, such as acyl-CoA thioesteta@COT1) which is critical for unsaturated fatty
acid biosynthesis, farnesyl diphosphate farnesyldierase 1 (FDFT1) which is involved in
cholesterol biosynthesis, branched chain ketoagiydrogenase E1 (BCKDHA) which is involved
in branched fatty acid oxidation and acyl-CoA swt#ise long-chain family member 3 (ACLS3)
which is involved in peroxisomal lipid metabolis8tearoyl-Coenzyme A desaturase 2 (SCD-2),
which is involved in monounsaturated fatty acidtbgsis, was nevertheless found to be
downregulated The increased expression of many genes reggligial utilization during the
early stage of unloading as shown by my microaassay contrasted with the results reported
independently about the chronic stage (Stein g@05; Stein and Wade, 2005), which suggests
that the lipid metabolism could be in fagiregulatedduring this initial phase. Moreover, the
differential activation of genes involved in glueasmetabolism as seen from my microarray results
suggests that in the early stage the utilizatiogletose as a main energy substrate noticed by
independent studies in the chronic stage is imdpientphase, but not yet fully established.
Therefore | can conclude that in the earlystagliscernible an incipient process
of adaptationto metabolic dysfunction characterized byiraereasedipid metabolism and a
perturbedglucose metabolism. Such putative adaptation oagarshanges in gene expression

profile that nevertheless disappear later, in tiremic stage. Such ontologies are not equivalent
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nevertheless to molecular pathways and do not ibesitre dynamics of interactions between genes
within the ontology. To address this issue InggnBathway Analysis (IPA) was used to identify
molecular pathways affected by the short term Imimollsuspension in both soleus and
gastrocnemius. This software searches a vast mgruaated proprietary database of publicly
available research data comprising all proteingirointeractions, protein-DNA interactions,
signalling pathways, transcriptional networks, mRNAs and drug metabolism included in peer-
reviewed scientific publications. The algorithmdlvwdentify any kind of direct and indirect
relationships between genes in a certain givendssthe one generated by my microarray
experiment, and the output will be representedrasta@ork. The analysis of the 600 subset of
genes by IPA showed that as many as 19 relevanbriet were significantly changed after 24
hours of unloading in both types of muscle (Tabt.3These networks are associated with cancer,
organogenesis and development, regulation of gelecdrug metabolism, cell death and cell
signalling, aspects known to be involved in progi@s of ageing. The network regulating
specifically the glucose and lipid metabolism carg&3 focus genes and it is ranked the fifth with
a total score of 33. The score represents thenataber of relationshipg@ge$ between the focus
genes included in this particular network, a highmre meaning a higher statistical probability of
physiologically relevant interactions. These relaships are depicted in Fig. 3.2 for soleus, the
genes coloured in red beingregulatedn the experiment, the genes coloured in greemgoei
downregulatedand the genes that wearet changedn my experiment being uncoloured. A central
node in this network involved in lipid metabolisepresented by PPARwas downregulated in
both muscle types, simultaneously with its targates PGC -dand PGC-f (Table 3.4 and Fig.

3.2). RXR, another central node in this networkswat changed.
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Table 3.1 Top 10 most significamdgulated ontologies after acute unloading

Total number of genes includeeéach ontology (computed from entire mouse genome),
expected % of genes reflected in each ontology feted from entire mouse genome), the number of
genes differentially regulated by hindlimb suspengHLS) in each ontology (computed from the list o
HLS-regulated genes) and % of genes in the ontalogtywere differentially regulated after HLS
(computed from the list of HLS-regulated genes)sm@wn. P value reflects the significance of change
in prevalence of genes in each ontology under th® ebndition relative to the expected prevalence of

genes in each ontology.

Ontology Total No. of % of No. of Genes % of Genes p-value
Genes Genes changed changed by
in in by HLS HLS in
Ontology Ontology Ontology
GO:7517: muscle development 299 1.305 31 4.354 5.1E-09
GO0:51258: protein polymerization 82 0.358 15 2.107 3.0E-08
GO0:6936: muscle contraction 131 0.572 18 2.528 1.3E-07
GO:7519: striated muscle developmei212 0.925 23 3.23 2.1E-07
GO0:48741: fiber development 124 0.541 17 2.388 3.0E-07
G0:48747: muscle fiber development 124 0.541 17 2.388 3.0E-07
GO0:48637: skeletal muscle developmeni39 0.607 18 2.528 3.2E-07
GO:7010: cytoskeleton organizatima 917 4.238 75 8.006 3.4E-06
biogenesis

GO:9408: response to heat 44 0.192 9 1.264 6.9E-06
GO0:48513: organ development 1937 8.462 92 12.92 2.9E-05
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Table 3.2 Ontologies associatetth \wlucose and lipid metabolism significantly
regulated by HLS in soleus muscle
P value reflects the significance of changpravalence of genes in each ontology under
the HLS condition relative to the expected prevedeof genes in each ontology.

ontologies p-value
G0:19216 regulation of lipid metabolism 0.000178
G0:6094 gluconeogenesis 0.000675
G0:44255 cellular lipid metabolism 0.00109
GO:45444 fat cell differentiation 0.00141
G0:43255 regulation of carbohydrate biosynthesis 0.00242
G0:6638 neutral lipid metabolism 0.00285
G0:6629 lipid metabolism 0.00947
GO0:8610 lipid biosynthesis 0.0103
GO0:19217 regulation of fatty acid metabolism 0.0161
G0:45923 positive regulation of fatty acid metign 0.0169
GO:1676 long-chain fatty acid metabolism 0.018
GO:7005 mitochondrial organization and biogenes 0.0194
G0:6839 mitochondrial transport 0.0247
G0:6006 glucose metabolism 0.0258
G0:1678  cellular glucose homeostasis 0.029
G0:19915 sequestration of lipid 0.029
G0:44242 cellular lipid metabolism 0.03
G0:45834 positive regulation of lipid metabolism 0.0433
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Table 3.3 List of the relevant genes involvedpidland glucose metabolism,
significantly regulated by acute HLS in both soland gastrocnemius

Gene identifier, symbol, common name andoaicay fold-change observed in CR-
rats compared tad lib

gene identifier symbol common name fold-clgen
NM_007994 FBP2 fructose bisphagpse 2 91.8
NM_010271 GPD1 glycerol-3-phogehdehydrogenase 1 1.94
NM_ 173371 H6PD glucose 1-dehyérmse 1.66
NM_013820 HK2 hexokinase 2 - 1.59
NM_023418 PGAM1 phosphoglycerateanatl - 19
NM_145572 GYS2 glycogen synthase 12
NM_012006 ACOT1 acyl-CoA thioessd 3.34
NM_010191 FDFT1 farnesyl diphogehfarnesyl transferase 1 2.37
NM_007533 BCKDHA branched chain keidatehydrogenase E1 1.52
NM_028817 ACSL3 acyl-CoA synthetésng-chain member 3 2.02
NM_009128 SCD-2 stearoyl-Coeneyindesaturase 2 -1.56
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Fig. 3.2 Analysis of lipid agtlicose metabolism molecular networks regulateHib$

in soleus muscle.
Differentially expressed genes from analgdisoleus muscle after HLS were analyzed by

the Ingenuity Pathway Analysis (IPA) tool. The megiificant network involved in glucose and
lipid metabolism is shown as regulated by HLS iless muscle. Differentially regulated genes are
shown in red and green, depicting upregulationdgowinregulation after HLS (compared to
ambulatory control), respectively. Bold colour icalies a high degree of regulation (2.5-fold), while
pale colour indicates 1.5- to 2.5-fold differentiagulation. Noncolored genes were not found to be
differentially expressed after treatment. Positegulatory interactions are marked by solid arrows

(direct interactions) or dashed arrows (indiret¢niactions). Negative interactions are shown by
inhibitory arrows.
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3.3 Acute hindlimb suspension modifies PPAR-dependesignalling pathways

In order to have a bettieture of thePPAR-a signalling the Ingenuity Pathway
Analysis (IPA) was used to identify possible changethe networks that it regulates. The
visualization of canonical PPARsignalling pathway which is depicted in the Fi@ 8hows that
acute HLS altered in soleus the expression of safiite components such as PPARHSP90,
STATS5B, ¢c-FOS, IKBKG, NGFR and NCOA (Table 3.4).€Ttact that some of the genes modified
by unloading are nodal points within the PPARIignalling pathway investigated indicates that the
change in its expression was physiologically retéven order to validate the changes observed by
microarray, | further performed RT-PCR for all tanmembers of PPAR family and discovered that
while PPARe and PPARy were downregulated by HLS in both types of skélmtascle, the
expression level of PPARS was upregulated in soleus. Subsequent RT-PCRsaskayed that
while the levels of PPAR-target genes such as PPG&Lahd PGC-f were downregulated in both
soleus and gastrocnemius, the expression leveithef PPAR target genes such as carnitine
palmitoyltransferase-1b (CPT-1b), carnitine paliyltt@ansferase-2 (CPT-2) and uncoupling protein
3 (UCP-3) were significantly upregulated in soléig). 3.4).

In gastrocnemius the expression level of CRTa& downregulated while the other
two target genes (CPT-1b and UCP-3) showed onlgralttoward upregulation. RT-PCR was
again used to further assess the possible chareggression of several genes that are critical for
lipid and glucose homeostasis such as AMPK and ARhkile the expression level 82 subunit
of AMP-activated protein kinase (AMPK) in soleussagdightly downregulated by HLS, the
expression level ai2 subunit was upregulated. Similarly, while theresggion level o& subunit
of acetyl-CoA-carboxylase (ACC) was not changed,gkpression d§ subunit was upregulated in
both muscle types by HLS. These results demongtratdifferential regulation of PPAR-
dependent signalling pathways and of genes invalvdéigid and glucose metabolism in different

types of muscle such as soleus and gastrocnemiestewwt blotting was used to certify the changes
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identified at transcriptomic level. As seen frong.R3.5, the acute hindlimb suspension increased
the protein levels of uncoupling protein 3 (UCPaBll PPARB/S in soleus compared to
ambulatory animals, confirming the microarray anidiRCR results. To investigate whether the
changes observed in the acute phase were presenhahe chronic stage, an RT-PCR assay for
UCP-3 and PPAR/6 probes was performed by using samples taken fayeus muscle of mice
subjected to HLS for 12 days. As seen from Fig, BE&P-3 expression was upregulated but
PPAR4$/6 expression reverted to control levels. This contlicate that UCP-3 expression is
regulated in the chronic phase by other signalliathway besides PPAR signalling. PPAR-
expression is increased only in the acute phatieeainloading, suggesting that the compensatory
effect is overwhelmed after a long-term suspensiditernatively, the initial increase in PPARS
expression during the acute phase could be furadtiosufficient for the long-term increase in
UCP-3 expression identified even after 12 days lod Hvhen PPAR3/5 expression is back to

normal.
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Table 3.4 Genes belonging to PPABanonical pathway significantly regulated by acHieS

in soleus

Gene identifier, symbol, common name and fold-cleangnicroarray experiment observed in CR-

rats compared tad lib

NM_011144
NM_008904
NM_133249
NM_010480
NM_011489
NM_010234
NM_010547

NM_033217

PPAR-a peroxisome proliferator activated receptor alph

PGC -1o. peroxisome proliferative activated recept@oactivator 1 alpha
PGC-18 peroxisome proliferative activated recept@oactivator 1 beta
HSP90 heat shock protein 90kDa alpha

STATS5b signal transducer and activator of transcrip&8n

c-FOS FBJ osteosarcoma oncogene

IKBKG inhibitor of kappaB kinase gamma

NGFR TNFR superfamily, member 16
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Table 3.5 Networks sigmfitly regulated in soleus and gastrocnemius muscle
after HLS as determined by Ingenuity Pathway ysial(IPA)
Network score, number of HLS-regulated genesudayenes), and main cellular
functions or conditions (diseases) in which theseeg play a role are displayed for each of these

networks.

Score Focus Genes Top Functions or Conditiaee3es

44 28 Candreproductive System Disease, Cell Cycle
42 27 Aundly and Vestibular System Development and Fungtion

oihective Tissue Development and Function, DigeSystem Development

37 25 CdluMovement, Cancer, Neurological Disease

35 24 Canmeeell Cycle, Reproductive System Disease

33 23 Cdrpdrate Metabolism, Small Molecule Biochemistrypidi
Metabolism

29 21 Carpdrate Metabolism, Small Molecule Biochemistry,

elitlar Assembly and Organization

25 19 CancCellular Growth and Proliferation, Nervous ®ystDevelopment and
Function
21 17 (e#ath, Haematological System Development and kamdCellular

Development

19 16 Centive Tissue Development and Function, Immunokidiisease, Lipid
Metabolism

18 15 Divgtabolism, Gene Expression, Lipid Metabolism

18 15 Géngression, Small Molecule Biochemistry, Cardiadar Disease

18 15 Gem®isorder, Skeletal and Muscular Disorders, Detiotogical Diseases

and Conditions

18 15 CancCell Death, Gene Expression
16 14 DNReplication, Recombination, and Repair, Cell Cy€lancer
16 14 Omngan Development, Haematological System DevelopraedtFunction,

Cellulmnction and Maintenance
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Fig. 3.3 PPAR- canonical pathvigoleus muscle after HLS.

Genes that were differentially expressesbieus muscle after HLS were clustered into

canonical pathways with the Ingenuity CanonicahiRaly tool. The PPAR signaling pathway was
significantly regulated by HLS in both soleus meg@ < 0.001). Coloured genes were identified by

microarray analysis as differentially upregulatedlownregulated in HLS samples compared with

control (red and green, respectively). Other una@d nodal genes are directly or indirectly

associated with the differentially expressed gdngsvere not found to be significantly regulated by

HLS. Genes are linked by their subcellular locatextracellular, cytoplasmic, nuclear; from top to

bottom, respectively). Main processes modulatetidnscriptional regulation are shown. The legend

of the figure is included in Supplementary Figure 1
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Fig. 3.4 Acute HLS changes thepression profile of PPAR family and of th

associated signalingetworksin skeletal muscle samples

Soleus and gastrocnemius tissue samples wereaddlaim control animals and anim:
after 1day HLS. RNA was extracted from ambulaf (n = 4) and 1day HLS n = 4) conditions,
followed by RTPCR for PPAF-a, -y, -B/6 probegA); for PGC-1, PGC48, CP1-1b, CPT-2 and
UCP-3(B); and for ACC ¢ andp isoforms) and AMPKd2, 32 subunits(C). All samples were run
in triplicate with test probes and the control gemmusebeta-actirto control for differences iamount
of starting material. Fold change in expression eadsulated by normalizing the test gene cros
threshold (@ with the betaactinamplified control and then comparing to gene exgogsin
ambulatory control animals. =5/per group; +/- SEM; P < 0.05 by ANOVA **P < 0.01 by
ANOVA; NS = notsignifican.
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Fig. 3.5 PPAR3/¢ and UCF-3 protein expression levels are increased in soheuscle o

acute-HLS mice

A. Tissue extracts frorsoleus muscle of ambulatory (n=8)d 2~-hrs HLS mice (n=5)were
used o detect by ECL western blot the levelsPPAR$/6 and UCP3 protein expressioiB.
Quantization was performed by densitometric analiglowed by normalization of values -actin
expression in each samphwveragePPAR$/6 and UCP3 expression in seus muscle of ambulatory
and HLS soleus depicted graphically relative to alaiory control +/- SEM; *P < 0.05 by ANOVA,;
** P < 0.01 by ANOVA;NS = nof significant.
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Fig.3.6 UCB-expression is increased during chronic stagePPAR#/6 expression

reverts to normal in HLSeleus muscle
Soleus tissue was isolated from control animalsaamchals after 1-days HLS. RNA

was extracted from ambulatoin = 4) and 12-day HL)\(= 4) conditions, fllowed by RT-PCR for
UCP-3 and PPARY/ probes. All samples were run in triplicate withtgeobes and the control ge
mouse beta-actito control for differences in amount of startingteral. Fold change in expressi
was calculated by normalizing 1 test gene crossing threshold)(®@ith thebeta-actin amplified
control and then comparing to gene expression ioudatory control anima. +/- SEM; *P < 0.05 by
ANOVA; NS = notsignifican.
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3.4 Caloric or dietamestriction (CR/DR) has a significant impact on tle

global genomic profile of rodent skeletal muscle

Caloric or dietary restriction (CR/DR) is tbely successful dietary intervention
which extends the lifespan of all experimental alimodels tested so far (Bergamini et al., 2003;
Masoro, 2005). In addition, CR has anti-ageing proes by delaying or reducing the impact of
ageing-associated diseases such as cancer (Loddeatana), sarcopenia (Colman et al., 2008),
neurodegeneration (Contestabile, 2009), metabptidr®me (Opie, 2009), insulin resistance and
obesity (Palou et al. 2010). The physiological aretabolic consequences of caloric restriction
have been extensively investigated and detail¢kariterature (Colman et al., 2009; Cruzen and
Colman, 2009). Nevertheless, the underlying regeyalnechanisms have not been explored in
detail so far. A main goal of the present chaptas @deciphering the possible roles of nuclear
receptors in modulating the anti-ageing effectsigedl by caloric restriction. A theoretical
breakthrough in this respect could offer effeciivervention tools for the groups affected or skri
for the diseases listed above. To explore the &figiccaloric restriction on skeletal muscle gene
expression profile an whole-genome microarray (&dilplatform) was performed in our
laboratory by using the rat gastrocnemius samptefiykoffered by our collaborators from
Liverpool University (Dr. BJ Marry laboratory).

Briefly, the rats have beepaated by our collaborators in two groups
immediately after weaning: the control group thasviedad libitumand the experimental group
that was subjected to caloric or dietary restricedditions for the rest of their life. This rodent
model has been already validated and used for gixteresearch on mitochondrial metabolism and
oxidative stress (Lambert et al., 2004; Merry, 2(BD5). The rats that were subjected to caloric
restriction lived longer, weighted slightly lessdgoresented improved metabolic parameters
(Merry, 2005). After 28 months of differential didie rats have been sacrificed and the skeletal

muscle samples taken from both con{eal libitum)and test (CR) animals were used for a whole
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genome DNA microarray experiment. After extractadrthe raw values | used GeneSpring
software to further analyze the data. After exdnsaf absent calls and probes that were expressed
(present or marginal) in less than half of expentaksamples, 20,023 out of an initial 41,105
probes (50%) were considered for analysis. Onlp@savith a differential expression of at least
2.0-fold and which passed ANOVA testing at p < OM5e considered to be truly differentially
expressed by CR comparedaa libitum the final list containing a total of 478 prob€s.these
probes differentially expressed, 52 were upregdlatel 426 were downregulated by CR
(Supplemental Table 1). To better analyze thenna ghister analysis was done by using a
Pearson correlation, generating a heatmap whehereacrepresents one of the 478 probes and
each column represents one skeletal muscle sangphedne different animal. Expression of the
478 probes in skeletal muscle of each animal isvaeha Fig. 3.7 where thmtensityof colour in a
cell represents the normalized expression of thbgrandyreenandred colouring depict low and
high expression, respectively. Expression of eaobin the samples from the six animals fed the
CR diet and six animals featl libitumare shown from left to right. Biological processese
further investigated by using Gene Ontology (GQglgsis of the genes significantly regulated in
CR- compared tad libitumfed animals. The list from Table 3sBows the 18 most significantly
regulated GO biological processes in dietary retgtti muscle with associated p-value. Although
functions known to be affected by CR (includingagise and lipid metabolism) are not among the
top 18 most-regulated ontologies, several otheabwic ontologies were found to be significantly
regulated (p < 0.05) such glycogen metabolispaspartate metabolispprotein metabolism
nucleoside metabolismdipose tissue differentiati@andmitochondrial biogenesis

Additionally, | observed a significant regutatiof cell cycle, growth and
apoptosis-related ontologies in CR samples. | edtior example that caloric restriction reduced
the expression of many genes associated with eathdsuch as cell death effectors (caspase-1,-3,-

4 and -9), apoptosis mediators (BAX, PDCD4, DIDORAF2, TRAF3, DAP, TMBIM1, RELT),
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DNA fragmentation effectors (DFFA, CIDEA) and sitjimay regulators (RIPK2, DAPK2). Other
known negative mediators of apoptosis such as B&ldstumor suppressors such as BCoR-L1
were upregulated. This reduction in expressionrofgpoptotic genes could explain the reduced
the atrophy and sarcopennia seen in the muscleimiaés and human volunteers placed upon

caloric restricted conditions (Colman et al., 2008)
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Fig. 3.7 Hierarchical clustering 6R-sensitive gene probes.

The 478 gene probes significantly diffgialy regulated in skeletal muscle
samples from CR compareddd libitum-fed animals were subjected to gene cluster arsalysng
a Pearson correlation. A heatmap was generatecevéaeh row represents one of 478 probe sets
and each column represents one skeletal muscldes&mom an individual animal. The intensity of
colour in a cell represents the normalized expoessf the probe, where green and red depicts low
and high expression, respectively, compared t@a#eeage expression of each probe across all
samples. n = 6 animals in each group.

DR Ad lib
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Table 3.6

Top 18 significantly CR-regulated oogpés and associated p-values

Ontology p-value
G0:48589: developmental growth 118-06
G0:6952: defence response 9.57E-06
GO0:9607: response to biotic stimulus 2.96E-
GO0:6955: immune response 2.05E-
GO0:6878: copper ion homeostasis 3.05E-05
GO:7517: muscle development 8.58E-05
G0:6936: muscle contraction 00104
G0:19882: antigen presentation 0.000131
G0:42535: positive regulation of tumour necrosigdaalpha biosynthesis 0.000142
G0:42534: regulation of tumour necrosis factor-alplosynthesis 0.000142
G0:42533: tumour necrosis factor-alpha biosynthesis 0.000142
G0:48668: collateral sprouting 0.000264
G0:48669: collateral sprouting in the absence joiryn 0.000264
G0:48738: cardiac muscle development 0.000264
G0:48739: cardiac muscle fibre development 00284
G0:45736: negative regulation of cyclin-dependentgn kinase activity 0.000333
G0:30333: antigen processing 0.000397
GO:9611: response to wounding 0.00044
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3.5 Caloric restriction changes the genomic proé of networks regulating

glucose and lipid metabolism in skeletal muscle andser

As seen from Table 3.7, sahthe crucial genes involved in glycolysis such as
phosphofructokinase (PFKL), ketohexokinase (KHK)ogphoglycerate mutase 1 (PGAM1) and
hexokinase 1 (HK1) were downregulated (-1.69042-1.51 and - 1.77 times, respectively) and
this fits with the already accepted and establigfgeddigm that caloric restriction inhibits the
process of glycolysis and consequently reducetottie metabolic by-products such as
methylglyoxal and ROS (Hipkiss, 2006, 2007). | netl also that the expression of insulin receptor
substrate 2 (IRS2) was increased 1.52 times iskbketal muscle of caloric restricted animals.
This change in expression is similar to the resaflisther independent experiments where
laboratory animals that were subjected to exestimsved an improved glucose metabolism and
reduction in the production of free radicals, psxcthat was partially mediated by the signalling
pathway acting downstream of IRS2 (Park et al0,720Glycerol-3-phosphate dehydrogenase 1
(GPD1), which is a key NAD-dependent enzyme invdlireglycerol biosynthesis, was also
increased 1.76 times and this correlates with ibeosglery that deletion of the gene in mutant
yeasts showing increased lifespan cancelled theagaing effect (Du et al., 2005), suggesting that
it is positively associated with delayed ageingevibusly it was shown that caloric restriction
improved insulin sensitivity and | also discovetbdt many mediators that are associated with
insulin resistance and diabetes such as insulengiowth factor binding protein 4 (IGFBP4) and
insulin-like growth factor binding protein 5 (IGFBPwere reduced too (-1.6 and -2.2 times). It is
known already that caloric restriction increase®ationdrial biogenesis, subsequently reducing
the oxygen consumption and the free radicals predlud.ambert and Merry, 2004), but less is
known about peroxisomal biogenesis and the rofgeofxisomal enzymes in reducing ROS levels
upon caloric restriction in ageing models. | dise@d for example that hydratase/3-hydroxyacyl

Coenzyme A dehydrogenase (EHHADH) which is a aitenzyme for peroxisomal fatty acid
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beta-oxidation was increased 1.624 times in theetKamuscle of caloric restricted animals. |
detected also increased expression of many tratespdocalized at both mitochondria and plasma
membrane such as mitochondrial transporters of AAJHP. (SLC25A30 + 2.6 times, SLC25A25 +
3.14 times and similar to mitochondrial carriertpro MGC4399 +1.52 times) or aminoacids
transporters (SLC38A3, SLC35C2 and SLC43A1 + Irtes). | further noticed a reduced
expression of genes critical for fatty acid biosysis and transport such as fatty acid desaturase 3
(FADS3, -1.6 times), fatty acid binding protein(BABP3, -1.7 times) and fatty acid binding
protein 5 (FABP5, -1.9 times). These changes cexpdain the reduced accumulation of lipid
droplets in the skeletal muscle of obese humarpistiundergoing fasting or losing weight
(Goodpaster et al., 2000). Therefore the aboveiomad genomic changes of networks regulating
glucose and lipid metabolism correlate with pregioeports detailing the improved metabolic

flexibility and reduced oxidative stress in CR migde
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Table 3.7 Expression of critical genes regulatimgd and glucose metabolism altered by caloric

restriction as revealed by microarray analysis

GeneBank Symbol Common name array fold-change
L25387 PFK-C phosphofructokinase -1.69
NM_031855 KHK kbexokinase -2.04
NM_053290 PGAM1 phosglycerate mutase 1 -1.51
NM_ 012734 HK1 hexokinase 1 -1.77
XM_001076309 IRS2 insuleceptor substrate 2 1.53
NM_022215 GPD1 gisale3-phosphate dehydrogenase 1 1.77
NM_001004274 IGFBP4 insulikel growth factor binding protein 4 .61
AW917764 IGFBP5 inatlike growth factor binding protein 5 -2.2
NM_133606 EHHADH enoyl-Cagme A, hydratase 1.62
NM_173137 FASD3 fattyid desaturase 3 -1.6
NM_024162 FABP3 fa#tyid binding protein 3 -1.7
NM_145878 FABP5 fa#tgid binding protein 5 -1.9
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Table 3.8 The expression of mesiy known NR4A2 regulated genes and interacting

partners in CR-samples as revealed by microarray

GeneBank Symbol Common name array fold-change
NM_012740 TH agme hydroxylase - 1.53
NM_022548 WIG1 wilgbe p53-induced gene 1 -15
XM _ 215812 TP53BP1 transfation related protein 53 binding protein 1 3 2.
NM_030989 p53 tumprotein p53 -15
NM_001008349 NFkB2 NFkB ligiolypeptide gene enhancer 2 6- 1.
NM_171992 CCND1 cyclii D -2.3
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3.6 Validatiorf arrays results by using RT-PCR

In order to validate the déesobtained by using microarrays | arbitrarily
selected 17 genes and assessed mMRNA expressioin-BZR. Table 3.9 compares CR-regulated
gene expression in skeletal muscle by gene arrdyRIFAPCR. All 17 genes selected for validation
demonstrated similar expression patterns for tregoarray and real-time RT-PCR measurements,
yet with different magnitudes, validating arrayuks. | detected in our microarray experiments a
reduced expression of many nuclear receptors anddription factors associated with cancer such
as ARNTL (aryl hydrocarbon receptor nuclear tracator-like, -6.5 times), RUNX1 (runt related
transcription factor 1, -5.34 times) and NR1D1 (eacreceptor subfamily 1 group D member 1, -
2.88 times). In addition, the expression levelsahy receptors involved in inflammation such as
Toll-like receptor 2 (TLR2) and Toll-like receptdr(TLR4) were reduced, which could explain
the reduced inflammatory process noticed indepehdencaloric restricted models (Lee et al.,
2010). Also, genes involved the development of sarcopenic phenotype sudagisase-3,
ubiquitin carboxy-terminal hydrolase L1, calsequias? and proteasomal subunits 8 and 9 were
downregulated by CR, suggesting a possible invoerém Another gene involved in insulin

sensitivity regulation such as apelin was downraigal too, with an unknown role in this case.
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Table 3.9 Comparison of CR-tatpd genes in skeletal muscle by microarray and

RT-PCR.

Gene identifier, symbol, coomm@ame, fold-change in microarray experiment

observed in CR-rats comparedat lib, fold-change in RT-PCR experiment observed in @R-r

compared tad lib (p < 0.05)

GeneBank Symbol Commomea micn@gr RT-PCR
NM_024362 ARNTL aryl hydrocarbon eptor nuclear translocator-like -6.58-6.13
NM_017325 RUNX1 runt related traiystion factor 1 -5.35 -9.20
NM_145775 NR1D1  nuclear receptdsfamily 1, group D, member 1 -2.88 -3.05
NM_198769 TLR2 Toll-like recep® -2.86 -1.20
NM_012861 MGMT  O-6-methylguanin®B methyltransferase -2.76-2.42
NM_017237 UCHL1 ubiquitin carboxgrminal hydrolase L1 3.7 -2.30
NM_001024791 EPN3 epsin 3 -3.22 -8.83
NM_001013247 SLN sarcolipin -6.54 -3.03
NM_017131 CASQ2 calsequestrin 2 -3.13 -1.50
NM_031612 APLN  apelin, AGTRL1digd 254  -3.15
NM_080767 PSMB8 proteosome (prosamecropain) subunit, beta type 8  -2.25-3.00
NM_012708 PSMB9 proteosome (prosamecropain) subunit, beta type 9  -2.15-3.25
NM_012922 CASP3  caspase 3, apaptekated cysteine protease 422, -3.80
NM_001007713 TMBIM1 transmembrane BAX intolb motif containing 1 -3.90 3B
NM_024388 NR4Al1 nuclear receptasfamily 4, group A, member 1 22 2.6
NM_019328 NR4A2 nuclear receptasfamily 4, group A, member 2 3.02 1.8
NM_017352 NR4A3 nuclear receptdsfamily 4, group A, member 3 3.7 21
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3.7 Altered expressioh NR4A family in skeletal muscle, liver and brainof

CR animals
Included in the transcrifiand to be differentially regulated in skeletal

muscle by CR were three functionally related gehd®4Al, NR4A2 and NR4A3. The nuclear
receptor subfamily 4 group AIR4A) family of nuclear receptors was initially Inded in the class
of the early responsive genes for growth factorgl{dndt, 1988) and has since been implicated in
regulating the response to insulin (Fu et al., 30B7order to determine if these receptors were
differentially expressed in a tissue-specific marfokbowing CR, | further assessed their gene
expression by RT-PCR in skeletal muscle, liver @hdle brain of CR- andd libitumfed animals.
In muscle and liver the upregulation of all threlRM\ receptors (NR4AL, NR4A2 and NR4A3)
was observed in dietary restricted animals comptréde control (Fig. 3.8A). In contrast, in brain
the dietary restriction did not significantly alexpression of any NR4A receptor. These data
highlight the complex regulation of these receptord suggest that each NR4A receptor may
perform diverse functions in different tissues iffielent developmental stages or physiological

conditions (Pei et al. 2006).
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Fig. 3.8 RTPCR assay of gene expression of NR4As and PPARsNnu&ceptor
families in multiple tissues from -animals compared to control.

Animals were grouped into CR aad libitumconditions and relative mRN
expression in each group was determined b-PCR; 8A: Relative expression of NR4As in mus
liver and brain of CR animals comparecad lib; 8B: Relative expression of PPARs in muscle, |
and brain of CR animals comparecad lib. All samples were run in triplicate with test pesbanc
the control rat gengsactin to control for differences in amount of stagtmaterial (n = 6 anima
per group; +/- SEM; P < 0.05 by ANOVA *** P < 0.001 by ANOVA;NS = not significan).
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3.8 Altered expression of genes belonging to MR-associated signaling

pathways

Similar to otheemtid receptors each NR4A receptor contains a DiNwibg
domain, a transactivation domain and a putativenkigbinding domain. Initially classified as
orphan receptors due to the lack of a known liggnthw seems probable that they do not require
ligand binding for their physiological function.\itas already shown that NR4A members interact
with RXRs (Calgaro et al., 2007) and that RXR lidaimcrease NR4As activity (Wallen-
Mackenzie et al., 2003). In addition, it was shdtat caloric restriction decreased the expression
values of RXRs in skeletal muscle of mice modeler&fore, | hypothesized that RXR expression
might be upregulated by caloric restriction, thgratblowing the possibility of an increased
transcriptional activation of target genes. Howewacroarray analysis identified no significant
effects of CR on any RXR isoforma(--, -y). | next investigated by RT-PCR (Fig. 3.8B) whethe
CR affected expression of an important class of RiBracting proteins that have previously been
shown to be altered as a consequence of CR, ndaheeperoxisome proliferator-activated
receptors (PPARSs) (Masternak and Bartke, 2007)reéSRlted in downregulation of PPAdRN
muscle and up-regulation in liver compared to aantn contrast, PPAR/S was downregulated in
both liver and brain but not in muscle. No sigrafit change in PPAR-expression was observed
in any of the three tissues investigated. In previstudies it was also shown that caloric restmcti
changed PPARs expression but had no effect on RMRsternak et al., 2005a; Masternak et al.,
2005b). Additionally, in liver and heart PPARs egsion was found to be both increased or
decreased, depending on the isoform and tissustigagéed (Masternak et al., 2004), suggesting
that regulation of these nuclear hormone recefipiSR is complex and occurs in a tissue-specific
and isoform-specific manner. In order to betterarsthnd the significance of altered NR4A
expression in muscle of CR rats, | further investiggl known transcriptional targets of NR4A

receptors (Fig. 3.9). To date, very few NR4A traipgmnal targets are known. Attenuation of
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NR4A1 expression in muscle results in decreasedesgn of genes important for glucose and
lipid metabolism such as including uncoupling prot& (UCP-3), glucose transporter 4 (GLUT4),
CD36, caveolin 3 (CAV3) and AMP-activated proteindsey3 subunit (AMPKy3) (Maxwell et

al., 2005). Two recent reports have also desciiRdA3 transcriptional targets in muscle. These
include fatty acid binding protein-4 (FABP-4), PPABRmma-coactivators alpha and beta (P@C-1
andp), lipinla and pyruvate dehydrogenase phosphaté8BHP1) (Pearen, Ryall et al. 2006). |
next investigated muscle-specific expression af¢htargets by RT-PCR. Fig. 3Bows relative
gene expression of two NR4AL1 targets (UCP-3 and KMB) and three NR4A3 targets (PG@G;1
-13 and FABP-4) in muscle from animals fad libitumor with the CR diet. | observed significant
upregulation of UCP-3, AMPK3, PGC-& and PGC13, but no change in expression of FABP-4
following CR. These data are consistent with insegktranscriptional activity of NR4A1 and
NR4A3. Since PPAR:-was downregulated and PPA¥ not changed upon CR in muscle, it is
likely that the increase in UCP-3, AMP§3, PGC-1 and PGC13 expression values was caused
by NR4As, not by PPARs. Previously it was also shdiwat NR4A1 overexpression is able to
repress the expression levels of many genes indolvenitochondrial metabolism of lipids
belonging to sterol regulatory element binding emotlc (SREBP1C)-pathway such as glycerol-3-
phosphate acyltransferase 1 (GPAM), SCD-1 and &atity synthase (FASN) (Pols et al., 2008). |
performed RT-PCR for these target genes and notieed5PAM and SCD-1 expression levels
were significantly downregulated in the skeletalsaia of caloric restricted rats (Fig. 3.10),
suggesting a possible NR4AL1 involvement. Conseiiid used Ingenuity Pathway AnalySis
(IPA) to investigate whether additional NR4A-intetiag proteins were regulated by CR. IPA
identified one network in which all three NR4A rptars are depicted together with interacting
proteins (Fig3.11). Coloured genes were identified by microarnaglysis as differentially
upregulated or downregulated by CR (red and grekyudng, respectively). IPA analysis of the

genes affected by CR identified one homodimeri¢ging platelet-derived growth factor-B (PDGF-
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B) that directly stimulates expression of all thiRR4A receptors. PDGF-B is a potent mitogen for
vascular smooth muscle cells and was found to intib induction of nitric oxide synthase

activity in vascular smooth muscle cells (Schinalet 1992). Interestingly, NR4A3 is induced by
platelet-derived growth factor and mediates vasar@ooth muscle cell proliferation (Nomiyama

et al., 2006), a role for NR4As in modulating thietpction against vascular diseases being recently
been hypothesized (Pols et al., 2007). Microaarslysis revealed a trend towards decreased
expression of PDGF-B in the CR condition (1.2-fotampared t@d libitum), but this was not
statistically significant (p = 0.20), suggestingttthe up-regulation of NR4A receptors following
long-term CR is independent of PDGF-B activity. @akogether, pathway analysis identified
multiple potential mechanisms of regulation of NRéression which may contribute to the

pleiotropic effects of CR.
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Fig. 3.9 CBhanges the expression of genes regulated by NBRAANR4AS in skelet:
muscle of CR rats

Animals were grouped into CR aad libitumconditions and relative mRNA expressior
each group was determinby RT-PCR Relative expression of the listed genes in mustcl2R
animals compared t&d libis shown. All samples were run in triplicate widit probes and the
control rat geneB-actin to control for differences in amount of stagtmaterie. A. NR4A1 and
NR4A3 positively regulated genes; B. NR4A1 negdyivegulated geng;, +/- SEM; *P < 0.05 by
ANOVA; ** P < 0.001 by ANOVA NS = not significant.
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Fig.3. 108letworl of genes differentially expressed in skeletal ne.of CR animals
compared to ad libitunfied animals

NR4Ainteracting enes were analyzed by using IPFe network shown was significan
associated with immune and lymphatic system dewedop and function, tissue morpogy, and cell
cycle (P < 0.001). Coloured gerlisted in Table 3.9vere identified by microarray analysis
differentially upregulated (red colouring) or dowgulated (green colouring) in the CR condit
compared to control. Foldhange values were ded to the nearest haffteger. Other nodal genes
the network are directly or indirectly associateathvwhe differentially expressed gen
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3C. Discussion

1. Hindlimb suspension (HLS) as a model of accelerateajeing

During ageing human skeletal muscle is charactgf®ereduced mass,
impaired functionality and altered metabolic flaktlp. The phenotype of the aged muscle is
partially similar, but not completely identical, fee phenotype acquired by skeletal muscle after
short-term or long-term inactivity (bed rest), tieaan impaired level of activity (spaceflight)
(Dorrens and Rennie, 2003; Harridge, 2003; Hebatetral., 2001). Hindlimb suspension (HLS) is
a useful method to model in rodents the effecsuch inactivity on human skeletal muscle
metabolism and in recent years several groups e this approach to study especially the
changes in gene expression induced by long-termnahsuspension (Knox et al., 2004;
Matsushima et al., 2006). The results of theseeasurbnclusively proved that muscle unloading is
characterized by a reduced rate of fatty acid diadaand decreased transcription of genes
involved in lipid metabolism, simultaneously witiicreased levels of expression of genes involved
in glycolysis and glycogen synthesis. Such pertiwhawill lead to an increased reliance on
glucose as a preferred energy source, signifyirigdha loss of metabolic flexibility (Grichko et
al., 2000; Henriksen and Tischler, 1988; Langfodle 1997). The effects of acute, short-term
HLS on global genome expression have not beenquslyi explored in detail. Therefore, in the
present chapter | presented the conclusions ahitbearray assay which identified the changes
induced by such a short-term suspension on sketetatle genomic expression profile, followed
by RT-PCR and western blot for confirmation.

In my study | focused on identifying the eargsponding signaling and
regulatory genes that might explain the loss ofalelic flexibility in muscle. A changed profile
of genes regulating lipid and glucose metabolism alaserved which indicates that such metabolic
inflexibility develops in the acute phase of théoawling (Fig. 3.2). The chronic exposure to
unloading was shown already to increase the expres$ genes involved in glycolytic pathway
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such as hexokinase, phosphofructokinase, and pgrkvuaase (Stein et al., 2002). As shown in
Table 3.3, | detected in the acute HLS-samplesh(24s) from soleus an increased expression of
genes regulating glycolysis and gluconeogenesi®FBPD1 and H6PD), an unexpected reduced
expression of other crucial genes (HK2, PGAM1 an$@) and no change for other important
genes such as phosphofructokinase and pyruvateekihalso noticed that many other genes
involved in lipid metabolism showed surprisinglgiaased levels of expression such as ACOT1,
FDFT1, BCKDHA, ACSL3, only SCD-2 having a reducegbeession. These seemingly
contradictory data show first of all that during thcute phase it is discernableesturbedglucose
metabolism as suggested by the changed genomitepsbsome of the rate-limiting genes.
Nevertheless, since not every gene involved inagdaanetabolism had an increased expression
upon acute HLS and since some crucial genes hadeedlecreased expression, | can conclude that
the process of adaptation is still inianipientform during the first 24 hours.

Moreover, since some of the genes crucial fod lipetabolism are increased it is
possible that the lipid metabolism process is at &&celeratedduring the early phase. This could
indicate that unlike in the chronic phase whengéees relevant for lipid oxidation are
downregulated, the acute phase might develop aeasty type ocompensatory adaptatido
acute unloading-induced metabolic deregulationaviscreasedate of lipid metabolism. Such
possible adaptation will be nevertheless overwhdltheing the chronic phase characterized by an
enhanced reliance on glucose utilization concorhitath increased lipid accumulation, leading to

the loss of metabolic flexibility.
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2. The role of PPARs-dependent signalling during ate HLS
Microarray and RT-PCR assays showedrfgiant reduction in PPAR-and

PPAR« and an increase in PPARS expression levels (Fig. 3.4A), simultaneously vattecrease
in PGC-Ir and PGC-f expression (Fig. 3.4B). The increase in UCP-3 @sgion in soleus
suggests that the acute upregulation of PBARellowing short-term HLS may represent an
active response of skeletal muscle in order tocedie deleterious impact on its physiology. It is
therefore possible that the loss of PPAR-expression after 12 days may explain the noticed
inflexibility during chronic stage of immobility. Ais means that activation of PPAI could
have clinical beneficial effects in the case of olesliseases during ageing. Gene arrays
demonstrated no significant change in pyruvate delgenase kinase isozyme 4 (PDK4) or
FABP3 expression in soleus or gastrocnemius muadtde 24-h HLS. However, | did observe a
significant increase in expression of CPT-1b and@-@fn soleus muscle after unloading, in
contrast to the observations made in the moddtsngFterm exposure to HLS (Fig. 3.4B and
3.4C).

In the present study | observed ingbleus muscle after acute HLS a significant
increase in the expression of the known PHA&Rtarget gen&CP-3, but not in the
gastrocnemius. On the basis of its homology witfeptnembers of uncoupling proteins family
UCP-3 has been implicated mainly in the regulatbanergy expenditure (Jia et al., 2009). So far
UCP-3 was shown to have at least three main rtdesitating the fatty acid oxidation; removing
LCFA and translocating lipid peroxide anions; anthvating a proton leak (MacLellan et al.,
2005). As a consequence UCP-3 reduces the levelsdrdtive stress and lowers the mitochondrial
membrane potentighereby maximizing the oxidation state of mitochwaldespiratorychain
carriers. This results in decreased ROS produetnhprotection of theitochondria from
damage. UCP-3 transgenic mice tended to have Ibagly weight, increased oxygen consumption

and decreased mitochondrial proton motive forca tha control mice (Clapham et al., 2000). In
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addition, they have lower fasting plasma glucoselland insulin levels and increased glucose
clearance rate. Several reports have reporteddttaiacids induce UCP-3 gene expression in
skeletal muscle (Boss et al., 1998). UCP-3 expoessicorrelated with the levels of free fatty
acids and with lipid peroxidation markers, suggesa switch toward fat oxidation. UCP-3 was
also shown to protect against lipotoxicity in alveda model (Minnaard et al., 2006). The
cachectic state is often accompanied by increasded of adipose tissue lipolysis, reduced
mitochondrial volume and changes in mitochondrratgin synthesis rate. Therefore it was
proposed that increased expression of UCP-3 psoteitbchondria against the oxidative damage
induced by nonesterified fatty acids (Schrauweal.e2001). In addition, recently it was
demonstrated the role for UCPs in the adaptivearspto long-term overfeeding by regulating
substrate oxidation (Ukkola et al., 2001).

Several investigations linked upregulated PR#A&Rwith high levels of UCP-3
expression (de Lange et al., 2007; Fritz et al062&on et al., 2001). The UCP-3 gene promoter
contains a PPAR response element (Riquet et &3)2hd specific PPARL agonist treatment
resulted in upregulation of UCP-3. The same steghprted that modulation of UCP-3 by targeting
PPARs appeared specific to PPAR-because neither PPAlRAor PPARy were able to
transcriptionally regulate UCP-3. Moreover, it vedso shown that low-intensity exercise increased
skeletal muscle protein expression of PP@Rand UCP-3 in type 2 diabetic patients, suggesting
that regulation of these two serve to improve cahobutcome (Fritz, Kramer et al. 2006). |
hypothesized that UCP-3 functions may be polyvadet differ in the context of acute and chronic
activation of the protein. Although the loss of UBRunction appears not to be involved in the
pathogenesis of obesity-related conditions, itoissble that upregulation of UCP-3 may improve
metabolic flexibility.

It was also recently demonstrated thatettfiects of caloric restriction on

metabolic responses including regulation of glucrse lipid utilization may involv&MPK or
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ACC and it is important to stress that PPAR-directly interacts with AMPK (Kramer et al.,

2007). In the present study both AG@nd AMPK-e1 subunits were upregulated in the soleus
muscle by HLS. AMPK is a major player in the reggidn of energy homeostasis, being mainly,
but not exclusively, activated by changes in AMAPAratio due either to a reduction in ATP
synthesis or to an increase in ATP consumptionciilesd initially as d&fuel gauge” or as a
“guardian of energy statudy Hardie, AMPK acts as a metabolic maseitch being a main
regulator of oxidative capacity and mitochondri@ldgenesis by activating the catabolic ATP-
producing pathways and by inhibiting the anabolitPAconsuming processes (Hardie and Carling,
1997). The AMPKe subunit is coded by two different gene$; expressed mainly in the
oxidative/glycolytic type lla and oxidative typdibers; andu2 type, expressed in all types. In my
experiments | detected an increased expressiomMdtkd a2 expression only. AMPK2 but not
AMPK-al KO mice are resistant to aminoimidazole carboxi@mibonucleotide (AICAR)-induced
hypoglycaemic effects and whole bod¥ deletion results in a mild insulin-resistant pbigpe and
impaired glucose tolerance test (Towler and Ha2@;7). The differential role of the two genes is
further supported by other transgenic experimdrdgsshowed that the mice expressing an inactive
AMPK-a2 subunit have a lower endurance exercise (Koh,e2@08; Park et al., 2008). AMPK is
activated by many stimuli like nutrient depleti@xjdative stress, hypoxia, heat shock, ischemia or
prolonged exercise by the action of upstream kmaseh as LKB1, CamKKpland possibly Tak1.
Once activated AMPK will phosphorylate many oftasgets such as ACC-2, mTOR, e2FK and
HMG-CoA reductase modifying in short-term their ¢tion or changing the genomic expression
profile of its target genes in long-term. AMPK aetiion was also correlated with increased
glucose metabolism mediated not only by translocatif GLUT4 through the plasma membrane
in an AMPK-dependent and phosphoinositide 3-kin{&s8K)-independent fashion, but also by its
increased expression as a consequence of AMPK-tedd#fects on gene expression (Song et al.,

2010). 1 did not find nevertheless a change in esgion of GLUT4 in the microarray experiment.
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Moreover, since PGCelis required for this global AMPK-dependent effentgene expression
(Thomson and Winder, 2009), and since in my cas#ited a significant reduction in PGG-1
expression level, | could speculate that AMPK hasignificant effect on transcription in hindlimb
suspended mice. AMPK activation will lead to acreased rate of fatty acid oxidation, glucose
uptake and mitochondrial biogenesis. Switching leetwglucose and lipids as fuel of choice is a
constant property of normal healthy muscle, b #ility is reduced during ageing and after
chronic inactivity. The hindlimb suspension reduice®ng-term the metabolic flexibility
characterizing the normal muscle by preferentialiing glucose as a fuel of choice and not lipids. |
did not measure the levels of fatty acid oxidaiiomy model of suspended mice, therefore | can
only speculate about a possible change in its Kaeertheless, a possible increased activation of
AMPK in the acute stage could reflect a genuinegased rate of fatty acid oxidation and this is
contrasting with the long-term phenotype of unloadi

Another important question is wiee AMPK acts upstream or downstream of
UCP-3. Anincrease in UCP-3 expression will alsalléo an increase in ATP: AMP ratio that
regulate AMPK activity, which could occur via mitaandrial uncoupling (Dokladda et al., 2005),
suggesting that AMPK could act downstream of UCBiice PPARB/S agonist treatment also
activated AMPK signalling through an unknown gtilechanism, it is possible that AMPK acts
downstream of UCP-3 and PPARR (Kramer et al., 2007). Nevertheless, AMPK adtorawas
also shown to lead to increased expression of UG8 oved by AICAR stimulation (Putman et
al., 2003). This issue is a matter of future steidmey data being insufficient to draw a clear and

final conclusion in this respect at this point.
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3. The role of NR4Arfaly in mediating the multiple effects of caloric
restriction on skeletal muscle physiology in rats

Caloric restriction is the onigthry intervention that increases the lifespan of
any experimental model used so far and prevendglays the development of ageing—associated
diseases (Masoro, 2005). During ageing skeletathaus characterized by loss of muscle mass
and inervation, reduced muscle strength and imgairetabolic flexibility (Bautmans et al., 2009;
Hebuterne et al., 2001; Narici et al., 2008; Rgakl., 2008). These changes are associated with
increased oxidative stress (Droge, 2005) and ingaBistance (Serrano et al., 2009; Ye et al.,
2006), accumulation of intramuscular ectopic lipi8tawik and Vidal-Puig, 2006) and reduced
regenerative capabilities of satellite cells (Réhaual., 2002), partially due to an increased
occurrence of inflammation or cell death (Kayolet2001). Caloric restriction was shown to
improve the ageing phenotype by reducing the levketxidative and nitric stress, by increasing
insulin sensitivity and mitochondrial biogenesig,ihibiting pro-inflammatory and pro-apoptotic
signals and by improving metabolic flexibility (@aeli et al., 2002; Lal et al., 2001,
Leeuwenburgh et al., 1997; Marzetti et al., 2009b).

By using microarray and RCHPassays | noticed an increase in expression
of the family of NR4A receptors upon caloric restion in rats. It is likely that NR4A subgroup
has no natural ligand because there is no defigadd pocket due to the presence of bulky
hydrophobic amino acids in the ligand binding damdihis conclusion is supported further by the
fact that DHR38, the only known orthologue of NR4iADrosophila, presents similar
characteristics. The lack of a ligand-dependenth@eism of regulation of activation suggests that
NR4As areconstitutivelyactive and that there are other mechanisms reggléteir activity such
as post-translational modifications, binding ofetimediators to AF-1 transactivation domain,
different subcellular localizations and changeexpression (Maxwell and Muscat, 2006). The

most important post-translational modification prdvto regulate NR4A subgroup functions is
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phosphorylation, and so far it was shown that NRd&eptors are phosphorylated at multiple sites
by many protein kinases such as RSK, ERK, Akt ail8K¥ In addition, even if there are no
known ligands it was discovered nevertheless thiRdAlsubgroup activity is increased by diverse
stimuli such as 6-mercaptopurine that binds to Adefnhain of NR4A3, PGAZ2 that binds to the
ligand-binding domain of NR4A3 and the compound BOVoPhCI (1,1-bis(3f-indolyl)-1-(p-
chlorophenyl)-methane) that activates NR4A1 attithrough the binding to the C-terminus.
Another mechanism of control of NR4A function i$feliential localization. For example NR4A1l
can be localized not only in the nucleus but atsoytosol and mitochondria, and such extranuclear
localization is involved in the induction of apogi® It is now well established that NR4A
subgroup expression levels are modified by theoadaf diverse stimuli such as free fatty acids,
oxidative stress, prostaglandins, growth factoyglines, peptide hormones, phorbol esters and
neurotransmitters through the phosphorylation afiyrteanscriptional factors such as AP-1,
CREB, NFkB and Sp1 (Maxwell and Muscat, 2006). €hare, the increased expression noticed
can be directly correlated with an increased le¥elctivity.

The nuclear hormone receptor 4A (NRd@)group comprises three different
receptors: neuron-derived clone 77 (NR4A1, NurrNGFI-B), nuclear receptor related 1
(NR4A2, Nurrl) and neuron-derived orphan recept@R4A3, NOR-1). The typical NR4As
DNA binding motif sequence is known as NGFI-B resgmelement (NBRE) and is defined by two
adenines followed by the classical NR sequence AG&TNR4A can bind to the specific DNA
sequences either as monomers, either as dimeggedtingly enough, NR4A1 and NR4A3 can
heterodimerize with RXR and this interaction cosafeire ability to bind not only to NBRE but also
to DR5 elements. The initial studies demonstrétati NR4A receptors are important in cell
survival and apoptosis and recent reports havedirtkem to the regulation of DNA repair (Pols

and de Vries, 2008).
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Since the roles of NR4A family membiersegulating metabolism and energy
expenditure are relatively a recent discovery ancessystematic reports about their specific
function in aged skeletal muscle are scarce, Ipvélsent below a short summary of the current
knowledge of their functional profiles in orderlietter decipher and integrate the potential

relevance of my data in the previous corpus ofrmftion.

3.1 NR4Al1

There are multiple independepbrts indicating that NR4A1 has a critical
role in regulating glucose and lipid metabolisnskeletal muscle (Kanzleiter et al., 2009). In
addition, the experimental mice lacking NR4A1 depaisulin resistance and obesity upon a high-
fat diet showing reduced oxygen consumption, irsgdaaccumulation of intracellular lipids in
myocytes and impaired insulin receptor phosphantatompared to the wild-type mice fed on the
same type of diet (Chao et al., 2009). The silamoihNR4A1 in C2C12 myogenic cell line
resulted in the subsequent decrease in expreskioany genes involved in lipid transport (CD36,
caveolin 3), glucose uptake (GLUT4), fatty aciddation (UCP-2, UCP-3, AMPK3) and
signalling (adiponectin receptor 2) (Maxwell et 2005). To confirm the changes identified by
microarray an RT-PCR assay was performed for sdritfteedNR4A1 known targets, noticing that
the expression levels of UCP-3 and AMR&were upregulated in the skeletal muscle of the
caloric restricted rats (Fig. 3.9). This resulinsagreement with the silencing experiment
performed in C2C12 cells mentioned above, sugggstipossible involvement of NR4AL in my
model’'s phenotype. In addition, it was reported thdiver NR4A1 blocks SREBP1 activity (Pols
et al., 2008) and reduces the expression of SRE&#B#&t genes such as SCD-1, GPAM and
FASN. | also noticed by RT-PCR that while the esgien of SREBP1 was not significantly
decreased, the expression values of SCD-1 and GRéMd reduced in skeletal muscle of CR

models (Fig. 3.10). In another independent regataverexpression of NR4Al in C2C12 cells
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increased also the expression of genes relevagtdoose transport (GLUT4), glycolysis (BPGM,
PGAM2, ENO3, PFKM) glycerophosphate shuttle (GPBd 8LC37A2), glycogenolysis (PYGM,
PHKAL and PHKG1) and glycogen storage (GYS3 andlR3E) (Chao et al., 2007), but it did
not affect the genes involved in lipid metabolismmy microarray experiment an increased
expression it was detected only for GPD1 and PGAtlE rest of the genes from the list being
unchanged (Table 3.8). Furthermore, in anothasrtepwas shown that whilst the overexpression
of the gene in L&n vitro had no effect on lipid oxidation, it had never#tes a significant effect on
the rate of glucose uptake in both basal and instimulated conditions due to an increased
expression of GLUT4 and glycogenin (Kanzleiterlgt &levertheless, in my microarray
experiment | did not see a significant change enskeletal muscle of the caloric restricted rats in
the expression of the above mentioned target genes.

NR4A1 was proved also todavowerful effect on cell death and oncogenesis,
events affecting the skeletal muscle during agdtog.example, in pancreatic beta-cell lines its
expression was induced by free fatty acids andcthrielates with the degree of apoptasisivo
(Kuang et al., 1999). Moreover, in stimulated Tiséhe silencing of the gene prevented apoptosis
(Liu et al., 1994). Another possibility is that NR# is involved in blocking the inflammatory
signals in aged caloric restricted animals sineeas shown that it is an inhibitor of NFkB-
dependent signalling (Evans, 2009) through theacteon with 1kBa, the inhibitor of p65 subunit
of NFKB (You et al., 2009). Therefore it can be doded that NR4A1 might be a crucial mediator
in modulation of the changes induced by caloritriegon in skeletal muscle in the expression of
many genes that regulate glucose and lipid metstinolNevertheless, since there are no published
reports about the effects of acute caloric resbmcon NR4A1 expression, | can not speculate if

such an effect is an early or late-stage event.
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3.2 NR4A2
The data gse of the microarray experiment followed by RTHC

showed an increased expression of NR4A2 in theesdahuscle samples taken from caloric
restricted rats. In different tissues NR4A2 haged#nt functions and changes in its expression
have been correlated with diverse pathological tmmd characterized by oxidative stress and
inflammation. Reduced expression of NR4A2 was regbin the neuronal samples from patients
with Parkinson disease (Le et al., 2008) and manataffecting the NR4A2 gene were further
associated with familial forms of this neurodegatige disease (Federoff, 2009; Sleiman et al.,
2009; Sutherland et al., 2009). One possible expilam was suggested by the discovery that the
silencing of NR4A2 resulted in a significant incseana-synuclein gene expression due to a
reduced inhibitory binding of the nuclear receptothe gene promoter (Yang and Latchman,
2008). Sincex-synuclein is also important in the pathogenesisanhy protein aggregation
disorders affecting skeletal muscle during agefgkénas et al., 2000), | verified its expression in
my microarray experiment but noticed that it wagentheless unchanged.

Less is known abdng tole of NR4A2 in skeletal muscle physiology besi
the fact that its expression is moderately incréasekeletal muscle after exercise (Mahoney et al.
2005) and beta-adrenergic treatment (Myers e2@09). | verified in my microarray experiment
data set any change in expression values of prelyioeported NR4AZ2 target genes in other
tissues. | detected a reduced expression of gamelved in lipid metabolism such as FABP3 and
FABPS5 previously reported to be positively reguiblty NR4A2 (Volakakis et al., 2009). Another
gene that has been reported to be increased by RIRd#vation (Li and Tai, 2009) such as cyclin
D1 was also decreased. It was noticed in the sainaf slata a decreased expression of many
growth factors associated with skeletal muscle retssphy and differentiation such as FGF2,
FGF9 and FGF7, but not FGF20 and FGF8, reportadqusly to be regulated by NR4A2 (Grothe

et al., 2004; Kim et al., 2003).
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NR4A2 was shown alstvéwe complex effects on cellular stress and
inflammation in different tissues. In the case @lf death affecting the dopaminergic neurons
NR4A2 proved to act as a neuroprotective agenlbgking the gene expression of many
inflammatory mediators in astrocytes and micro{fiansinger and Tontonoz, 2009). The
overexpression of the receptor in neural stem geltsoved also the resistance against oxidative
stress (Sousa et al., 2007). The precise mechamisastill unclear but it was already discovered
that NR4A2 is interacting with astrocytal CORESTngex, blocking the expression of many
inflammatory mediators that once released by agiesccould have neurotoxic effects (Saijo et al.,
2009). The overexpression of NR4A2 in macrophadldine THP-1 reduced further the levels of
oxidized lipids and inflammatory mediators possitiisough the transrepression of NFkB
signalling pathway (Pei et al., 2005). A similanctusion was also suggested by recent
experiments using neuronal models (Sousa et &%)20This protective effect in the case of
astrocytes, neurons and macrophages is nevertloaglesadictory to the effect shown by the
overexpression of the receptor in a model of a imatiaed synoviocyte cell line that presented
increased expression of many pro-inflammatory ntedsasuch as IL-8, amphiregulin and kit
ligand (Davies et al., 2005; O'Kane et al., 20@épes that were nevertheless unchanged in my
microarray experiment. A similar conclusion wasivieat from independent studies of NR4A2
overexpression in cartilage (Mix et al., 2007)atidition, in the T-cells from the CNS of the mouse
models of multiple sclerosis (EAE) NR4A2 had a leiglevel of expression compared to the wild-
type animals and the overexpression of NR4AZitro resulted in an increased expression of pro-
inflammatory cytokines such as IL-17 and IFNn the skin of psoriatic patients NR4A2
expression level is increased significantly in bogtosol and nucleus, and blocking of TNF-
signalling by treatment with the drumgfliximab was able to reduce NR4A2 expression level to the
normal values and restore the predominant cytosmtalization seen in the skin of healthy patients

(O'Kane et al., 2008). | did not detect neverthekasy change in expression levels of the above
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mentioned target genes in my experiment with cal@stricted rats, therefore the possible role of
NR4A2 in reducing inflammation in my experimentalaric restricted model is a matter to be
explored further in the future. In NR4A2 heterozyganice the striatal levels of nNOS were
increased and the neuropathy seen in the dopanmgnmergrons was dependent on nitric oxide
production (Imam et al., 2005). | did not deteevertheless a reduced expression of nNOS in the
caloric restricted mice.

NR4A2 was also reported tadgulated in some tissues by NFkB (McEvoy et al.,
2002). The interplay between NR4A2 and the reguiadf cell cycle was also proved by the fact
that in the same type of neurons it is interactity p53 and has a negative effect by represssg it
transcriptional activity with anti-apoptotic effegizhang et al., 2009). In my microarray
experiment p53 was downregulated simultaneouslly 8otme of its binding proteins such as
TP53BP1 and some of its target genes such as WIG&.discovery that glucocorticoid receptor is
interacting with then N-terminus of NR4AZ2 increasits transcriptional activity (Carpentier et al.,
2008) is contrasting nevertheless with the fadt ¢hboric restriction is reported to downregulate
the GR expression in some tissues (Gursoy et@01)2

Therefore the downstnegene targets for NR4A2-dependent signalling @ th

case of skeletal muscle are still undecipheredithsiforobable that an increase in its expression
might be involved in the repression of pro-inflantarg mediators upon caloric restriction

conditions.

3.3 NR4A3
In my experiment ihsvnoticed also an increased NR4A3 expressiorein th
skeletal muscle of caloric restricted rats, recefitat was cloned in 1994 (Ohkura et al., 1994) and
has different splice variants with different furoetal properties (Ohkura et al., 1998). The specifi

role of NR4A3 in skeletal muscle was recently exptband it was proved for example that in
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C2C12 murine cultured myotubes its expression waased by beta-adrenergic treatment in
PKA-dependent manner (Kanzleiter et al., 2009; €reat al., 2006). The silencing of NR4A3 gene
reduced the expression level of UCP-2 and incretsedxpression level of UCP-3. Since UCP-3
was found to be upregulated in caloric restricugles it is likely that this is due to NR4A3-
independent regulatory mechanisms. Silencing of ABRdxpression in myogenic C2C12 cell line
reduced palmitate oxidation, increased lactate eatnation and shifted the metabolism toward a
more anaerobic process due to a lower expressigargds involved in lipid oxidation and pyruvate
use (Pearen et al., 2008) such as P@@hd PGC-f. This correlates with my discoveries that in
the skeletal muscle of the caloric restricted tla¢sexpression levels of PGG@land PGC-ft genes
were increased while lactate dehydrogenase wasasn (Fig. 3.9). Nevertheless, other target
genes regulating lipid oxidation reported to beucsdl in the NR4A3-silenced C2C12 cells such as
PDK4, FOXO1 and lipinla were not changed in my expent.

An increase in exgien of NR4A3 could also affect glucose metabolismge
some of NR4A3 polymorphisms are associated withteebinsulin secretion in non-diabetic
patients (Weyrich et al., 2009). The overexpressioNR4A3 in 3T3-L1 adipocytes increased the
rate ofglucose transport (Fu et al., 2007) upon insuiatiment though an increased GLUT4
translocation to the plasma membrane in a manmmdkent on PI3K/Akt-associated signalling,
and the silencing of the gene generated the ogppkénotype. NR4A3 has also clear effects on
the hormonal regulation of food intake since it whewn before to be expressed at lower values in
the hypothalamus of leptin-deficient obese animadlels compared to controls, independently of
5-HT2C signalling. The injection of NR4A3 siRNA animal models suppressed the daily food
intake (Nonogaki et al., 2009) which might suggesbmpensatory role in obese animals.

NR4A3 has also anamt@ant but still not fully understood role in thegulation
of cell death and oncogenesis. For example, itreagrted that overexpression of NR4A3

prevented endothelial cell death under hypoxia ttmms and that silencing of the gene increased
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the number of apoptotic cells (Martorell et al.09D In T-cells the overexpression of NR4A3
induced nevertheless apoptosis through the upregulaf CD25. In addition, the induction of
apoptosis upon TCR activation is accompanied bggydation of NR4A3 and NR4A1 (Cheng et
al., 1997). The cell death of MCF7 cancer cell imduced by treatment with calcium ionophore
A23187(0Ohkubo et al., 2000nhcreased the expression levels of NR4A3, and dasievent was
also noticed in the early stage of rat liver reseeteperfusion injury (Ohkubo et al., 2002). When
spleen cells from NR4AS3 transgenic mice were tiatith prostaglandin A2 (PGA2), the number
of the apoptotic cells tripled compared to con{kdgaya et al., 2005). By using cell-free systems
the same authors showed that PGA2 is able to tidnate NR4A3 though binding to LBD.

NR4A3 has therefore much more complex and intrigueiationships with the regulation of cell
death and oncogenesis than the other two membdéhngs €éimily. For example, as a result of the
t(9;22) translocation NR4A3 was reported to fustnidWS (EWS/NOR1) and the new product
was proved to have a role in the development abskeletal myxoid chondrosarcoma (EMC)
(Antonescu et al., 1998). The mechanisms underlyirsgprocess of oncogenesis are still debated
but it was shown so far that the fusion proteiab to modulate transcription by affecting pre-
MRNA splicing (Ohkura et al., 2002). Another regshowed that PARP-1 was able to bind to
NR4A3 but not to EWS/NOR1, consequently inhibitthg NR4A3 transactivation properties and
its interactions with the global transcriptionalahmery (Ohkura et al., 2008).

NR4A3 has also impotteffects on inflammatory mediators since it wasveh
that the administration of purine anti-metabolitmércaptopurine, an antineoplastic and
antiproliferative agent with additional anti-inflanatory properties, was able to transactivate
NR4A3 in AF-1 dependent manner (Wansa et al., 20@3ddition, IL-1B treatment of human
synovial and gingival fibroblasts increased bothdRR expression levels and its DNA binding
activity (Borghaei et al., 1998). The list of ugstm regulators and signalling pathways of NR4A3

expression include so far CAM-KK cascade and thessguent CREB signalling in neurons
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(Inuzuka et al., 2002) and smooth muscle cells {iMez-Gonzalez et al., 2003), and PKA-
signalling in cultured osteoblasts upon parattd/tmrmone treatment (Pirih et al., 2003). In
endothelial cells NR4A3 expression is increasegdscular endothelial growth factor (VEGF) in a
CREB-dependent manner regulating further cell gyoMNA synthesis and cell growth (Rius et al.,
2006). The role of NR4A3 in mediating vascular sthaouscle cells proliferation was shown by
the fact that its increased expression upon sti@aiment was inhibited by simvastatin by
interfering with CREB phosphorylation through inttikn of RhoA/ROCK pathway (Crespo et al.,
2005).

Therefore, based on these particular xaats performed already on the cultured
myotubes | can speculate that the increase in NRekBession in the skeletal muscle of caloric
restricted rats might mediate an increase in ttesraf lipid oxidation, mitochondrial biogenesis
and reduced oxidative stress, which could explanimprovements seen in skeletal muscle during

CR (Nadeau et al., 2006) .
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Chapter 4-THE EFFECTSOF VISFATIN (eNAMPT) ON OXIDATIVE
STRESSLEVELSAND INSULIN RECEPTOR-DEPENDENT
SIGNALLING IN CULTURED MYOTUBES
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4A. Introduction

Adipokines are cytokines seatdig the adipose tissue acting in autocrine (Karggiu
and Mohamed-Ali, 2009), paracrine (Vona-Davis andé 2007) or endocrine fashion (Wozniak et
al., 2009). Since adipokines can influence the bwitsm of other peripheral tissues such as sKeleta
muscle (Kim et al., 2009), myocardium (Schram angé&hey, 2008), liver (Marra and Bertolani,
2009), pancreas (Stadler et al., 2009) or compsra@nmmune system (Curat et al., 2004), their
endocrine effect has overall a major physiologiegdact. Any changes in adipokines expression,
activity or localization play a significant role ithe development of many pathological conditions
such as obesity (Trayhurn and Wood, 2005), metalsghdrome (Kobayashi, 2005), inflammation
(Aldhahi and Hamdy, 2003) or lipodystrophy (Sweesewl., 2007). As discussed in the previous
chapter, during ageing skeletal muscle is chanaetiby progressive structural changes and
decaying functionality (Rossi et al., 2008). Thpeenotypes are partially underlined by changes in
expression profile of the networks regulating geeand lipid metabolism, insulin sensitivity
(Serrano et al., 2009; Ye et al., 2006) and antiaxi defence (Droge, 2005), the same type of
processes that are affected in the pathologicaliions associated with adipokines mentioned
above. In addition, a significant part of the psbéd literature revealed the critical role of
adipokines in modulating the signalling pathwaygutating insulin sensitivity and antioxidant
defence in peripheral tissues during ageing (Dig@rie et al., 2004; Esposito et al., 2006; Fulop et
al., 2006; Miles et al., 2008; Picard and Guare2®®5; Schutte et al., 2007; Terlain et al., 2006).

Visfatin is a newly discovered member of adipakiamily with the unique
particularity within the group of having two varidiorms, identical in sequence and coded by the
same gene, but with different localizations: thstfis intracellular (iNampt), and the second
extracellular (eNampt). The intracellular form adfatin is ubiquitously expressed and it was proved
so far to synthesize NMN, an intermediate of NA»ptigh its phosphoribybosiltransferase activity

(Wang T. et al., 2006). The extracellular form i@snd to be actively secreted through a non-
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classical and still obscure regulated pathway (Rewt al., 2007) by both white adipocytes
(Fukuhara et al., 2005) and brown adipocytes (W&rad., 2009), justifying its inclusion in the
adipokine group. Recently, a more complex pictunerged since it was reported that visfatin is
secreted also by many other types of cells suchaasophages (Curat et al., 2006) and hepatocytes
(Garten et al., 2010). The discovery that intradatl visfatin (iNampt) is highly expressed in

skeletal muscle inspired initially the speculattbat it might act also as a myokine after the
secretion from myocytes, similarly to interlukindé-6) or inrerleukin-15 (IL-15) (Krzysik-Walker

et al., 2008), and recently it was reported alst Wisfatin was detected in the culture mediumabf r
L6 differentiated myotubes (Wang et al., 2010).

There are no definitive conclusions aboutrtiationships between extracellular
visfatin (eNampt) and the ageing process or thenggehenotype, but there are multiple arguments
to implicate the extracellular form of visfatintine development of the pathological conditions
associated with ageing. Measurements of the I@fgifasma visfatin revealed significant
differences between the healthy human subjectgr@ayroup) and diverse cohorts of patients
suffering from a large variety of pathological cdiahs such as chronic kidney disease (Mu et al.,
2010), acute pyelonephritis (Mazaki-Tovi et al.1@J) diabetic nephropathy (Kang et al., 2010),
inflammation (Chang et al., 2010b), thyroid dysfumes (Ozkaya et al., 2009), ischemic stroke (Lu
et al., 2009a), polycystic ovary syndrome (Panadial., 2008), coronary artery disease (Liu et al.,
2009a), arthritis (Jurcovicova et al., 2010), mask# increased oxidative stress (Bo et al., 2009),
endothelial dysfunction (Takebayashi et al., 2081 insulin sensitivity (Li et al., 2006). In alnbos
all these pathological cases the level of plasrefatin was found to bleigherin the disease group
compared to the healthy one, correlating moreovtr thedegreeof the symptoms. Nevertheless, it
is not clear yet whether such increased conceotratfi visfatin representsauseof the disease, an
accidentakide effecor an indication of @rotective/compensatorgle (as discussed in the case of

HLS and PPAR3/6 before). For example, whilst overweight patiemtsvging weight loss under a
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hypocaloric diet had lower visfatin plasma levels Luis et al., 2008), in a different model of
hemorrhagic shock/resuscitation the plasma coratgorrof visfatin correlated positively with the
protective therapeutic hypothermia interventioni¢Beet al., 2010). Also, it was shown that visfati
expression is upregulated in skeletal muscle upencese in human patients (Costford et al., 2010).
It is known already that adipokines or cytoldrseich as TNle-(Lo et al., 2007), IL-6
(Lihn et al., 2008), resistin (Junkin et al., 200@nentin (Winkler and Cseh, 2009), vaspin (Rabe et
al., 2008), leptin (Solinas et al., 2004) and adexdin (Vu et al., 2007) have a major impact on
skeletal myotubes survival and lifespan, stregsamses, inflammation and insulin sensitivity. As
previously reported (Adya et al., 2008a,b; Xielet2007; Lim et al., 2008), once secreted in the
plasma by adipocytes, hepatocytes or macrophagesxthacellular form of visfatin (eNampt) is
able to bind to the insulin receptor expressedraothelial cells, osteocytes and cardiomocytes and
trigger the activation of PI3K/Akt signalling caslea leading to an increase in the rate of glucose
uptake. The possibility that visfatin could be usscan insulin-mimetic agent opened a new
direction in the research dedicated to find newtsmhs for the treatment of insulin resistance,
obesity and metabolic syndrome (Fukuhara et ab52@Previousn vitro or ex vivoresearch
showed that the incubation of primary or immortadizell lines originating from different tissues
with different concentrations of visfatin (eNampmthanges in its intracellular expression levels
(iINampt) by genetic interventions (transgenic oodkrout), or pharmacological-based inhibition of
its phosphoribosyltransferase function can havierdint, even opposite effects on cellular viability
stress responses and inflammatory signals.

For example, it was reported that in¢iameof macrophages (Li et al., 2008),
cardiomyocytes (Lim et al., 2008) or amnion cellerfdal-Wright et al., 2008) with visfatin
(eNampt) improved the cellular viability and preteshapoptosis induced by various toxic agents. In
addition, the blocking visfatin phosphoribosyltrearase function induced apoptosis of tumour cells

(Khan et al., 2007; Khan et al., 2006). Nevertrglésvas also shown that silencing of the gene
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reduced the levels of oxidative stress induced.bif in lung endothelial cells (Zhang et al., 2008)
and that incubation of human umbilical vein endbéheells(HUVECS) with visfatin activated the
NFkB-associated pathway in an ROS-dependent mdKiraret al., 2008). Although there are no
reports about changes in visfatin plasma leveltndugeing, it was reported nevertheless that
overexpression of visfatin in endothelial cellsresed their replicative lifespan and improvedrthei
resistance against cellular stress in a high gieosironment (Borradaille, N.M. et al. 2009).
Skeletal muscle is the main system responsibléhforemoval of the circulating glucose and its
physiology is modified by changes in the levelplaisma circulating adipokines, especially in the
case of insulin sensitivity, inflammatory statusl amtioxidant defence (Dyck et al., 2006). Since
there were no previous reports about the effecpdasima visfatin on skeletal muscle stress
responses and insulin sensitivity, | explored thigsestions in the present chapter whose main
findings were published in the attached paper (&tit@., 2010). In my research | used C2C12 cell
line that it is an established, robust and staéleller model (Kubo, 1991), being an attractive
choice to studyn vitro the effects of different adipokines on skeletakoie physiology.

Thefirst goal of the present chapter was to test by usirgydscent-based assays
whether the incubation of C2C12 myotubes with exoge visfatin induced a change in oxidative
stress levels. Theecondwas to test if exogenous visfatin activated insudiceptor-dependent

signalling.
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4B. Results

4.1 Visfatin (eNampt) indation increases the levels of oxidative stress in
cultured and differentiated murine C2C12 skeletal nyotubes

In order to study the effects of free, plasnneutatory, extracellular form of visfatin
(eNampt) on skeletal muscle stress-responses a ewiatbty available mouse visfatin recombinant
protein (BioVision, Inc) has been used. To confihra results and to remove any reasonable doubt
about the validity of the protein chosen for my exments, the main experimental conclusions have
been further verified by using two other versionai@ble on the market, reaching the same
conclusions. One was purchased from MBL Internafiamd it was produced in bacteria, and the
other was purchased from Axxora Ltd and it wasdpoed in mammalian HEK 293 cells, version
that was already validated in a previously publispaper (Li et al., 2008).

To explore the possibility that edellular visfatin (eNampt) could induce oxidative
stress in a cultured model of skeletal musclecuibated fused and differentiated murine C2C12
myotubes with different concentrations of visfglda200 ng/ml) for a variable range of time (0-24
hours). The levels of ROS generated intracellulerdye measured by using the fluorogenic specific
probe carboxy-H2DCFDA. This probe is easily tramgmbacross the plasma membrane into the
cytosol where it is deacetylated by nonspecifitutat esterases to the compound carboxy-DCFH.
The free radicals generated intracellularly redihecfluorescein further to the compound carboxy-
DCF that shows an increased bright green fluorésaraission upon UV excitation. This signal was
detected by fluorescent microscopy and images fuetiger processed by software-based analysis.
In order to double-check the results, | also vedfihe imaging results by using an automatic
microplate reader attached to a PC, reaching time sanclusions.

As seen from figure 4.1, the inatidn of cells with different concentrations of
visfatin for 24 hrs induced a significant increaséhe level of free radicals from a starting vatie

20 ng/ml, and since the maximum signal detectedreashed at 100 ng/ml of visfatin | decided to
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use this value as the working concentration. Thrscentration is consistent also with previous
published papers exploring the effects of visfatinstress responses in other types of cells (Lovren
et al., 2009; Moschen et al., 2007; Xie et al.,ZJ00To identify the earliest time point of a
significant ROS detection | incubated cultured nupats with 100 ng/ml of visfatin for a different
range of time (1- 24 hours), and as seen from &égu? by using the fluorescent microscopy
imaging | discovered a significant increase in R&@d&luction between 4 and 6 hours of incubation,
with a maximum signal value reached after 18 hduyager incubation time failed to further
increase the production of the free radicals. Imctasion, for the rest of experiments performed in
this chapter | used the concentration of 100 ngfwisfatin and an incubation period of 18 hours as
optimal conditions for inducing and measuring oxm&astress levels.

To certify that the signal is gerajihpre-incubated the C2C12 cells with 1mM
NAC (N-acetyl-I-cysteine, a gluthatione precurdmattis widely used as a scavenger for free
radicals) for 1 hour before visfatin treatment agpleated the carboxy-H2DCFDA fluorescent-based
assays. As seen from figure 4.3, the signal frolts pee-treated with NAC before visfatin challenge
was reduced with cca. 40% compared to signal datdodbm cells incubated only with visfatin.
Since carboxy-H2DCFDA-based microscopy is not dhsicrating efficiently between different
species of oxygen free radicals, | further expldreeldetection of individual species like superexid
and hydrogen peroxide by using type-specific probesdetect the presence of hydrogen peroxide |
used the probe pentafluorobenzenesulfonyl fluoragéeg. 4.4A)that becomes fluorescent upon
perhydrolysis of the sulfonyl linkage and to detibet generation of superoxide | used the
mitochondrial-specific probe MitoSOX Red (Fig. 4.4B). The fluorescent-based assays
experiments using the probes listed above provaidatiter 18 hours of incubation of the cells with

100 ng/ml of visfatin both types of free radicaésges were detected.
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Fig. 4.1 Chronic incubation of differentiated myt&s/with various concentrations
visfatin induces oxidave stres:

Differentiated C2C12 myotubes were incubatec24 hrs with different concentratior
of recombinant visfatin (@00 ng/ml). After24 hrscells were incubated with 28V carboxy-
H2DCFDA for 25 min to deteche levels of intracellular ROS, followed by 5 nicubation with 1
uM Hoechst 33342 to stain the nuclei. Relative esgimn compared to negative control dat
shown. Data shown are the average of quadruplézatgles per experiment, from thi
independent experiments+8EM. *Denotes p<0.05 compared to control. **Dersop<0.01

compared to control.
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Fig. 4.2 Incubation of differentiated myocytes vathigh concentration of visfatin induc

oxidative stress after 6 hrs
Differentiated C2C12 myotubes were incubated fdiff@rent range of time -24

hrs) with 100 ng/ml recombinant visfatin. Cells e@ncubated with 2aM carboxy-H2DCFDA for
25 min to detect ROS followed bymin incubation with 1M Hoechst 33342 to stain the nuc!
Relative expression compared to control data isveh®ata shown are the average of quadrupli
samples per experiment, from three independentrempets +— SEM. *Denotes p<0.05 compar
to control. **Denotes p<0.01 compared to control. Ndates no difference between treatment

control.
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Fig. 4.3The oxidative stress induced by the treatment ltdired myocytes with visfatin

reduced by the preeatment wit antioxidants

Differentiated C2C12 myotubes were incubated fohd8with 100 ng/ml recombina
visfatin after the preéreatment in the presence or absence of 1 mM NAQ fo to scavenge tt
free radicals. Cells were incubated withy28 carboxyH2DCFDA for 25 min to detect RC
followed by 5 min incubation with fM Hoechst 33342 to stain the nuclei. Relative esgign
compared to control data is shown. Data shownher@verage of quadruplicate samples
experiment, from three indendent experiments +/SEM. **Denotes p<0.01 compared to con

and between visfatin treatment plus N compared to visfatin alone.
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Fig. 4.4 Visfatin treatment of cultured myocytesegates both superoxide and hydrog

peroxide reactive oxygen Specis

C2C12 differentiate:

d myotubes were incubated fohrs8with 100 ng/ml of visfatin &
shown before. AProduction

of hydrogen peroxide was detectechbyhbating myoblasts with
ug/ml of pentafluorbenzene

:sulfonyl fluorescein for 25 min followed3oynin incubation with :
uM Hoedst 33342 (to stain

_ _ _ ' the nucl¢ B. Superoxide generation was detected by incub:
differentiated cells with pM

Hoechst 33342 (to stain the

o 2 nuclei). Relative esgim compared to control is shown. Each
point is the average of quas

druplicate samples yeergment from three independent experime
+/— SEM. **Denotes p<0.0:

L compared to coni
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4.2 Visfatin (eNampt) treatment isot increasing the levels of oxidized proteins and
lipids and it is not changing the myocytes globalrgioxidant capability
Oxidation can change the structure and the foimctf proteins (le-Donne et al., 2006),

DNA/RNA (Radak et al., 1999) or lipids (Rosenfel®98) and an increased level of ROS can
affect the proper metabolism of skeletal muscledBiet al., 2008). Therefore | further verified if
could detect a change in the levels of the oxidipeahs of lipids and proteins upon incubation with
visfatin. To detect and quantify the levels of thdized forms of the proteins | used the OxyBYot
assay method that detects the levels of carbomytasdues introduced in the side-chains of the
proteins by the action of oxygen free radicalseByi the denatured and reduced cell lysates
extracted were treated with 2,4-dinitrophenylhydraZDNPH) to derivatize the carbonyl groups to
2,4-dinitrophenylhydrozone (2,4-DNP) residues. Sdehvatized 2,4-DNP residues were
recognized by a specific antibody through a typigastern blot assay and the levels of oxidation
were further quantified by densitometric analysis.seen from figure 4.5, there were no significant
differences between the levels of oxidized proté&iosh cell lysates extracted from the wells
incubated with visfatin for 16, 24 or 48 hours cargal to cell lysates extracted from control,
untreated cells. The specificity of the assay wasgd by the lack of chemiluminescent signal in
the samples treated only with the derivatizationtad solution (buffer) instead of DNPH.

| tested also the possibility that the free catsi induced by visfatin could increase
the levels of oxidized lipids. To test this hypatisel used an LPO assay kit that is based on the
capability of thiocyanate ions (the chromogen)eicognize the ferric ions produced by the reaction
of lipid hydroperoxides with the ferrous ions frahe assay solution. As seen in figure 4.6, | ditl no
detect any significant increase in the levels oflized lipids in the samples taken from the cells
treated with visfatin for 16, 24 or 48 hours congabawith to control.

Because these two sets of resultsezaim the levels of oxidized products were

apparently contradictory with the results presemetie subchapter 4.1, | hypothesized that visfati
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could increase simultaneously not only the proaunctf ROS but also the global cellular
antioxidant defence capacity that might prevenhduee radicals to have any significant oxidizing
effect on proteins and lipids. To test this posisybi measured colorimetrically the global
capability of the cell lysates to prevent the ofimta of the compound ABT%Sby metmyoglobin,
and as seen from figure 4.7 visfatin treatmen##A8 hours failed to change the global
antioxidant capacity compared to control, unlikelfmgen peroxide that reduced it.

These experiments proved that the frdeeads produced by incubation with visfatin
did not increase significantly the levels of oxetizlipids and proteins. Additionally, the lack of a
general simultaneous increase in global cellulipaidant defence upon incubation with visfatin
might suggest the possibility afpartial or localizedincrease in such antioxidant defence. This

subject will be explored in detail in the followitapters.
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Fig. 4.5 Visfatin treatmerdoes not increasthe levels of oxidized protei
QC12 differentiated myotubes were incubated forzd6and 48 hrs with 100 ng/ml
visfatin. The denatured and reduced cell lysates extracted weaseett with 2,-

dinitrophenylhydrazine (DNPH) to derivatize thelmamyl groups to 2-dinitrophenylhydrozon:

(2,4DNP) residues, or only with buffer as a negativetad. The cell lysates were resolvec

using a standard western blot procedure by usiraptihody against the derivatized -DNP

residues. Quantization of the expression was peddrby densitometric analysis and the va

were further to the untreated ceEach data point is the avemfyom three independe

experiments + SEM. NS denotes no significant difference betwésfatin treatment and contr
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Fig. 4.6 Visfatin treatmeidoes not increasthe levels of oxidized lipi

C2C12 differentiated myotubes re incubated for 16, 24 and 48 hrs with 100 ng/fr
visfatin as shown before. The lipids were extraaed the levels of lipid hydroperoxides w:
guantified based on treapability of thiocyanate ions (the chromogen)eicognize the ferric ior
producel by the reaction of lipid hydroperoxides with fieerous ions from the assay soluti
Quantization of the expression was performed bgraoktric analysis and the values were furt
normalized to the negative contrEach data point is the averagedaplicates samples p
experiment from three independent experimer— SEM. NS denotes no significant differer

between visfatin and control.
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Fig. 4.7 Visfatin treatmeidoes not increaste myocytes global cellular antioxide
capability

C2C12 differentiated myotubes were incubated foand 48 hrs with 100 ng/ml «
visfatin as shown before or with hydrogen peroxade positive control for 30 minutes. Cells w
scraped and the cell lysates extracted were useldtk the oxidation of ABTS compound
metmyoglobin. The levels of oxidon were assayed by colorimetry, relative to conttalch dat:
point is the average of duplicates samples perrarpat from three independent experimen—
SEM. **Denotes p<0.001 compared to control. NSates no significant difference betwe

visfatin treatment and contr
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4.3 Visfatin (eNampt) treatment is not a#cting the cellular viability and is not

increasing the levels of nitrosylated proteins
A sustained oxidative stress in cultured diablmyocytes can also have cytotoxic

effects that could lead to a reduced cellular ViighjLiao et al., 2006). In order to measure the
cellular viability after visfatin treatment | usaccommercially available assay kit (BioVision, Inc)
that is measuring the activity of the enzyme lactithydrogenase which is released from the cells
in the supernatant if the integrity of the plasmenmbrane is compromised, generating NADH
following lactate oxidation. The kit quantifies thevels of NADH generated by using the specific
compound WST. Visfatin treatment for 24-48 houis mvt change significantly the levels of
NADH in the supernatant unlike hydrogen peroxideymg that the oxidative stress generated by
visfatin had no significant effect on cellular vilgtly (Fig. 4.8). This fact correlated with the
previous finding that there was no significant ease in the levels of oxidized products, offering a
limited ground to the hypothesis thagpartial andlocalizedincrease in the mechanisms regulating
antioxidant defence might explain the lack of effeaf the detected free radicals on cellular

integrity and physiology.

An increase in the levels of ROS isomepanied usually by a higher production of
nitric oxide that can modify cell physiology thrdug further generation of oxygen free radicals
mediated by increased production of peroxynitr&igp{nski and Callahan, 2007), through an
increase in cyclic GMP (cGMP) levels (Drenning let2009), or through the post-translational
modifications of proteins like nitrosylation of spkc residues (Nogueira et al., 2009;Sharov et al.
2006). The process of protein nitrosylation repnésa significant challenge to the proper
functionality of the cells (Riederer et al., 20@®) it was reported already to be involved in the
development of the ageing phenotypes (Butterfiell.e2007; Murdaugh et al., 2010; Musci et al.,
2006). Therefore | looked by western blot at theelg of nitrotyrosine residues, which unlike S-

nitrosylation modifications are irreversible chasgeduced by nitric oxide (Stamler et al., 2008),
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targeting for example proteins associated withigalcsignalling in skeletal muscle (Viner et al.,
1996). As seen from figure 4.9, there was no sicguift increase in the levels of nitrotyrosines
residues (YT) by the incubation with visfatin fod8 hours.

This paragraph proved that the oxygen freecads induced by visfatin did not affect the
cellular viability and that the nitric oxide potéaily produced by such ROS did not increase the

levels of nitrosylated proteins.

112



Fig. 4.8 Visfatin treatmerdoes not changie myocytes cellular viabili

C2C12 differentiated myotubes were incubated foa2d 48 hrs with 100 ng/ml «
visfatin or with hydrogen peroxide as a positivatcol for 1hr.Quantization of NADH levels fror
supernatantvas performed by colorimetric analysis. NADH isgwoed by the oxidation of lacte
by the enzyme lactate dehydrogenase that is releéatbe supernatant if the plasma membrai
damaged. To quantify NADH level used WST compound and the values vfurther normalized
to the negative controEach data point is the average of duplicates sagaeexperiment fror
three independent experiment— SEM. **Denotes p<0.001 compared to control. N&hates nc

significant difference between visfatin chnge and control.
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Fig. 4.9  Visfatin treatmeidoes not increastne levels of irreversible nitrosylate

proteins

C2C12 differentiated myotubes were incubated batvi-48 hrs wth 100 ng/ml of
visfatin as shown before. Protein lysates werelvesidy a typical western blot to detect
presence of nitrotyrosin€s'T). Quantization of the expression was performed byitdemetric
analysis and the values were further normalio the negative controEach data point ithe
average from three independent experimer— SEM. NS denotes no significant differer
between visfatin challenges and con
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4.4 Acute or chronic visfatin (eNampt) treatmenis not activating the insulin

receptor—dependent PI3K/Akt signalling
As previously reported, exogenous visfatingeipt) binds to insulin receptor

expressed by many types of cells like HUVECs (Adyal., 2008a), osteoblasts (Xie et al., 2007),
mesangial cells (Song et al., 2008) and cardiomigscfLim et al., 2008) and increases the glucose
uptake rate through the activation of phosphoirmesig-kinase (PI3K/Akt) signalling, acting
therefore as an insulin mimetic agent. It appeax®rtheless that visfatin does not compete with
insulin since it binds to a different site of tmsulin receptor (Fukuhara et al., 2005). To testef
same effect can be identified in the case of thei@d skeletal myocytes | incubated differentiated
C2C12 cells with 100 ng/ml of visfatin for 5, 1®dal5 minutes and verified the possible activation
of the Akt pathway by western blot followed by diémsietric analysis. | tested in this respect the
levels of the phosphorylated forms of Akt (at‘Seand Thf® residues), the phosphorylated forms
of Akt-upstream positive and negative regulatofBER and PDK1) and the phosphorylated forms
of Akt-downstream targets (GSK3&nd c-Raf). While 100 nM insulin was able to inda
significant increase in phospho-ARf"?levels after 5 minutes of treatment (figure 4.10A3fatin
failed to change in the first 15 minutes the lewalshospho-AK®*"*and phospho-ARE™, the
levels of phosphorylated forms of Akt upstreamattbr (PDK1) and inhibitor (PTEN), as well as
the levels of phosphorylated forms of Akt downstndargets like GSK4{8and c-Raf (figure
4.10B). In addition, as seen from figure 4.10A, ¢heonic incubation with visfatin for 18 hrs did
not change the levels of phospho-Akt at*Seesidue and neither the ability of insulin to aati
PI3K/Akt pathway after 5 minutes. These experim@ntsed that the incubation of C2C12 cells
with extracellular visfatin did not activate theBRIAkt pathway and did not interfere with the
activation of the same pathway by insulin. Thisvye®that in the case of cultured myocytes visfatin

is notacting as an insulin-mimetic agent.
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Fig. 4.10 Visfatin treatmeidoes not activatthe insulin receptc-associated PI3K/Akt
signalling

A. Phosphopylation of Akt at Ser473 residue was detectedagehne, in the cells wit
chronic visfatin exposure (100 ng/ml) for 18 hd|dwing 100 nM insulin stimulation for 5 min ai
in the cells showing treatment with visfatin for 1& followed by insulintimulation for 5 min.
Quantization of Akt phosphorylation at Ser473 or308 was performed by densitometric anal
compared to the negative con; B. Western blot analysis was performed by usinthadtes
raised against the phosphorylated forms kt at Ser472r Thr308 residues, against 1
phosphorylated forms of Akt upstream regulatorsKP@nd PTEN) and of its downstream tar¢
(c-Raf and GSK3p) following visfatin treatment at 100 ng/ml (nodtsent, 5, 10 and 15 mir
Quantization of Akt pbsphorylation at Ser473 or Thr308 was performeddnsitometric analys
compared to the negative control. Each data psitite average from three independent experin
+/- SEM. **Denotes p<0.001 compared to control. N&hadtes no significant diffence between
visfatin and insulin treatment compared to insalione in chronic exposure, or between control

visfatin in both chronic and acute expost
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4.Blocking PI3K is not reducing the oxidative stressevels increased by
visfatin (eNampt)

As shown above in the present chapter, tussteeatment did not activate
PI3K/Akt pathway in the acute stage of incubatibni5 minutes), nor in the chronic stage (18
hours). Nevertheless, PI3K/Akt pathway could bévated by visfatin treatment in an interval
between these two time points and such activatatddbe missed by my western blot experiment.
It was already shown that the chronic activatiodktf signalling characterizing early oncogenesis
increased the aerobic glycolysis rate (fMarburg effegt(Robey and Hay, 2009) leading to an
increase in the levels of free radicals (van Gar.e2006). Therefore, to test the possibilitgtthn
eventual Akt activation upon visfatin challenge Icomediate the increase in ROS levels detected
previously, | blocked PI3K by its specific inhibitbY294002 60 uM) for 1 hour before the
incubation with 100 ng/ml of visfatin for anothe8 hours. As seen from figure 4.11 there was no
change in the signal detected by fluorescent aseaie cells with blocked PI3K/Akt signalling
before visfatin challenge compared to the signtdated from cells incubated only with visfatin.

This experiment proved that the ROS productiomdependent of PI3K/Akt signalling pathway.

118



Fig. 4.11 The oxidative stress induced by \iisfiatnot mediated by PI3K/Akt signing pathway
Differentiated C2C12 cells were [-treated for 1 hr with 5aM LY294002, ar

inhibitor of PI3K, before being subjected to anoth® hrs of challenge with 100 ng/ml of visfat
Cells were incubated with 28V carboxy-H2DCFDA for 25 min to detect ROS, fowed by 5 min
incubation with JuM Hoechst 33342 to stain the nuclei. Relative esgimn compared to control
shown. Each data point is the average of quadatglisamples per experiment from th
independent experiments+8EM. **Denotes p<0.01 conared to control. NS denotes
significant difference between the treatment ofatia plus PI3K inhibitor compared to visfal

alone.
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4C. Discussion

Visfatin is a new member of adipakiamily with one form but with two different
localizations, one being intracellular (INampt) arbther extracellular (eNampt) (Garten et al.,
2010). The intracellular form was proved so fab&involved in the NAD synthesis pathway
through its phosphoribosyltransferase activity (@anet al., 2006), and the extracellular form was
discovered to be actively secreted by diverse tgpeells such as macrophages, adipocytes and
hepatocytes (Fukuhara et al., 2005;Wang et al9;Z0frat et al., 2006). Initially considered to lme a
insulin minetic agent, visfatin proved to be alsaraducer of oxidative stress and inflammation.

Because there were no previous reports dhewgffects of an increased levels of
plasma visfatin on the stress responses of skefatatlein vivo (both animal models or human
patients), and since skeletal muscle is a targah#orest of adipokines with a major influence on
insulin sensitivity, stress markers and inflammattatus, | explored such possible effects of an

increased concentration of plasma visfatin on s&ktauscle by using an vitro approach.

1. The relationships betweeragenous visfatin (eNampt) and the levels of

oxidative stress
| showed in the present chapter that incubatingne C2C12 fused and

differentiated myotubes with different concentras®f exogenous murine visfatin (eNampt) (<200
ng/ml) induced oxidative stress as monitored bgriéscent-based assays (Figs.4.1-4.3). This event
occurred in the chronic stage, after a minimum bb&rs, not in the acute stage as shown to happen
in the case of stimulation of endothelial cellsrket al., 2008). While visfatin treatment increased
free radicals, it did not affect the cellular vilglgithat indicates that such a stress is not impgi

significantly the myotubes survival (Fig. 4.8). $48n did not induce an increase in the levels of
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oxidized lipids or oxidized proteins either. Thdeaizion of an increase in ROS levels without an
increase in the levels of oxidized products or imgzhviability after visfatin challenge suggested a
existence of a simultaneous improvement of theoaiant capacity of the cells to resist such a
stress. The measurement of this global celluldityalbd protect against oxidative stress was
performed by using the ABTS assay that did not saowglobal change in the antioxidant potential
of C2C12 cells after the treatment with visfatimgmared to control (Fig. 4.7).

The additional metabolic consequences aadipistream mediators of the increased
levels of free radicals are still unknown, thereftre main questions still to be answered in the

following chapters are:

1. What pathways mediate the increased levels of RQ&ed by visfatin?

2. What pathways could mediate the protection agaunsh oxidative stress that might explain
the lack of oxidized products or loss of viability?

3. What consequences such increased ROS levels aoeddbh the signalling pathways

relevant for glucose metabolism?

2. Visfatin (eNampt) and insulin-dependent signallingpathway

Previously it was shown that visfa&zan act as an insulin mimetic agent, but the
issue is still controversial and debated (Fukuled., 2005). Since there were no previous reports
about the effects of exogenous visfatin on skeletadcle, which is a main target for adipokines and
the main organ responsible for the removal of fheage from the plasma, | tested whether visfatin
can activate the PI3K/Akt signalling pathway thatdiates the effects of insulin on the rate of
glucose uptake. The stimulation of C2C12 cells Wid® ng/ml visfatin did not induce the
phosphorylation of Akt at S&F or at Thi®® residues in the first 15 minutes (Fig. 4.10B) kethe
insulin challenge that triggered a robust respaiter 5 minutes at the AR*"*(Fig. 4.10A).

Visfatin did not change either the phosphorylatagls of Akt upstream activator (PDK1), upstream
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inhibitor (PTEN) or of Akt downstream targets li&SK-33 and c-Raf (Fig.4.10B). The pre-
incubation of C2C12 cells with visfatin for 18 hi®l not impair or augment the ability of insulin to
activate PI3K/Akt after 5 minutes and the incubaitod cells with visfatin alone for 18 hrs did not
change either the levels of phosphorylated Akteat’Sresidues (Fig. 4.10A). This showed that in
C2C12 cells visfatin did not activate PI3K/Akt sadimg pathway, indicating that in the case of
cultured skeletal myocytes itmot an insulin-mimetic agent.

The possibility of an increase in the m@tglucose uptake by visfatin, independently of
PI3K/Akt signalling, will be explored in the futushapters. Nevertheless, such activation of Akt
pathway could occur later through mechanisms inaléget of insulin receptor phosphorylation
status and such eventual activation could mediatdaequent oxidative stress response. For
example, chronic activation of Akt observed in #aely stages of oncogenesis can increase the
levels of aerobic glycolysis (th&arburg effegtand an increased glycolysis rate is associatéddavi
higher production rate of free radicals (van Gdrplg 2006). Therefore | blocked PI3K activity by
its specific inhibitor before visfatin treatmentdarepeated the fluorescent-based measurement of
ROS levels that did not show any changed valuegeadny to visfatin-only treated cells (Fig.
4.11). This proved that the observed ROS prodngtiduced by visfatin treatment in C2C12 cells
is independent of Akt signalling.

Because the long-term incubation ofureld myotubes with visfatin (>24 hours)
might still modify the rate of glucose uptake an@dse metabolism independently of Akt signalling,
possibly through the modulation of other physiotadjiprocesses like a robust NAD metabolism as
shown before (Revollo et al., 2007), the next qoadb be raised and answered in the following
chapter is the following:

What is the effect of exogenousititsbn glucose uptake rate? And if | will see

such an effect, what are the pathways mediating it?
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Chapter 5- THE DIFFERENTIAL EFFECTSOF VISFATIN
(eNAMPT) AND TRIGLYCERIDES ON THE EXPRESSION OF ROS
REGULATORY GENES, GLUCOSE UPTAKE AND INSULIN
SENSITIVITY
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5A. Introduction

In the previous chaptevas showed that exposure of C2C12 cells t@erous
visfatin (eNampt) increased intracellular ROS lewadter 18 hours. Nevertheless, the cellular
viability was not impaired. Furthermore, no sigeafint increase in the levels of oxidized proteins or
oxidized lipids was detected, usually generated bystained, chronic production of reactive
oxygen species (Nader-Djalal et al., 1998). To axplhis initial apparent discrepancy a provisional
hypothesis was proposed, based on the theorebeallplity that visfatin could increase
simultaneously not only the levelsiotracellular ROSbut also the cellulagintioxidantdefence
status. It was shown for example that physical@gerincreased in skeletal muscle not only the
levels of ROS but also the antioxidant defencaustaBejma and Ji, 1999). This hypothesised
improved antioxidant defence could block any sigatiit oxidizing effects on cellular constituents
such as proteins and lipids by the simultaneousigdyced ROS. Since such an antioxidant
response was not observed at the pancellular lsvesing the ABTS assay, the first goal of the
present chapter was to inquire whether visfatinhiigduce a transient or localized antioxidant
response. This potential localized increase iroaittant capability by visfatin, undetectable at the
global, pancellular level, could explain the ladlogidized products. The identity and the
mechanisms of such transient or localized respdmses been already explored in macrophages
(Flesch et al., 1994), placenta (Ejima et al., 2398 plant-pathogen interactions (Piterkova et al.
2009). To explore the possibility of such localizedponses, an RT-PCR assay was performed to
guantify the expression levels of certain selegies already known to be involved in ROS
production or antioxidant defence.

To establish a reliable contnobrder to compare possible expression changes
induced by visfatin within an ageing context, adipased challenge was used. Intramyocellular
triglycerides are an important source of energynfnmal, healthy skeletal muscle especially in the

case of chronic, low level exercise (Gorski, 199Bvertheless, during ageing the human skeletal
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muscle is characterized by an accelerated accuimlat intramyocellular lipids depots that are
associated with a progressive increase in the @vexidative stress, generalized insulin resistanc
and chronic inflammation (Franklin and Kanaley, 20CGrane et al., 2010; Machann et al., 2005).
These intracellular events are also involved indéeelopment of ageing-associated diseases
involving skeletal muscle such as metabolic syndrof@eorg and Ludvik, 2001), sarcopennia
(Borst, 2004; Fulle et al., 2004) and frailty (Lagigal., 2009; Faulkner et al., 2007). Interesimdl|
appears that skeletal muscle contains lipid dreptethe extracellular, interstitial space (Russell
al., 1998), with unknown origin and unclear funaoti®keletal muscle can use different types of
lipids from circulation for energy purposes, susltlee free fatty acids released by adipocytes in
plasma (Martin et al., 1993) or triglycerides. THasma triglycerides are structured as chylomicrons
or as very-low-density lipoproteif¥LDLs) (Voshol et al., 2009). The established nogeth
previously used to model vitro the lipid-related toxicity seen in ageing and ageassociated
diseases was the incubation of primary or immaaimuscle cells with BSA-bound free fatty
acids such as palmitabe oleate (Garcia-Martinez et al., 2005; Lu et2000). This method
presents nevertheless multiple technical pitfalisieasing the dangers of non-specific results
(Wang X. et al., 2010) or artefacts (Bickertonlet2007). In addition, less it is known about the
effects on skeletal muscle of lipids stored adyogrides (VLDL or chylomicrons), and not as free
fatty acids (Kraegen et al., 2001). Consequentlyprder to avoid the problems seen in the
experiments using free fatty acids bound to BSAtarfdrther explore the effects of lipids stored as
triglycerides, | used a new alternative method, elgrthe incubation of cultured myocytes with the
commercially available fat emulsi@tructolipid™. This 20% fat emulsion is composed of
equimolar amounts of long chain triglycerides (L@&Dm refined soy oil and medium chain
triglycerides (MCT) from coconut oil in the ratid 8% (w/w) and 36% (w/w) respectively, the
fatty acids being randomly distributed within ttere triglyceride molecule. Structolipld is

currently used in clinical practice as a parentetatition regimen choice by intravenous
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administration in order to supply energy and esakfatty acids (1-1.5 g/kg body weight/day)
(Ellborg et al., 2010), but it was also succesgfuied to modeh vitro the effects of
intramyocellular accumulation of lipid depots s@ée@aged or dysfunctional skeletal muscle. For
example, it was shown already that incubation Bittuctolipid™ at high concentrations (0.2
mg/ml) induced oxidative stress in cultured cdlel@igle AM, 2006; Delaigle et al., 2004).
Therefore | used this fat emulsion to induce allpased challenge in C2C12 cells.

Thérst goal of the present chapter was to confirm that tiew type of lipid challenge

(Structolipid™

) is a genuine model of lipid overload of C2C12sbl testing its transport and
accumulation in cytosol, followed by measuremefitsxadative stress markers as performed in
previous chapter. After these preliminary experitag¢he existence of any possible changes in the
expression of some of the genes relevant for oxeatress and antioxidant defence induced by
visfatin or fat emulsion are to be explored by gdRT-PCR.

It was shown before thattileatment with exogenous visfatin increased the ol
glucose uptake in many types of cells such as paticf cells (Brown et al., 2010) and osteoblasts
(Xie et al., 2007), similarly to insulin. This etfewas dependent on activation of Akt signallingtth
was not detected in the experiments presenteceinqurs chapter. The chronic treatment with
exogenous visfatin could nevertheless modify theade uptake rate indirectly, through the
regulation of other signalling pathways. For examplis known that glucose metabolism and
uptake can be modified by changes in NAD metabotlsmhare known to be regulated by the
activity of the intracellular form of visfatin, iNapt (Revollo et al., 2007). It was also shown that
incubation of smooth muscle cells with exogenogsatin increased the intracellular NAD levels
and subsequently activated the NFkB signalling\wath but the upstream mechanisms are still
unclear (Romacho et al., 2009). | tested therdfoegoossibility that chronic exogenous visfatin

(eNampt) treatment could change the rate of gluapsake in cultured myotubes by using a new

fluorescent method based on measurements of 2-(\¥(@benz-2-oxa-1,3-diazol-4-yl)amino)-2-
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deoxyglucose (2-NBDG). This method was developednty (O'Neil et al., 2005; Zou et al., 2005)
and it was already proved to be an efficient, ldiaand safer alternative to the classical radieact
(2-DG) method botlm vitro (Zou et al., 2005; Ball et al., 2002) aindvivo (Ye et al., 2008). The
secondgoal of the present chapter was therefore testhmgher the incubation of C2C12 cells with
exogenous visfatin or triglycerides can changegtbeose uptake rate in both basal and insulin-
stimulated conditions by using 2-NBDG.

Previously it was shown tha physiological effects induced by lipids on taterof
glucose uptake are partially mediated by an imgaactivation of PI3K/Akt pathway (Nogueira et
al., 2008) and by changes in expression of tramsposuch as glucose transporter 1 (GLUT1) and
glucose transporter 4 (GLUT4) (Bloch-Damti and Bag2005). Théhird goal of the present
chapter was therefore to test whether the triglgeechallenge can interfere with the PI3K/Akt
signalling pathway by using the western blot metteduantify the levels of phosphorylated forms
of Akt, as performed in the previous chapter in¢hse of visfatin treatment. In addition, RT-PCR
was used to quantify the possible change induceddbgtin or triglycerides in the expression of
GLUT1, which is involved in the basal glucose ugtaknd GLUT4, that is mediating the insulin-

stimulated glucose uptake process.
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5B. Results

5.1 Triglyceride treatent is an accurate and efficient method to modehe
effects of lipids in skeletal muscle

Structolipid® was previously proven to induce oxidative stiassultured
skeletal myocytes (Delaigle et al., 2006; Delaggfial., 2004), and | used it as an alternativé¢o t
free fatty acids method to model the effects indueg lipids on skeletal muscle physiology
characterizing the ageing-associated diseasesasughesity and metabolic syndrome (Samuel et al.,
2010). C2C12 cultured and differentiated myotubesawncubated with the fat emulsion that was
diluted 1/100 in serum-free DMEM to a final congation of 0.2 mg/ml of triglycerides (TG). To
confirm the transport and accumulation of the yegrides in C2C12 cells | performed fluorescent-
based assays by using the specific dye Nile Reay(thl). A marked increase in lipid depots was
detected by Nile Red staining after 6 hours ofttneat with 0.2 mg/ml of triglycerides (Fig. 5.1).

This shows that triglycerides are transported th&éocytosol of cultured myotubes.
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Fig. 5.1 StructolipidTM triglycerides are transped into the cytosol of C2C:
differentiated myotubes

C2C12 cells were incubated for 6 hrs with 0.2 mgshStructolipic™ fat emulsion that
was diluted 1/100 in serufree DMEM to a final concentration of 0.2 mg/mltaglycerides (TG)
Cells were further incubated with 1 pg/ml Nile Ridited n PBS for 15 minutefollowed by 5
min incubation with JuM Hoechst 33342 to stain the nucl Fluorescent microscopy w.

performed at 560 nm for Nile Red and at 460 nnHoechst 33342.
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5.2 The incubation thitriglycerides induces oxidative stress in cultured
C2C12 cells after 24 hours

To test whether th@/ml of triglycerides treatment can generate axeastress
in C2C12 cells after 24 hours of incubation | ueslcarboxy-H2DCFDA fluorescent-based assay
as described in previous chapter and noticed afisigmt increase in oxidative stress levels, asnisee
from figure 5.2. This showed that triglyceride daaye induced oxidative stress. In order to
investigate in detail the effects of incubationhtitiglycerides on the skeletal myocytes physiology
| explored also the possible detection of oxidifmhs of proteins by using the Oxybi¥tsystem
followed by densitometric analysis, as performethmprevious chapter for visfatin challenge.
Figure 5.3 shows that the incubation of C2C&Rs with 0.2 mg/ml triglycerides increased with
almost 80% the global levels of carbonylated pregtefter a minimum incubation time of 24 hours,
with a significant increase of a band around 30.KDnas proved that the cellular stress pattern
induced by triglyceride treatment is different froine@ one generated by exogenous visfatin
(eNampt). The pattern of carbonylated proteingergd by triglyceride challenge in C2C12 cells is
different also from the pattern seen in the skehatascle from diabetic animal models (Oh-Ishi et
al., 2003) and from the pattern shown by agedes&leinuscle (Griffin et al., 2008). This shows
that triglyceride treatment is an acceptable modlghe effects of ageing on skeletal muscle when an

accumulation of intramyocellular lipids occurs.
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Fig. 5.2 Incubatioaf differentiated myocytes witriglyceridesinduces oxidative stre
after 24 hours

C2C12 cultured and differentiated myotubes weraliated for 24 hrs witStructolipid™
fat emulsion that was diluted 1/100 in se-free DMEM to a final concentration of 0.2 mg/ml
triglycerides.Cells werencubated with 2mM carboxy-H2DCFDA for 25 min to detect RO.
followed by 5 min incubation with M Hoechst 33342 to stain the nuclFluorescent microscopy
was performed at 520 nm foarbox)-H2DCFDA and at 460 nm foroechst 3334zand
guantificationwas further done by using softw-based analysifkelative expression compared
negative control is shown. Each data point is tre¥age of quadruplicate samples per experir

from three independent experiment— SEM. ***Denotes p<0.001 comparedcontrol.
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Fig. 5.3 Incubation of differentiated myocytes vtriglycerides increases the levels

of oxidized proteins after 24 hol

C2C12 differentiated myotubes were incubated for2t6:nd 48 hrs with 0.2 mg/ml ¢
triglycerides in serunfree DMEM The denatured and reduced cell lysates extractesl tneatec
with 2,4-dinitrophenylhydrazine (DNPH) to derivatize thelwamyl groups to 2-
dinitrophenylhydrozone (2,BNP) residues. The ceysates were resolved by using a stant
ECL western blot procedure by using an antibodyregahe derivatized 2-DNP residues.
Quantization of the expression was performed byitd@emetric analysis and the values were fur
normalized to negative atrol. Each data point is the average from three indep#redg@eriment:
+/- SEM. NS denotes no significant difference betweeatment and control. **Denotes p<0.

compared to control.
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5.3  The incubation of cultured C2C1@ells with triglycerides changes the expression

of genes involved in oxidative stress and antioxiad defence in a different manner compared
to visfatin challenge

In order to decipher the mexsias involved in ROS production and antioxidant
defence changed by visfatin or triglycerides inundd myocytes | performed RT-PCR for a number
of genes already known to be involved in the precAs seen from figure 5.4, the incubation of
C2C12 cells for 24 hours (but not for 6 hours) witA mg/ml of triglycerides was able to increase
significantly the expression levels of many geme®ived in antioxidant defence such as catalase
(CAT), superoxide dismutase 1 (SOD1), superoxigendiase 2 (SOD2) and of transcriptional
factors required for antioxidant defence or iscleerasponse such as hypoxia-inducible factor 1A
(HIF1A), nuclear respiratory factor 1 (NRF1) anctlear respiratory factor 2 (NRF2). Triglyceride
treatment did not change the expression levelsharagenes responsible for free radical production
such as NADPH oxidase 4 (NOX4), a subunit of NAD&#itlase complex. In comparison, as seen
from figure 5.5, incubation of C2C12 cells with 18§'ml of visfatin for 24 hours increased the
expression level of SOD1 and NOX4 genes only, lgathe rest of the genes mentioned above
unchanged. The incubation of skeletal myocyteh wiglycerides, but not with visfatin, was also
able to reduce after 24 hours the expression ¢atjlione peroxidase-3 (GPX3), a powerful
antioxidant factor (Fig. 5.6). This could indicag@ossible reduction in the general antioxidant
defence ability by triglycerides as proved alre&mtyskeletal muscle from diabetic patients or from
the animal models of metabolic syndrome (Chund.e2@09).

In conclusion, the pattern induced byatisf treatment was different compared to the
pattern shown by lipid emulsion. The fact thatl#hesls of expression of transcriptional factorshsuc
as NRF1, NRF2 and HIF1A and antioxidant proteirchsas GPX3 were not changed after visfatin
treatment corroborates with the finding from presa@hapter that visfatin did not oxidize proteins

nor lipids.
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Fig. 5.4 Incubation of diffentiated myocytes wittniglycerides increases the expression

levels of some of the R@&gulatory gene

C2C12 differentiated myotubes were incubated for B4 hrs with 0.2 mg/ml ctriglycerides in

serumfree DMEM. After RM extraction and cDNA synthesis RAER was performe. All

samples were run in triplicate and fold changexipression was calculated by normalizing the

gene crossing threshold J@vith the control (be-actin) and then comparing the values fromd-

challenged samples to the values from untreatdsl ***Denotes p<0.001 compared to contr

NS denotes no significant difference between treatraadtcontrol. Each data point is the aver

from three ndependent experiments— SEM.
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Fig. 5.5 Incubation of differentiated myocytes wiisfatin increases the express
levels of some of the R@8ated genes differently compared to triglycerathallenge

@C12 differentiated myotubes were incubated fon2Awith100 ng/ml of visfatin in
serumfree DMEM. After RNA extraction and cDNA syntlis RTPCR was performe. All
samples were run in triplicate and fold changexjoression was calculated by normeng the test
gene crossing threshold J@vith the control (bei-actin), and then comparing the values fi
visfatinchallenged samples to the values from untreatdsl **Denotes p<0.01 compared
control. Each data point is the average from timdegendent experiments — SEM.
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Fig. 5.6 Incubation of differentiated myocytes wtriglycerides but not visfatin, decreases

the expression levels of GBXa powerful antioxidant ger

C2C12 differentiated myotubes were incubated foh24with100 ng/ml of visfatin o
with 0.2 mg/miltriglyceridesin serun-free DMEMfor 6 or 24 hrsAfter RNA extraction an
cDNA synthesis RTRCR was performed. Alamples were run in triplicate and fold chang
expression was calculated by normalizing the tesegrossing threshold) with the control
(betaactin) and then comparing the values from treateajpdes to the values from untreated ct
*** Denotes p<0.001 compared to control. denotes no significant difference between treatr

and control. Each data point is the average froeetmdependent experiment— SEM.
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5.4 Incubation of cultured myotubes with triglcerides, but not with visfatin,

changes the rate of glucose uptake in cultured mygtes
Previously it was shown that long tefmamges in the expression level or in the
enzymatic activity of intracellular form of visfat(iNampt) could affect the levels of glucose uptak
and glucose metabolism through the modulation oDNévels (Revollo, 2008), independently of
PI3K/Akt signalling. | explored this possibility afidirect effects of glucose uptake rate also & th
case of chronic exogenous visfatin (eNampt) chgieihat failed to activate PI3SK/Akt pathway, as
shown in previous chapter. In order to test tiyisdthesis | used a new available method, recently
developed, that is based on fluorescent microsooggsurements of the compound 2-NBDG (Ye et
al., 2008; Fukushima et al., 2007; Zou et al., 2@l et al., 2002; Yamada et al., 2000).
C2C12 cultured cells, treated or not with visfdon24 hours, were incubated with the compound 2-
NBDG (0.1 mg/ml) diluted in PBS for 30 minutes tmlled by fluorescent microscopy imaging
(Fig.5.7B). As seen from figure 5.7C, there werdlifferences in the recorded values between
visfatin—treated and control cells, indicating thetfatin has no effect on the rate of glucose kpta
in the case of cultured myotubes. This correlatiéls the fact that only in the cellular types that
presented an activation of PI3K/Akt signalling padly by visfatin such as osteocytes and
endothelial cells it was also noticeable an inazdasite of glucose uptake (Xie et al., 2007). In
contrast, the incubation of C2C12 cells with triggyides (0.2 mg/ml) for 24 hours increased the
levels of basal transport of glucose by approxiigat8%. This discovery correlates with previous
independent experiments elucidating the mechanegnmsulin resistance in skeletal muscle. For
example, it was already shown by 2-DG method thahjate treatment of cultured myotubes is
increasing the rate of glucose uptake in the betagé (Montell et al., 2001), confirming the
usefulness of Structolipltf in obesity research.
To study the effects of trighyes or visfatin on the insulin-stimulated glueos

uptake I incubated C2C12 cells with 100 ng/ml affaiin or with 0.2 mg/ml of triglycerides for 24
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hours, followed by the incubation with 100 nM insulliluted in PBS for 30 minutes (Fig. 5.8A). To
guantify the rate of glucose uptake | repeate@thlBDG assay as described above. The fluorescent
microscopy measurements of 2-NBDG signal showatitisulin treatment alone increased the
levels of glucose uptake in C2C12 cells more thartithes compared with non-treated cells
(Fig.5.8B), confirming the usefulness of the 2-NBBsxay for glucose measurements in C2C12
cells (del Aguila et al., 1999). While the pretbation with visfatin for 24 hours did not affelee
insulin-dependent glucose uptake, triglyceridettrest nevertheless was able to reduce it by a
third. This shows that extracellular form of visfadid not change the rate of glucose uptake ih bot
basal and insulin-stimulated states, unlike the utegtbn of its intracellular form (iNampt) that
increased the rate of NAD synthesis and indirettyrates of glucose uptake and glucose
metabolism (Revollo, 2008). The decrease in glucgpsake by triglycerides in insulin-stimulated
condition correlates also with the fact that padtattreatment of cultured myotubes reduced the
glucose uptake rate in the insulin-stimulated saatshown by 2-DG method (Ragheb et al., 2009).
The increase in the glucose uptakeasabstate and reduction in the insulin-
stimulated state upon triglyceride challenge caexygained by changes in PI3K/Akt signalling that
regulates the translocation of glucose transpodetise plasma membrane (Nakamura et al., 2009;
Nogueira et al., 2008; Kelly et al., 2008), andchgnges in the expression levels of glucose
transporters such as GLUTRimopoulos et al., 2006; MacLaren et al., 2008) @&LUT4 (Armoni

et al., 2007), aspects that were approached next.
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Fig. 5.Ihcubatior of differentiated myocytes with triglycerides, but wistatin,
increases the rate of the basal glucose up

C2C12 differentiated myotubes were incubated fohiZ4with100 ng/ml of visfatin
or with 0.2 mg/ml oftriglyceride:in serum-free DMEM for 6 or 24 hr$o measure the rate
glucose uptakeells were incubated with 0.1 mg/ml ¢<NBDG (A) in PBSfor 30 min followed by
5 min incubation with 1tM Hoechst 33342 to stain the nuclB). Fluorescent microscopy w.
performed at 520 nm f&@-NBDG and at 460 nm fcHoechst 33342and quantification was furth:
done by using softwareased analysis (( Rdative expression compared to control data is sh
Data shown are the average of quadruplicate sarpplesxperiment, from three independ
experiments + SEM. **Denotes p<0.01 compared to control. denotes no significant differen

between treatmérmnd control
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Fig. 5.8 Incubation of differentiated myocytes vtriglycerides, but not visfatin,

decreases the rate of the insi-stimulated glucose uptake

C2C13ifferentiated myotubes were incubated for 24 hith 100 ng/ml of visfatin or
with 0.2 mg/ml oftriglycerides Cells were washed and pireated with 100 nM of insulin in PE
for 30 minutes before the incubation with 0.1 mgai2-NBDG in PBSfor an aditional interval of
30 min,followed by 5 min incubation with M Hoechst 33342 to stain the nuc(A). Fluorescent
microscopy was performed at 520 nm2-NBDG and at 460 nm fddoechst 3334zand
guantification was further done by using softv-based analysifkelative expression compared
control data is shown (BData shown are the average of quadruplicate lesnper experimen
from three independent experiment— SEM. **Denotes p<0.001 compared to control.

denotes no significant differce between treatment and control.
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5.5. Triglyceride treatmerimpairs the insulin-stimulated activation of

PI3K/Akt signalling

As shown in the third chapter exogenasfatin treatment did not change the levels
of phosphorylated Akt and this correlates with tinehanged rate of glucose uptake shown above.
It was reported before that the incubation of aeltcells with free fatty acids can induce insulin
resistance partially by interfering with insulinpdandent PI3K/Akt pathway activation (Nakamura et
al., 2009; Nogueira et al., 2008; Kelly et al., 8Dthat regulates GLUT4 translocation at the plasma
membrane (Storz et al., 1999). | further verifigdaestern blot the phosphorylated levels of Akt at
Thr308 and of GSK4{3 which once phosphorylated by Akt at Ser9 resigiuen insulin challenge
has reduced activity (Hajduch et al., 2001). Asxgadigure 5.9A, the incubation of cells with 0.2
mg/ml triglycerides for a minimum of 24 hours redddhe levels of phospho-AREin the
insulin-treated cells, but did not change the Iswélphospho-AKE™ in the basal state. Also, as
seen from figure 5.9B, while triglycerides treatmfam a minimum of 24 hours did not affect the
basal level of phospho-GSK3%™ it reduced nevertheless the increase in its $eweluced by the
stimulation with insulin. This correlates also wgrevious data about the effects of free fatty sicid
such as palmitate on Akt activation (Dimopouloslet2006). The fact that triglycerides treatment
impaired the activation of Akt pathway by insulioutd explain the decrease in the rate of glucose
uptake in the insulin-stimulated conditions shown\a since this might impair the translocation of
GLUT4 transporter to the plasma membrane. Theddaky significant change in phospho-
Akt™%or phospho-GSK{B " levels in the basal condition after triglyceridetbnge shows that

the increase in glucose uptake noticed beforetisnediated by the PI3K/Akt signalling pathway.
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5.6 Incubation with triglycerides, but no visfatin, changes the expression levels
of glucose transporters

Because in the experiments preseattede triglyceride treatment increased the
level of basal glucose uptake but decreased tle tévnsulin-stimulated glucose uptake, | verified
by RT-PCR the expression levels of GLUT1 and GLUWBhsporters that are responsible for the
above mentioned processes. Figure 5.10A-B showsuhi&e visfatin treatment for 24 hours had no
effect on the expression levels of both transpsytiie treatment of cells with 0.2 mg/ml of
triglycerides significantly increased the gene esgion levels of GLUT1 after a minimum
incubation time of 6 hours and reduced the expoedsivels of GLUT4 after 24 hours. The fact that
GLUT1 gene expression is upregulated might explanincrease in the rate of glucose uptake by
triglycerides in the basal state as detected bBP@E assay. Also, this suggests that the increase in
GLUT1 expression is not regulated by PI3K/Akt-degiemt downstream events since there was no
change in phospho-AK*®level in the basal state. The fact that GLUT4 isrdased upon
triglyceride challenge correlates also with my poe¢ findings of the effects of triglycerides o th
rate of glucose uptake in the insulin-stimulatedesaind with the effects of triglycerides on
phospho-Akt"%or phospho-GSK8*"levels in the insulin-stimulated state. The laclefféct of
exogenous visfatin on the expression levels ofagadransporters correlates also with the lack of
effect on the PI3K/Akt signalling pathway and thclianged rate of glucose uptake, proving that

visfatin iSNOT an insulin mimetic agent in the case of culturgaaytes.
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Fig5.10 Incubatio of differentiated myocytes withiglycerides, but not visfatin,

changes the expression levels of glucosnsporters

C2C12 differentiated myotubes were incubated foh24with100 ng/ml of visfatin or
with 0.2 mg/mitriglyceridesin serun-free DMEMfor 6 or 24 hrsAfter RNA extraction and cDN;
synthesis, an RT-PCR assags performed foilGLUT1 (A) and GLUT4 (B). All samples were i
in triplicate and fold change in expression waswaltted by normalizing the test gene cros:
threshold (@ with the control (bet-actin) and then comparing to gene expression ireated clls.
**Denotes p<0.01 compared to control. *DenoteDB01 compared to control. | denotes no

significant difference between treatment and cdn
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Table 5. 1 Composition of Structolipiti

Oil source (% by wt) Coconut (36%), soybean (64%)
Ratio of n—6 to n—3 PUFAs 7:1

Fat content (g/L) 200

Molecular weight 683

Phospholipids (g/L) 12

Glycerol (g/L) 22.5

pH 8.0

Osmolarity (mOsmol/L) 350

Energy (kcal/L) 1960
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5C. Discussion

1. Triglycerides trément induces oxidative stress in a different manrre

compared with visfatin

Structolipid™ is a commercially available fat emulsion extenisivsed in the
parenteral medicine (Weigt et al., 2002). It wapamployed in molecular biology experiments as
an alternative to the established BSA-bound frég fecids method in order to model the lipid-
induced oxidative stress in cultured cells (Dekaigf al., 2004; Delaigle et al., 2006). By dilutthg
fat emulsion to a final concentration of 0.2 mgbhtriglycerides in serum-free medium | was able
to model in an accurate way the physiology of slabl®uscle seen during lipid-induced stress in
obesity and ageing. This emulsion is an accelerateldobust method for delivery and transport of
triglycerides in C2C12 cells (Fig. 5.1) that avoitle technical difficulties or the artefacts
characterizing the free fatty acids treatment mnasiy used (Bickerton et al., 2007). In additidnst
lipid form models the effects of lipids stored retblood as triglycerides and not as free fattgsci
aspect that has been not extensively studied prslio

The treatment of C2C12 cells with 0.2 mg/ml trigdyides for 24 hours induced

oxidative stress as measured by fluorescent miopys(-ig. 5.2). | noticed an increase in the level
of oxidized proteins by 80% compared with the niegatontrol after a minimum incubation time of
24 hours (Fig. 5.3), a band localized around 30 &§bawing a significant increase in the
carbonylated form. The identity of such a bandilsumexplored and this question will not be
covered in the present thesis. So far | did nattiieanother independent report to confirm or
support my particular finding. The pattern is alsiferent from the one noticed in the skeletal
muscle of diabetic animal models presenting ina@eéatepots of intracellular lipids in skeletal
muscle (Oh-Ishi et al., 2003), the one seen irskatetal muscle of mice fed with a high-fat diet
(Bonnard et al., 2008) or in the aged skeletal neugEeng et al., 2008). Some of the bands from

the lanes with control and with 16 hrs of triglyidess treatment samples atecreasingafter 24 hrs
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and 48 hrs of TG treatment. This could signify tet big band seen around 30 kDa after a
minimum of 24 hrs of treatment is aggregationof carbonylated proteins undigested by the
proteasome. Nevertheless, it could be argued wjialestrength that since triglycerides treatment
will likely decreasdhe expression values of some of proteins expraas€é@C12 cells, than their
basal levels of oxidation upon the derivatizatitepswill also be decreased (assuming that they are
not oxidized by triglycerides-induced oxidativeesss), therefore the bands present a decreased
signal. For example, the triglycerides treatmeduoed the expression of GPX3 and GLUT4 at
transcription level as seen in chapter 5. Whethieri$ a single band or an aggregation of undigeste
proteins is still to be determined.

By using an RT-PCR assay | also showed thattinsfead a different effect on genes
regulating ROS production or antioxidant defencaared to lipid-based challenge. For example,
triglycerides increased expression values of chgaaes such as SOD1, CAT and SOD2 and of
transcription factors such as NRF1, NRF2 and HIF&. 5.5), reducing simultaneously expression
of GPX3, an important antioxidant factor. Visfaitreased nevertheless only expression of NOX4,
a member of NOX family, and of SOD1. NOX4 is a membf NADPH oxidase family with 7
members that present a core structure of 6 trandmaema domains and a long cytosolic domain
containing FAD and NADPH binding domains (Bedard &mnause, 2007). The oxidation
mechanism is based on the transfer of one ele@ivamthe NADPH to the molecular oxygen
generating superoxide. The first described memb#recfamily (NOX2) was identified more than
20 years ago (Harper et al., 1984) as a membar ehaymatic complex involved in the generation
of ROS in the human neutrophils during phagocytddie phagocytic NADPH complex is formed
of a membrane-bound cytochrotmgs, three cytosolic factors named %7, p67"> p4®"**and
the small GTPase Rac?2 that has a regulatory ralan®the activation of the phagocyte NADPH
oxidase complex the cytosolic proteins translotathe plasma membrane initiating the production

of superoxide (Geiszt, 2006). In the recent yedansas shown that NADPH family members are
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expressed also in non-immune cells and fulfil nplétifunctions. NOX4 was identified initially in

the kidney (Cheng et al., 2001) and is the mostivetumember of the family, its functions being
only partially understood. Besides kidney, NOX4videly expressed in a large variety of tissues
such as foetal liver, smooth muscle cells, adipessywascular endothelial cells, osteoclasts,
hematopoietic stem cells and skeletal muscle. @bethat its overexpression alone increased to the
production of superoxide indicated that it@nstitutivelyactivated (Ambasta et al., 2004), unlike
other NOX members. The subcellular localizatio™NGiX4 is also diverse. In HUVECSs cells NOX4
was localized in the nucleus (Kuroda et al., 20063mooth muscle cells in nucleus and ER
(Hilenski et al., 2004) and in the skeletal myoesyitevas localized in cytosol and close to plasma
membrane. Nevertheless, in an independent repogrfduction of superoxide by NADPH
oxidases in cultured myocytes was identified onlyhie sarcoplasmic reticulum (SR) fraction (Xia
et al., 2003). Dysregulations in the NOX4 actiwatychanges in its expression levels have been
reported in the development of diabetic nephrop&Burin et al., 2005) and cardiovascular diseases
(Sorescu et al., 2002). Of interest, recentlyaswalso reported that NOX4 mediates the production
of ROS in cultured 3T3-L1 adipocytes after insuirallenge (Mahadev et al., 2004), partially by
inhibiting the action of tyrosine phosphatases (&&3). In addition, it was shown that exogenous
visfatin treatment of vascular endothelial cellmsiated the accumulation and aggregation of gp91
and p47 phox subunits of NADPH oxidase complexemembrane rafts domains, leading to an
increase in the production of superoxide (Xia et2010). The specific role of NOX4 in skeletal
muscle is still unexplored, besides the fact thet &an important regulator of proliferation and
differentiation (Mofarrahi et al., 2008). Therefptlke increased expression of NOX4 by visfatin
treatment could partially explain the increaseelswf ROS detected by the H2DCFDA fluorescent
method. Nevertheless, since MitoS®probe used in the previous chapter is specifig torl the
superoxide produced by mitochondria, and since N@X4 reported so far to be present only in

cytosol, around the plasma membrane, in the SRdituh mitochondria, it is likely that the
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increased superoxide production upon visfatin eimgié did not reflect a direct involvement of
NOX4, suggesting independent mechanisms. Nevesghelee measurement of NOX4 activity is not
covered in the present thesis and whether thearseresn NOX4 expression by visfatin indicates that
the production of ROS by visfatin occurs thoughaitfivation is a subject for future studies.
Interestingly, NOX4 was not increased by the tagiyde treatment, although it was shown
independently that high-fat diet was able to induncenice models an increase in its expression and
that palmitate-treated endothelial cells silencé&th @ NOX4-specific construct had a reduced level
of activation of NFkB signalling (Maloney et alQ@9). The upstream regulators for such increase in
NOX4 levels upon visfatin challenge are unknowriagoThe relevance of this discovery was
further reinforced by other recent independent mspghowing that exogenous visfatin challenge
induced also changes in localization and/or agtieftother members of NADPH oxidases family
increasing the levels of ROS produced, with a paderelevance for the development of many
pathological conditions affecting ageing such asatmaic syndrome, inflammation and arthritis
(Boini et al., 2010; Malam et al., 2011; Xia et 2011).

Therefore, the next question to be approachddeiitoming chapter is the following:

What signalling pathways are reging the ROS production and the underlying

changed genomic profile upon visfatin treatmer€2C12 cells?

2. Triglyceride incubatioimduced insulin resistance in C2C12 cells by
affecting PI3K/Akt signalling
As already known, once activated by insulin @mge the PI3K-dependent
signalling induces the translocation of GLUT4 tamiger to the plasma membrane within the
first hour of incubation (Valverde et al., 2005)eported in this chapter an increased rate of

glucose uptake in skeletal myocytes after 30 msofencubation with insulin (Fig. 5.7), likely a
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consequence of the increased translocation of GLidTHe plasma membrane. As shown in the
previous chapter, short- or long-term treatmerdudfured myocytes with exogenous visfatin
alone did not change the phosphorylated leveld2KfRAkt-associated signalling pathway.
Furthermore, the pre-incubation of C2C12 cells witfatin for 24 hours did not influence the
subsequent activation of Akt by the acute insufimglation as shown in the previous chapter. In
the present chapter | showed also that the incutati C2C12 cells with visfatin for 24 hours did
not change gene expression levels of glucose toatesp such as GLUT1 and GLUT4 (Fig.
5.10A,B). In addition, visfatin had no effect oretrate of glucose uptake in both basal (Fig.
5.7C) and insulin-stimulated conditions (Fig. 5.889 measured by 2-NBDG assay. This proved
that in the case of cultured skeletal myocytesatiisfisnot an insulin mimetic agent, which is
also a strong argument to dismiss the possibifignoinsulin mimetic effect on skeletal mustie
vivotoo. 2-NBDG is a fluorescent derivative of gluctisat is taken up from the extracellular
space into the cytosol of cultured myotubes by aedransporters and consequently can be
visualized by fluorescent microscopy. This alteremethod is also applicable for automatic
microplate readings. In addition, unlike the radioge assay, 2-NBDG approach is also useful
for the identification of localization patterns aihds applicable for live, real-time imaging
(Gaudreault et al., 2008). Previously, by using@-method it was shown that skeletal muscle
from obese rats had an impaired glucose uptakemnsspcompared to the skeletal muscle from
wild-type animals (Jacob et al., 1996), and theesaffect was shown also in the case of L6 rat
cultured skeletal myotubes treated with palmitételly et al., 2008). My findings correlate with
previous data that indicated that the increasherrate of glucose uptake upon the challenge with
the exogenous visfatin (eNampt) was noticed ontyase cells that also presented an activation
of PI3K/Akt signalling pathway (Lim et al., 200&vyent missing in my experiments.

| also showed that the chronglyceride treatment reduced the levels of

phosphorylated forms of Akt and GSK-Bne of Akt substrates) only in the insulin-stisteld
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state, but not in the basal state (Fig. 5.9A,Bthesame time, as shown by 2-NBDG assay, the
triglyceride challenge increased the rate of gleagstake in basal state (Fig. 5.7C), but reduced
it in the insulin stimulated state (Fig. 5.8B). Skdindings correlate with the reduced insulin-
stimulated activation of Akt signalling by triglyades. Triglycerides reduced also the expression
level of GLUT4 after 24 hours (Fig. 5.10B), posgibbntributing to the reduced glucose uptake
seen in the insulin-stimulated state. The fluoresbased assays showed also that triglycerides
treatment increased the glucose uptake in bagalata this correlates with the increased
expression of GLUTL1 transporter (Fig. 5.10A). Taek of reduction in phospho-Akt levels after
triglycerides treatment in the basal state showatRI3K/Akt signalling pathway is not involved
in the increased GLUT1 expression.

The relevance of the increase in GLUT1 expressgmon triglyceride treatment is
still debated. It was shown for example that GLUEhslocation at the plasma membrane is
higher in the human patients with diabetes anditbasd that the metabolic inflexibility seen
during diet-induced obesity is partially dependem@anincreasedunregulatedevel of glucose
uptake in basal state (Miele et al., 1997). Alidinely, the increase in GLUT1 expression and in
the rate of basal glucose uptake in C2C12 cells U treatment might act acampensatory
mechanism to counteract the reduced expression.0ff& and the impairment of PI3K/Akt-
signalling pathway that mediates the translocabio@LUT4 at the plasma membrane upon
insulin challenge in order to assure a steady suppktl of glucose. For example, an increase in
GLUT1 expression was shown already to have a pesitompensatory effect on
cardiomyocytes upon the vivo pressure-load-induced hypertrophy (Morissettd.e2@03).

Therefore, the next question to be askediss th

What are the effects of visfatin on inflaatony signalling pathways?
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Chapter 6- THE EFFECTS OF VISFATIN (eNAMPT) ON THE
INTRACELLULAR SIGNALLING PATHWAYSIN CULTURED
SKELETAL MYQCYTES
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6A. Introduction

In the fouhapter it was shown that exogenous visfatin (eNamp
treatment increased ROS levels in C2C12 cells &, but independently of insulin receptor-
dependent signalling and of PI3K/Akt-associatedhwaly (Fig. 4.10-11). One possible explanation
for this ROS increase could be the binding of exdllalar visfatin (eNampt) to another as yet
unidentified receptor. The hypothetical existentsuzh a membrane receptor was already
proposed in the literature (Li et al., 2008), there are no published reports of attempts to iflenti
it. The screening of such putative visfatin-speaifiembrane receptor was also beyond the scope of
the present thesis, being a subject for futureistudnother hypothesis to explain the increase in
ROS levels is based on the possibility of exogenigfatin (eNampt) transport from extracellular
space across plasma membrane and the accumulatios intracellular compartments of C2C12
cells. An active transport across membrane strastwas reported previously for other cytokines
like leptin (Bouret, 2008), leukaemia inhibitoryctar (Pan et al., 2008) and TNHPan et al.,
2002). It is reasonable to assume that an acawvesport of exogenous visfatin (eNampt) from
extracellular space across plasma membrane willtriesan intracellular increase of visfatin
expression (as iNampt) in C2C12 cells, assumingktisence of a simultaneous process of
proteasomal degradation or additional re-secrebimvertheless, since the precise subcellular
localization of intracellular form of visfatin igis debated (Kitani et al., 2003), the possible
destination of such a transport is also uncleathéntestes of prepubertal chickens the intracallul
form of visfatin (iNampt) was localized mainly ihd nucleus of Sertoli and Leydig cells, but in the
testes of adult chickens the pattern was cytosolmth cell types (Ocon-Grove et al., 2010).
Similarly, visfatin was localized mainly in the ogol of proliferating PC-12 and 3T3-L1 cells, but
in the differentiated state of both cell lines gatern was nuclear (Kitani et al., 2003). An irge
in the expression of intracellular form of visfafilampt) could lead to higher levels of ROS as a

consequence of the modulation of cellular processek as to nicotinamide adenine dinucleotide
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(NAD) synthesis (Pilz et al., 2007), independewifiyts putative binding to a membrane receptor.
Nicotinamide mononucleotide (NMN) is synthesizedriyacellular form of visfatin (iNampt)
from nicotinamide through its phosphoribybosiltdf@nase activity (Wang T. et al., 2006), and
NAD will be synthesized from NMN by the activity ahother enzyme, mononucleotide
adenylyltransferase (NMNATL1) (Garavaglia et al.02p Increased expression of iNampt
correlates with higher levels of NAD in culturefrbblasts (Imai, 2009a) and visfatin
heterozygoud females mice further presented reduced levels dbNApancreatic islets (Revollo
et al., 2007). The fact that NMNAT1 is localized@in nucleus (Berger et al., 2005) further
suggests the possible existence of different fonestior intracellular form of visfatin (iNampt) if
localized in cytosol or in nucleus, unknown yetvBigheless, an increase in ROS levels as a direct,
immediate effect of higher levels of NAD is imprdit& A reduction in NAD levels increased the
levels of oxidative stress 0. elegangVrablik et al., 2009) and nicotinamide supplenagion
prevented mitochondrial dysfunctionalities redudR@S levels (Jia et al., 2008). Such effect could
be nevertheless indirect, such as an inflammatsganse. For example it was shown that
incubation of smooth muscle cells with exogenogsatin (eNampt) activated NFkB-signalling
through its phosphoribybosiltransferase activitgldpendently of PI3K/Akt-signalling pathway
(Romacho et al., 2009).

It is also likely that intracellular form of Wegin (iNampt) might fulfil other
functions besides NMN synthesis which could indaceistained ROS production, as suggested
already (Li et al., 2008). For example, it was shdhat overexpression of visfatin gene in primary
human endothelial cells increased ROS levels, thegss being blocked by the inhibition of
mitochondrial NADH oxidase complex | function (Zlpet al., 2008). Furthermore, the silencing
of the visfatin/PBEF gene by siRNA was able to dROS levels induced by the incubation of
the same type of cells with the cytokine IB-1A possible explanation proposed by the authars fo

this increase in ROS levels was the fact that tiist@as shown to directly interact with other
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proteins already proved to be involved in oxidasuess production and inflammation like NADH
dehydrogenase subunit 1 (ND1) and ferritin lighaiohand interferon induced transmembrane 3
(IFITM3). Therefore, thdirst goal of the present chapter was testing whetloerbiation of C2C12
cells with exogenous visfatin between 1-24 hours fedowed by its active transport from
extracellular space into the cytosol by using wesidot method.

Thesecondaspect to be investigated in the present chaptetheapossible activation
of intracellular signalling pathways (other thaBRIAkt) that could explain the increase in ROS
levels. For example, it was reported that acutgerous visfatin treatment (<30 min) activated
mitogen-activated protein kinases (MAPKSs) suchxdsaeellular signal-regulated kinase 1
(ERK1/2) in ventricular cardiomyocytes (Lim et &008) and p38 in HUVECSs cells (Liu et al.,
2009Db). It is already known that MAPKSs, also knoagnstress-activated kinases (SAPKSs), are
important mediators of oxidative and nitric stressponses (Cao et al., 2004). Interestingly, so fa
there are no reports about the possible activati@iJun terminal kinase (JNK) by visfatin
treatment, another member of MAPK family whichigically involved in ROS production (Shen
and Liu, 2006), and this possibility will not bested in the present thesis either. It was prewousl|
shown that exogenous visfatin challenge (eNampit)éed the activation of NFkB pathway in the
first hour of treatment in endothelial cells (Leéeak, 2009) and after 4 hours in smooth muscle
cells (Romacho et al., 2009). It is also well knawat an activation of NFKkB signalling could
induce an increase in ROS production by activatmegtranscription of some of its pro-
inflammatory target genes that subsequently canatesd chronic and sustained stress response
like TNF-a (Munhoz et al., 2004), COX-2 (Munhoz et al., 200B-6 (Paule et al., 2007), IFN-
(Briscoe et al., 2006) and iINOS (Pinlaor et alQ&0 Recently it was also discovered that MAPKs-
induced effects can be independent of transcriptioagulation through the direct phosphorylation
of cellular targets, other than regulators of gexgression. For example, it was reported that JNK,

another member of MAPK family, can phosphorylatet@ins regulating axodendritic growth in
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neurons such as microtubule-associated protein&P@) (Bjorkblom et al., 2005) and superior
cervical ganglion-10 protein (SCG10) (Tararuk et2006), affecting neurogenesis. Therefore, it
would be possible also for p38 and ERK to direptipsphorylate proteins involved in antioxidant
defence and oxygen metabolism and modify their ez properties, eventually leading to
increased levels of ROS. There are also multggents about the relationships between visfatin
expression or function and the levels of circulguNFkB-regulated cytokines associated with
oxidative stress. For example, it was shown thaticed human monocytes treated with exogenous
visfatin expressed higher levels of TMKMoschen et al., 2007). Similarly, human monocytes
synovial fibroblasts transfected or stimulated va@kogenous visfatin showed increased TiNF-
expression values via NFkB and AP-1 signalling (Baeo et al., 2007). In other report, the
experimental mice of collagen-induced arthritisserged increased visfatin and Thfplasma
levels, and the pharmacological inhibition of phHuspbybosiltransferase activity of visfatin
reduced circulating TNF-levels (Busso et al., 2008). Furthermore, decceastatin expression
values correlated with decreased levels of plasroalating interferony (IFN-y) upon caloric
restriction in human volunteers (Lee et al., 20030, exogenous visfatin (eNampt) treatment of
cultured macrophages increased not only the gepreegsion but also the secretion values of an
important cytokine such as IL-6 in endothelial s€Kim et al., 2009). To test the possible
activation of MAPKs (ERK and p38) and NFkB signmadfipathways in C2C12 cells by exogenous
visfatin (eNampt), western blot was performed far phosphorylated forms of MAPKs (p38, ERK
%) and NFkB pathway (p6%K o/ andlkBa). Such pathways could be nevertheless activated
during chronic stages of incubation with visfaNampt), events that might not be detected by my
western blot experiment. Therefore, ERK, p38 an#Bl&ctivations were blocked by using their
specific inhibitors prior visfatin challenge, amdracellular ROS levels were measured by

fluorescent-based assays, as performed in preclmysters.
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6B. Results

6.1Visfatin (eNampt) was not transported from the extacellular space across
plasma membrane into the cytosol of C2C12 cells

To test the possibility that visfatin was traoged across the plasma membrane,
C2C12 cells were incubated with 100 ng/ml visfétinan interval between 1-24 hours followed by
western blot assay by using cell lysates. Sincednemercially available visfatin chosen for this
particular experiment had a FLAG-tag at the N-tewnsj two different antibodies have been used to
perform western blot. The first antibody was raiagdinst the tag, and the second was raised against
the visfatin, recognizing both intracellular (iNathpnd extracellular (eNampt) forms. As positive
control 10 ng of tagged exogenous visfatin diluteBBS was used (10% of the input). This value
reflects approximately the same concentration whiabuld have been detected in the amount of
protein lysates loaded in each well (60 ng) iftmembrane transport efficiency for exogenous visfati
had been at maximum levels (100%), assuming thenalkesof a simultaneous proteasomal degradation
process.

As seen from figure 6.1, when thelaody specific for FLAG-tag has been used no
band was detected in cell lysates from the santpased with visfatin for 1-24 hrs. Moreover, the
western blot using the antibody specific for visfatid not detect either any extra band of the size
predicted for the exogenously added extracelldemf(eNampt) which, due to the attached tag, is
approximately 1 kDa bigger than the intracellulzmni (iNampt) endogenously expressed by C2C12
myotubes and also recognized by the antibody. Madenous visfatin (eNampt) been transported
from the culture medium into the cytosol of C2CElstwo distinct bands should have been detected
by using the second antibody: one for the intratalform of visfatin expressed endogenously by
C2C12 cells (iINampt) of 56 kDa, and another comesiing to the extracellular version (eNampt-
FLAG) transported across plasma membrane of cckDa7 Therefore, this blotting experiment shows

that visfatin is not transported from the extradell space into the cytosol of C2C12 cells. Thieved
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the speculation that the effects of visfatin on pyes cellular stress responses are likely the
consequences of its binding to a membrane-bourapte other than insulin receptor. Once bound to
this putative receptor visfatin (eNampt) could eate/repress different intracellular signalling
pathways other than PI3K/Akt, leading to increadseels of ROS through still unknown mechanisms.
The identity of this putative receptor is still wipdored in the literature, its existence only thetmally

proposed (Li et al., 2008).
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6.2 Acute visfatin (eNampt) treatment did noactivate MAPKs such as p38 and
ERK

Previously it was reported that exages visfatin challenge can modulate intracellular
signalling pathways by increasing the phosphorglédgels of mitogen-activated kinases (MAPKS)
like ERK and p38 in the first 30 minutes of treatién an Akt-dependent manner (Adya et al.,
2008a; Kim et al., 2008; Lim et al., 2008). It Iseady known that activation of MAPKs such as p38
(Cao et al., 2004) and ERK (Ding et al., 2007) tather mediate an increased production of oxygen
free radicals. As seen in figure 6.2, western bigieriments showed that visfatin treatment did not
induce any increase in the phosphorylated formp38fand ERK in the first 30 minutes of incubation.
Since there were no previous reports of INK adbwdby exogenous visfatin (eNamphijs
possibility was not explored in the present thesiser.

Nevertheless, MAPKs could be activated anltter, chronic stages of visfatin
treatment independently of Akt-signalling pathwigading potentially to higher levels of ROS (Perry
et al., 1999). Therefore, C2C12 cells were predated for 1 hour with the inhibitor U0126 that
blocks MEK 1/2 activation (ERK 1/2 upstream activa) or withinSolutiorf™ p38 MAP kinase
inhibitor 11l that blocks p38 activity, followed by exogenous visfatin treatm€b®0 ng/ml) for
another 18 hours. The measurement of free radiyalsing carboxy-H2DCFDA-based assays
showed no differences in ROS levels between thekanpre-treated with MAPKSs inhibitors followed
by visfatin challenge compared to the signal det&étom visfatin-only treated cells (Fig. 6.3). $hi
proved that the oxidative stress induced by exogendsfatin is independent of p38 and ERK

signalling pathways.
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Fig. 6.2
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Fig. 6.3  The oxidative stress inducecvisfatin is independent of MAPKSs signalling pathw
Differentiated C2C12 cells were [-treated for 1 hr with 1M U0126 an inhibitor
of ERK activation, or with.0 pg/ml InSolutiod™ p38 MAP kinase inhibitor | that blocks
specifically p38 activationbefore being subjected to another 18 hrs of ehgk with 100 ng/rr
of visfatin. Cells were incubated with 281 carboxy-H2DCFDA for 25 min to detect RO.
followed by 5 min incubation with {M Hoechst 33342 to stain the nuclei.lative expression
compared to control is shown. Each data pointesatrerage of quadruplicate samples
experiment from three independent experimer— SEM. **Denotes p<0.01 compared
control. NS denotes no significant difference bemenhibitor: followed by visfatin treatmer

compared to visfatin alone.
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6.3 Chronic visfatin (eNampt) treatment agvated NFkB signalling

Previously it was reported that exogenoufatiis treatment activated NFkB-signalling after
1 hour of incubation of cultured synovial fibrolte$Brentano et al., 2007) and after 4 hours inatimo
muscle cells (Romacho et al., 2009). Such an dasivaf NFkB-signalling could induce an increase
in the expression of many of its targets that caddas pro-inflammatory mediators, increasinghieirt
the production of ROS. For example, visfatin chadke increased in non-skeletal muscle cells the
expression levels of pro-inflammatory mediatorshsas INOS (Romacho et al., 2009), eNOS (Lovren
et al., 2009) and TNk-(Luk et al., 2008; Moschen et al., 2007), genas #ine associated with
sustained nitric and oxidative stress responses gulantification by western blot and densitometric
analysis of phosphorylated levels of NFkB (p65)vgd0 a significant increase in its activation after
hours of incubation of C2C12 cells with extracalwisfatin (100 ng/ml) (Fig. 6.4). The activatioh
NFkB pathway was also confirmed by the increasexsphorylation level of the upstream activator of
p65 subunit (IKKa/B) and of IkBx, the p65 inhibitor that once phosphorylated by 1&K is degraded
by proteasome. The activation of NFkB did not odauhe acute stage of incubation with visfatin
(within the first hour) as previously reported ynevial fibroblasts, macrophages or endothelidkcel
but in the chronic stage (cca. 4-5 hours), appratehy at the same time point when increased ROS
production was detected. Because it was previgeglgrted that NFKB signalling could increase the
expression levels of many cytokines that can funthediate an additional oxidative stress response
(Kanitkar et al., 2008), C2C12 cells were pre-iratigll for 1 hour with 5Qg/ml kB Kinase Inhibitor
Peptide, a specific blocker of IKK activation, fmiVed by the treatment with exogenous visfatin for a
additional 18 hours. As seen from figure 6.5, aicant reduction in the levels of ROS produced
(cca. 30%) was noticed by a fluorescent-based assagC12 cells pre-treated with the IKK inhibitor
followed by visfatin challenge compared to celesated only with visfatin. This showed that the

oxidative stress induced by visfatin is partiallgdated by NFkB-dependent signalling.
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Fig. 6.4 Visfatis activating the NFKB signalling pathway after lof incubatior

C2C12 differentiated myocytes were incubated wisifiatin (100ng/ml) diluted il
serumfree medium for the indited times (0-6 hrsProtein lysates were resolved by a typ
western blot and probed by using the antibody dagggainst the phosphorylated form of |
subunit of NFkB (above), the phosphorylated fs of IKKa/p (middle) and IkBa (below). As
controlan antibody against GAPDH was used (bottom). Qmatiin of p6Ephosphorylation
levelscompared to negative control was diby densitometric analysig€ach data point is tt
average from three independent experimer— SEM. NS denotes no significarifference

between visfatin and control. **Denotes p<0.01 canepl to control
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Fig. 6.5 Blocking the activation of the NFkBrglling pathway is reducing tt
oxidative stress levels induced by visfatin with. g%

Differentiated C2C12 cells were [-treated for 1 hr witb0 ug/ml 1kB Kinase
Inhibitor Peptidean inhibitor of NFkB activation, before being gdied to another 18 hrs
challenge with 100 ng/ml of visfatin. Cells wereubatecwith 25uM carboxy-H2DCFDA for
25 min to detect ROS, followed by 5 min incubatwaith 1 uM Hoechst 33342 to stain tl
nuclei. Relative expression compared to contrehswn. Each data point is the averag
quadruplicate samples per experiment froree independent experiment— SEM. **Denotes

p<0.01 compared to visfatin. **Denotes p<1 compared to control.
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6.4 Activation of NFkB byisfatin (eNampt) treatment changed the expression

level of many of its regulated genes involved in aative stress production or antioxidant defence
NFkB signalling regulates the transcoptevels of many genes that were already

reported to be positively or negatively associat@tl oxidative stress like TNk; IFN-y, IL-6,
inducible nitric oxide synthase (iNOS), endothetific oxide synthase (eNOS), neuronal nitric exid
synthase (nNOS) and VEGFa (Bowie and O'Neill, 2000)test the possibility that visfatin incubation
of C2C12 cells could change their expression learIRT-PCR assay was performed by using
different time points (0-24 hours). As seen irufig6.6A, NFKB target genes known to be involved in
the regulation of inflammatory signals such as TBiéeptor-associated factor 1 (TRAF1) (Lee and
Choi, 2007) and TNF receptor-associated factorfeAHG) (Wu and Arron, 2003) were not changed
by visfatin treatment. VEGFa, a NFkB target genevpd to be upregulated upon visfatin treatment in
non-skeletal muscle cells (Adya et al., 2008), stibanly a moderate increased expression. Visfatin
treatment further moderately increased the expresHi nitric oxide synthase 1 (NOS1), named also
the neuronal nitric oxide synthase (nNOS), enzymrelved in nitric oxide synthesis (Keser et al.,
2011). Visfatin challenge increased also thelle¥ expression of IL-6 and IL-15 (Fig. 6.6B) af
hours of treatment, myokines regulated by NFkB kizate a major role in skeletal muscle energy
metabolism and stress responses (Chan et al., . ZB¥dgenous visfatin challenge of C2C12 cells
surprisingly decreased expression levels of otiekanes such as TNE-and IFNy, previously
reported to mediate a stress response (Kim e2@05). In the previous chapter it was shown a
significant increase in NOX4 expression levelsra2# hours of visfatin treatment (Fig. 5.6).
Previously it was discovered that NOX4 gene expoess regulated by NFkB pathway (Manea et al.,
2010). Therefore, the activation of IKK pathway vidscked by using the same inhibitor as before
prior visfatin treatment for 24 hrs and the expi@ssevel of NOX4 was verified by RT-PCR. As seen
from figure 6.7, the inhibition of NFKB activatioeduced the expression level of NOX4 induced by

visfatin by almost 50%. This shows that NOX4 expi@s is only partially regulated by NFkB.
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Fig. 6.6Visfatin treatment changes the expression levetsiwfe of NFk-regulated target

genes

C2C12 differentiated myocytes were incubated wisifiagin (100ng/ml) duted in
serum-free medium for 24 hrs. After RNA extraction and cDNA synthesis-PCR was
performed. All samples were run in triplicate anttifchange in expression was calculatet
normalizing the test gene crossing threshok) with the control (betactin) and thel
comparing to gene expression in untreated ¢**Denotes p<0.001 compared to contr
**Denotesp<0.01 compared tcontrol. *Denotes p<0.05 comparedcntro. NS denotes no
significant difference between visfatin and cor.
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Fig. 6.7 BockingNFkB=signalling pathway reduces in half the expressexel of

NOX4 upregulated by visfatin challenc
Differentiated C2C12 cls were pre-treated for 1 hr wif® ug/ml 1kB Kinase

Inhibitor Peptidgan inhibitor of NFkB activatic), before being subjected to anot24 hrs
challenge with 100 ng/ml of visfatiAfter RNA extraction and cDNA synthesis -PCR was
performed. All samigs were run in triplicate and fold change in espren was calculated |
normalizing the test gene crossing threshok) with the control (betactin) and thel
comparing to gene expression in untreated ¢**Denotes p<0.Q compared to contrc

**Denotes p<0.01 compared to visfa
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6.5 Blocking transcription and translation redwced the ROS levels increased by visfatin
(eNampt)

Because the inhibition of NFkB activati@tluced ROS levels increased by visfatin the
logical conclusion was that ROS production is deleem onde novosynthesis of a new genomic
profile. To investigate this possibility transcigt or translation were blocked by using their sip@c
inhibitors (Actinomycin Dand Cycloheximidesespectively) for 1 hour prior the treatment with
exogenous visfatin for another 18 hours, and flsoeat-based assays to measure ROS levels were
repeated as described before. As seen from fig8teaGeduction of almost 70% in the levels of ROS
was noticed in cells pre-treated with inhibitorBdwed by visfatin challenge compared to the cells
treated only with visfatin. This suggests that ¢hare other as yet unidentified pathways besidéBNF
signalling that are mediating the stress respofise.identity of these signalling pathways is a tjoas

unanswered yet, being a subject for future stuthaswill not be covered by the present thesis.
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Fig. 6.8 ROMduced by visfatin is depernt on the de novo transcription of a new

of genes

Differentiated C2C12 cells were [-treated for 1 hr witd pg/ml of Actinomycin C
(AD), an inhibitor of transcription, or witl0.1 uM of Cycloheximide Reac-Made Solution
(CHX), an inhibitor of traslation,before being subjected to another 18 hrs of chgdexith 10C
ng/ml of visfatin. Cells were incubated with g1 carboxy-H2DCFDA for 25 min to detec
ROS, followed by 5 min incubation withydM Hoechst 33342 to stain the nuclei. Rela
expresgn compared to control is shown. Each data paeitité average of quadruplic:
samples per experiment from three independent erpets +— SEM. ***Denotes p<0.00.
compared to visfatin*Denotes p<0.01 compared control.*Denotes p<0.0 compared to

control.
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6C. Discussion

1. Visfatin (eNamptyansport hypothesis vs. visfatin (eNamptjeceptor-binding
hypothesis

The fact that circulating pro-inflammatory akines such as leptin, TNé&-IL-1a or
LIF are actively transported across membrane strestsuch as blood-brain barrier is already known
(Bouret, 2008;Pan et al., 2008;Pan et al., 200&)tHe transporters and the regulatory mechanisms
involved are still elusive. An active transportexfogenous visfatin (eNampt) from extracellular gpac
into the cytosol of C2C12 cells could result iniaimacellular accumulation as iNampt. Nevertheless
the possible destination compartment for suchrespart is not clear because the subcellular
localization of intracellular form of visfatin iswkrse, as detailed in introduction. A higher exgien
of visfatin as iNampt in the intracellular compaeimts of C2C12 cells could increase ROS leveld, as i
was shown already in endothelial cells (Zhang .e28l08). There were no previous reports about the
possible transport of visfatin (eNampt) from exéldar space across the plasma membrane into the
cytosol of any mammalian cells. Therefore, thisdtipsis was tested in C2C12 cells by using the
western blot method (Fig.6.1). In conclusion, tRpexgiments showed that there was no proof of a
transport of exogenous visfatin (eNampt) into th@sol of C2C12 cells in the first 24 hours of
incubation. The western blot experiment using thtéady raised against FLAG-tag did not detect
any band in the cell lysates taken from the sampéaged with exogenous visfatin (eNampt).
Furthermore, the western blot experiment usingatitdody raised against visfatin did not detect any
extra band corresponding to the size of the exagefmrm that is almost 1kDa bigger in size than the
intracellular form of visfatin (56 kDa), due to thdached tag. The incubation of C2C12 cells with
exogenous visfatin (eNampt) did not change furthermprotein levels of endogenous, intracellular
form of visfatin (iNampt), suggesting further ncacige in intracellular NAD levels. Since in the
fourth chapter it was shown that visfatin treatmaidtnot activate the insulin receptor-dependent

PI3K/Akt signalling (Fig.4.10), it is likely thahe stress responses induced by visfatin are gederat
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by the binding to an unknown membrane receptors Pphiative receptor could induce an increase in
the intracellular ROS levels only in the tissues@lts where it is expressed or functional by
activating/repressing yet to be defined downstredaracellular signalling pathways. The same
speculative conclusion about the possibility ofsdatin-specific receptor, other than insulin recep
was reached by another independent report thafailed to prove an insulin mimetic property for
extracellular form of visfatin (Li et al., 2008)n@ possible candidate for such a putative recédptor
visfatin could be for example the insulin-like gribmiactor receptor (IGF-IR) which once activated
can increase the levels of glucose uptake (ShefdRran et al., 2001). Previously it was shown that
in HUVECSs cells exogenous visfatin challenge induttee activation of Akt/PI3K-signalling
pathway, similarly to insulin. Since it was also@yed that in HUVECs cells IGF-IR is expressed at
higher values than insulin receptor (Nitert et 2005), it is possible therefore that visfatin ilrsu
mimetic effects on HUVECs are mediated in fact B¥1IR, not by insulin receptor. This issue is

nevertheless a subject for future studies.

2. Visfatin (eNamjytreatment and signalling pathways activation

Visfatin did not activate MAPKs suat ERK and p38 in the acute stage of
treatment, as shown before in non-muscle cells @fimal., 2008; Adya et al., 2008; Kim et al., 2Q07)
The lack of activation of MAPKSs like p38 and ERK@2C12 cells in the acute phase of treatment
correlates with previous findings that this activatby visfatin is dependent on the upstream Akt-
signalling (Lovren et al., 2009) event undetectechy case as shown in chapter 4 (Fig. 4.10). Itis
still possible nevertheless that such MAPKSs aditiwvest might occur later, but since blocking of
MAPKSs had no effect on ROS levels induced by visfitis issue was not pursued further. Also, it is
possible that visfatin could activate JNK, the otmember of MAPK family, but this is a subject for

future studies.
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Visfatin activation of NFkB the first 6 hours of treatment opened the
possibility that it could mediate the ROS productioduced. The blocking of p65 activation showed a
significant reduction in ROS levels upon subsequesiatin challenge. The IC50 of NFKB inhibitor is
10 uM for the LPS-induced IkB degradation by IkB kinagiKK) in RAW 264.7 cellsNFkB is an
important mediator of cellular responses to oxigasitress and inflammation (Schmid et al., 2006).
Nevertheless, | did not notice by RT-PCR an ina@eas\NFkB-target genes such as TihEnd IFNy,
proved before to mediate a chronic inflammation exidative stress. The blocking of transcription
and translation reduced the ROS levels by almd¥t, Bhowing that there other pathways besides
NFkB mediating such increase. The potential rolBlGiX4 in visfatin-induced effects deserves
additional studies since blocking of NFkB redudeel increase in NOX4 expression triggered by

visfatin challenge for 24 hrs.
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Chapter 7-THE RELATIONSHIPSBETWEEN EXOGENQUS
VISFATIN (eNAMPT) AND PPARsIN C2C12 CELLS
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7A. Introduction

As discussed in the third chapter, the experimeariathal models of skeletal
muscle accelerated ageirfgr(dlimb suspensigrand of skeletal muscle delayed ageicaidric
restriction) presented significant changes in expressionlpsofif nuclear receptors families, such
as PPARs and NR4As. During ageing it was noticptbgressive modification of adipose tissue
mass and physiology accompanied by different espyasand secretion profiles of adipokines
(Esposito and Giugliano, 2004; Scrivo et al., 20B@)ipokines have a maj@ndocrinempact on
other peripheral tissues by modulating gene netsvoggulating insulin sensitivity, antioxidant
defence and inflammation (Esposito and Giuglia®®42. The known experimental models of
ageing mentioned above are characterized by chamgagression or function of adipokines
(Crisostomo et al., 2010). For example, caloritrieson reduced not only the body weight and
adipose tissue mass but also plasma levels oflaineg visfatin in obese women subjects (Lee et
al., 2010). In addition, it is established thabci&l restriction has anti-ageing effects (Niemahn e
al., 2010). These effects were shown to be parttipendent on the activation of sirtuin family
which use as a substrate NAD previously synthedimed NMN generated by intracellular form of
visfatin (iINampt) (Picard and Guarente, 2005), iasubssed in detail in previous chapters. This
conclusion was further reinforced by the discovbgt transgenic mice modelssiftuinl gene
presented a phenotype similar to the experimeniadas subjected to caloric restriction with a
delayed ageing process (Bordone et al., 2007).

The complex connections between expression l@feldipokines and nuclear
receptor activation in an ageing context have hewavelled recently. For example, incubation of
primary human trophoblast cells with adiponecticréased the expression of PPARJones et al.,
2010), and the same phenotype was shown by theneatof C2C12 cells with leptin (Bendinelli
et al., 2005). Therefore, any changes in adipokaxgsession profiles, already certified to occur

during progression of ageing and ageing-assocditsses (Esposito and Giugliano, 2004), could
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have a significant impact on expression and funabioskeletal muscle specific-PPARs. As such, a
change in plasma visfatin levels during ageing @andlirectly influence the outcome of a clinical
therapy employing PPARSs agonists/antagonists tcaggithe ageing-associated diseases affecting
skeletal muscle. There are no reports publishddrsabout the activation or repression of skeletal
muscle-specific PPARs-associated signalling patsveaychanges in expression of skeletal
muscle-specific PPARs by exogenous form of visféidampt). It is known nevertheless that
visfatin treatment (eNampt) increased the expredsieels of PPAR¢ in cultured preadipocytes,
affecting adipogenesis (Yang et al., 2010). Tifst goal of the present chapter was to test whether
the exposure of differentiated C2C12 myotubes tgerous visfatin (eNampt) could change the
expression levels of PPARs by using an RT-PCR assay

As discussed in the third chapter, PP@Recould be an important target in
treating the metabolic dysfunctions in aged skehatsscle. | further showed in the third chapter
that expression of PPAR$ was increased in acute phase of mice hindlimbengspn, possibly
mediating a transiemhetabolic adaptatiomo the stress incurred. Significant progress leenb
recorded recently also in the development of spearid effective PPAR/S agonists and
antagonistsGW-501516is a selective agonist for PPARS that is currently employed in clinical
trials at different stages to treat different patlgacal conditions such as dyslipidaemia (clinical
trial NCT00158899), heart failure (clinical trialdlN'00318617), obesity (clinical trial
NCT00388180) and cardiovascular diseases (clitiedlINCT00841217) (Clinical Trials-NIH,
2011). GW-501516 was used also successfully indiaduhe phenotype of experimental animal
models of brain inflammation and neurodegenergiiefaux et al., 2009). At the cellular level,
the treatment of myocytes with GW-501516 was shtmincrease the rates of fatty acid oxidation
through the upregulation of relevant genes (Spre@®®7) and changed the expression profile of
genes involved in energy production and antioxideiénce (Dressel et al., 2003). As a

consequence, GW-501516 treatment changed in skelatxzle the fuel preference from glucose to
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lipids (Brunmair et al., 2006) and improved oveth# metabolic syndrome phenotype (Tanaka et
al., 2003), although it did not change directly the of glucose uptake (Dimopoulos et al., 2007).
This PPARB/3 agonist could be also used to target the undeylyiiammatory mechanisms in
skeletal muscle because it was already shownttb&idks the activation of NFkB pathway by
palmitate in cultured myocytes (Coll et al., 201@)conclusion, theecondgoal of the present
chapter was to test whether the activation of PBARdependent signalling by using the agonist
GW-501516 can change oxidative stress levels dtaimmatory signalling pathways induced by
exogenous form of visfatin (eNampt). To test tresgbility multiple fluorescent-based assays,
western blot and RT-PCR methods were used.

The usefulness of PPAR agonistaodulating the expression, activity or
secretion levels of adipokines in multiple tissaépossible clinical interest for ageing
management has already been proven. For exampigtam of PPARy by the agonist BRL
49653 reduced leptin levels in cultured adipocyi¥s Vos et al., 1996). In addition, it was shown
that PPARs-associate signalling pathways mediateeulation of adiponectin expression levels
induced by diet-derived fatty acids (Swarbrick &falel, 2008). There are also multiple reports
detailing the effects of PPARSs activation or repr@s on visfatin expression or activity. For
example, it was shown that administration of felmafie (a PPAR: agonist) or rosiglitazone (a
PPARY agonist) increased visfatin gene expression ipasdi depots of obese diabetic rats (Choi
et al., 2005). In addition, PPARagonists such as GW1929 increased expressiosfativi in
human, although not in murine macrophages (Magl.e2010). Pioglitazone, another PPAR-
agonist, decreased nevertheless the expressiasfafinv in visceral adipose tissue of obese rats
(Lv et al., 2009). The murine hepatic expressionisfiatin was also decreased by administration of
WY-14643, a PPAR: agonist (Dahl et al., 2010). Furthemore, the ¢ffeas cancelled in a PPAR-
a null mice model, decrease which was proved tarortant in the context of nonalcoholic fatty

liver disease. The administration of L-165041, AR/ agonist, increased further visfatin

181



expression in adipose tissue from obese rats fédanhigh-fat diet and in cultured 3T3-L1
adipocytes (Choi et al., 2005). These reports sstgpat there are tissue-specific mechanisms
regulating visfatin expression by PPARs, unknown Mevertheless, there are no reports published
so far about the effects of PPARs agonists on &ateuscle expression or function of intracellular
form of visfatin (iNampt).

PPAR agonists can change not only the intirtdae expression levels but also
secretion levels of circulating visfatin from diféat cellular types such as adipocytes and
macrophages. For exampie,vitro studies showed that incubation of human adipoaytes
HUVEC cells with PPARy agonists such as rosiglitazone, telmisartan aravtdn increased the
extracellular secretion of visfatin as eNampt (Bacet al., 2008). The administration of GW1929,
another PPARragonist, was also able to increase the expresasidrsecretion of visfatin in
murine macrophages (Mayi et al., 2010). In anostedy the administration of PPARagonist
pioglitazone nevertheless reduced the circulatnwglk of visfatin in obese rats, not only the
intracellular expression in adipocytes (Lv et 2009), and the administration of fenofibrate did no
change the circulating levels of visfatin in hunsamjects with type 2 diabetes (Pfutzner et al.,
2008). Furthermore, it appears that in some tissugéiysiological conditions PPARs and visfatin
belong to similar functional signalling networke®e the analysis of their expression values shows
similar statistical patterns upon genetic-/pharn@gioal-based interventions. For example,
treatment of bone marrow stromal cells (BMSCs) wilogenin, a compound that inhibits
adipocytic differentiation, reduced simultaneouly expression levels of PPARand the
secretion level of visfatin (Zhou et al., 2007) eldame conclusion was reached by the treatment of
adipocyte 3T3-L1 cell line with LPS that impairedigogenesis by reducing expression levels of
both PPARY and visfatin (Poulain-Godefroy and Froguel, 200®jhether visfatin is also a
genuinemyokine as it was theoretically proposed based on its legel of expression in skeletal

muscle (Krzysik-Walker et al., 2008), is an isstik lsighly debated. The recent discovery that
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culture medium of rat L6 myocytes contains siguifitlevels of visfatin is a pioneer discovery
(Wang et al., 2010), but the result was not repcedundependently. Since PPARs agonists are
effective in the treatment of insulin resistancd aretabolic syndrome affecting skeletal muscle,
and given the fact that exogenous visfatin (eNammgitices oxidative stress and inflammation in
cultured myotubes, it is therefore important tabhksh first of all whether visfatin is a genuine
myokine in thebasal unstimulated conditions. Also, it is importantést whether such a possible
secretion event of visfatin from skeletal musclehanged by the activation of PPAR signalling
uponagonisttreatment. Therefore, thiird goal of the present chapter was to explore whether
visfatin can be detected in the culture mediumitdéentiated and fused C2C12 myotubes and
whether the incubation with GW-501516 can induchange in such possible secreted values. To
do this an ELISA assay was employed. Since theafoietracellular form of visfatin (iNampt) in
regulating oxidative stress is not a particulauttssue of the present thesis, the possibilitlyy tha
GW-501516 can change only the intracellular expoessf visfatin (iNampt) in C2C12 cells
without a subsequent secretion was not tested hwhia subject for future studies.

NR4A family of nuclear receptossaiso an attractive target for the treatment of
insulin resistance in skeletal muscle (Fu et &Q7) as discussed in the third chapter, but so far
there are no reports about any connection betw&ehAN expression and visfatin. In addition,
there are no specific reliable agonists or antaggsmieveloped yet targeting NR4As activity (Myers
et al., 2009). Therefore, in the absence of a §pd¢R4As agonist or antagonist, the issue of
possible connections between NR4As and visfatinveagxplored in the present study, being a

subject for future projects.
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7B. Results

7.Visfatin did not change significantly the expression levelsf PPARS in

C2C12 cells

To test whether the incubation of C2€&Rs with 100 ng/ml of exogenous visfatin
(eNampt) for 24 hours changed the expression lefd? AR family, an RT-PCR assay was
performed. As seen from figure 7.1, no significelminge was noticed in expression levels of
PPAR$/6 and PPARy upon visfatin challenge for 24 hours. PPARxpression level in
differentiated and fused C2C12 myotubes was toottole detected by RT-PCR in the cDNA
range used for the detection of the other two PRARJ the identification of PPAR{evel was
not further approached through western blot. Thasaged that unlike other adipokines that can
modify PPARs expression levels in skeletal musdimés et al., 2010), exogenous visfatin had no

significant effect in this aspect.
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Fig. 7.1  Visfatin did not change significanthe gene expression levels of PPAR
C2C12 cells

C2C12 differentiated mycytes were incubated with visfatin (100ng/ml) déldiin
serumfree DMEM medium for 24 hrs. After RNA extractiondacDNA synthesis, R-PCR was
performed. All samples were run in triplicate anttifchange in gene expression was calculate
normalizing he test gene crossing threshol) with the control (betactin), and then comparir
the values to the gene expression in untreatesl NS denotes no significant difference betw
visfatin and controlEach data point is the average of triplicate ples per experimenrom three

independent experiments—+5EM.
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7.2. Administration of &-501516, a PPARB/6 agonist, reduced the
oxidative stress induced by visfatin in C2C12 cells

To explore the possibilityat activation of PPAR/S6-dependent signalling can
modify ROS levels induced by exogenous visfatiattreent, C2C12 cells have been incubated for
24 hours with its specific agonist GW-501516 (1QriMlowed by the treatment with 100 ng/ml
of exogenous visfatin (eNampt) for another 18 holine fluorescent microscopy experiment
showed that the oxidative stress induced by exageusfatin was reduced almost in half in
C2C12 cells pre-treated with GW-501516, compardtiéccells treated only with visfatin (Fig.
7.2A). This showed that PPAB® activation reduces the oxidative stress levelsded by
visfatin. Nevertheless, as seen in Fig. 7.2B caltin the treatment of C2C12 cells with GW-
501516 for 24 hours had no significant effect on¥d@xpression levels, it did nevertheless
reduce with cca. 30% the increase in NOX4 expressiduced by visfatin challenge after 24

hours.
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Fig. 7.2  Administration of G-501516, a PPARJ agonist, reduced the oxidative str
induced by visfian in C2C12 cells

A. Differentiated CZ12 cells were p-treated or not for 24 hmgith GW-501516 (10nm),
being latersubjected to another 18 hrs of challenge with 1@@énhof visfatir diluted in serum-free
DMEM medium Cellswere incubated with 2bM carboxy-H2DCFDA for 25 min to detect RO.
followed by5 min incubation with tTM Hoechst 33342 to stain the nuclei. Relative esgign
compared to control is shown. Each data pointesatrerage of quadruplicate samples
expeaiment from three independent experimen— SEM. **Denotes p<0.01 comparedvisfatin.

**Denotes p<001 compared to contt.
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B. C2C12 differentiated myocytes were pre-treatedodfor 24 hrs withGW-501516
(10nm),followed by theincubation with visfatin (100ng/ml) diluted in sentfree DMEM medium
for another 24 hrs. After RNA extraction and cDNyhathesis, RT-PCR was performed. All
samples were run in triplicate and fold changexioression was calculated by normalizing the test
gene crossing threshold f@vith the control (beta-actin), and then compatmghe gene
expression in untreated celdS denotes no significant difference between cbiind agonist
alone **Denotes p<0.01 agonist plus visfatin comparedisfatin alone. **Denotes p<0.01
visfatin plus or minus agonist compared to negatmatrol. Each data point is the average of

triplicate samples per experiment from three indeleat experiments +/—- SEM.
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7.3 Administration of PPAR$/6 agonist failed to reduce the activation of
NFkB activation by visfatin
As shown in a prewsaihapter, visfatin treatment increased the phagtdted

levels of NFkB (p65 subunit) after a minimum inctiba time of 4 hoursTo test whether the
PPAR4$/6 agonist can reduce this activation, C2C12 ceNtmeen incubated for 24 hours with its
specific agonist GW-501516 (10nM) followed by theatment with 100 ng/ml of exogenous
visfatin (eNampt) for another 6 hours. ThesgGf this agonist is 1.1nM and has a specificity of
almost 1000 times compared to the other two PPARImS. To quantify activation of NFkB-
pathway a western blot for the phosphorylated faas performed. As shown by the Fig. 7.3,
C2C12 cells pre-treated with the agonist GW-5018dfére exogenous visfatin challenge for 6
hours showed no difference in phospho-{568°and phospho-IKK/p>*""*®%evels compared to
cells treated only with visfatin. This showed ttia reduction in ROS levels by GW-501516 is not
mediated by an inhibition of NFkB-dependent signgliathway and that the increase in
antioxidant defence by agonist treatment did nigicathe activation of NFkB. In addition, the
blocking of NFKkB activation by its specific inhibitreduced almost completely the increase in
phosphorylated p65 values induced by visfatin e, proving that the partial reduction in ROS
levels shown in previous chapters was not duerémlaced efficiency of NFkB blocking. This
further suggests that activation of NFkB is not raggtl by an initial increase in ROS levels, as

shown in other cases (Ho et al., 1999).
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Fig. 7. 3 Administration of PP//6 agonist failed to reduce the activation
NFkB activation by visfatin

Differentiated C2C12 cells were [-treated or not foR4 hrs with DMSO a
vehicle, the agonissW-501516 diluted in DMSO (10nm) or witkB Kinase Inhibitor Peptide50
ug/ml) for 1 hr,before being subjected to another 6 hrs of chalemigh 100 ng/ml of visfatin
Protein lysates were resolved by a tyf western blot and probed by using the antibody e
against the phosphorylated form of p65 subunit BkBI (above), phosphorylated form IKK o/p
(middle) or an antibody against GAPDH as controkttm). Quantization of p65 levels
phosphorylation, ampared to the negative control was dby densitometric analy:. Each data
point is the average from three independent exparisr+— SEM. **Denotes p<0.0visfatin
compared to control. NS denotes no signifidifference between visfatin and agoniehicle
compared to visfatin alon&Denotes p<0.0:inhibitor plus visfatincompared to visfatin alor

- vistatin (100 ng/ml)

&
S S
S N F
MW &
85 | — S — phospho-IKK /3 Sert 76180
65 S —— | — —— o — phOSphO-p65 Sars36
36w S IED S GAPDH

phospho-p638er338/ GAPDH

relative expression to negative control

vislatin (100 ng/ml)

190



7.4 Visfatin is not a myokine in the basal ecalition and the administration of

PPAR-B/6 agonist did not induce a secretion of visfatin frm C2C12 cells
Previously it was digeced that visfatin can be detected in the supanaif

cultured L6 rat skeletal myotubes as a secreteckmgqWang et al., 2010). It was shown also that
visfatin secretion levels from diverse types ofselich as adipocytes or macrophages can be
modified by PPAR agonists (Choi et al., 2005). Blf@re, to test whether visfatin is a genuine
myokine in my cellular model the serum-free DMEMyetnatant of basal un-stimulated C2C12
myotubes was taken after 24 hours of culture aadewels of circulating visfatin were determined
by an ELISA assay. As seen from figure 7.4, visfatas not detected in the basal state, proving
that is not a myokine secreted under normal camuitin my murine model. To test whether
PPAR$/6-dependent signalling can induce a secretion oatiishs a myokine, C2C12 cells were
treated with GW-501516 (10nm) for 24 hours or vl SO as a vehicle, followed by collection
of the supernatant that was subjected to the sdn®AFassay. As seen from figure 7.4, visfatin
was not detected either in the supernatant of C2@l2 treated with PPAR/ agonist. This
experiment shows that in cultured C2C12 cells tiisfis not a genuinanyokine and that any

therapy targeting PPARA will not induce a secretion of visfatin from skimlemuscle.
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Fig. 7.4  Visfatin is not a myokine in the basahdition and the administration PPARA/

did not induce a secretion of visin from C2C12 cells
Differentiated C2C12 cells were treated or notZérhrs withGW-501516 (10nm),

DMSO being also used as a vehicle. The mediumtaken fromboth control and agon-
stimulated cells and subjected to a petitive ELISA assay by using a RayBio® mouse Yisf
enzyme Immunoassay kit (RayBiotech Inc, -EIA-1). The 96 wells plate that was already coi
with goat antirabbit secondary antibody has been incubated afibit ant-visfatin antibody
followed bythe incubation with the supernatitakenfrom cells or with the visfat-standard
mixed withbiotinylated visfatil. The plate was finally incubated witiotin-streptavidin solution
andTMB substrate. The measurement of the signal wesnpeed at 450 ni. Each data point is
the average from three independent experimei— SEM. **Denotes p<0.0positive control
compared to negativaontrol. NS denotes no significant difference betw&eatmels and control.
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7C. Discussion

Multiple human cliaidrials and animal experiments using PPAR agsiatl
so far promising results in the treatment of insuéisistance and obesity (Erol, 2007). It was also
shown previously that exogenous visfatin challeciggnged the expression levels of PPARs in
non-muscle cells (Zhou et al., 2007). This imptlest a possible change of visfatin plasma levels
during ageing could theoretically affect a clinita¢rapy targeting PPARSs in order to treat skeletal
muscle ageing-associated pathologies by changeigdhpression levels, such as a therapy for
HLS. Therefore, an in-depth and detailed understgnof any possible relationships between
plasma levels of extracellular form of visfatin @Npt), nuclear receptors expression or activity in
skeletal muscle and regulatory mechanisms of oxelatress and inflammation in the context of
ageing and ageing-associated diseases is a reguitéon any clinical intervention strategy
targeting PPARSs or circulating visfatin (Sincl&Q05; Yang et al., 2006). To explore the roles of
any possible changes of visfatin plasma level coARRassociated signalling pathways in skeletal
muscle, the same experimental conditions with emoge visfatin (eNampt) treatment of cultured
C2C12 myotubes have been used, as described ilnpseshapters.

The first goal of the present chaptas to test whether incubation of
cultured C2C12 cells with exogenous visfatin chahtpe expression levels of PPAR family by
using RT-PCR. As shown in figure 7.1, exogenoufatiis treatment (100 ng/ml) for 24 hours did
not change significantly the expression of PPB&and PPARy. PPARea expression was too low
to be detected in differentiated and fused C2C1latabes by RT-PCR, although it was detected
previously in proliferating C2C12 myoblasts (Suzekal., 2007). This experiment indicated that a
possible visfatin plasma increase during ageingg@ing-associated diseases did not affect at
transcriptional level the targeting of PPAR- signalling by using specific agonists/antagonists
treat pathologic conditions affecting skeletal meigopelovich et al., 2002). Nevertheless, a

possible visfatin plasma increase could affectittevity of PPARs independently of transcription,
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but this is a subject for future studies that areaovered in the present thesis.

Also, it is important to know whether PPABonists are effective in reducing
the oxidative stress and inflammatory responsesced by exogenous form of visfatin in cultured
C2C12 cells. Additionally, it is also importantdecipher through what mechanisms such putative
process might occur. In the present chapter itfudser showed that administration of a PPBRR-
agonist reduced the levels of oxidative stressaadiby exogenous form of visfatin (Fig. 7.2A). It
is unclear still if this reduction is due to a redd expression of the genes that are involved i8 RO
production upon visfatin challenge, or due to alftable increase in global antioxidant defence
status after PPAR/S activation as shown before (Dressel et al., 200i@) activation of PPAR/S
alone with the agonist GW-501516 did not changegtree expression level of NOX4 in C2C12
cells after 24 hours (Fig.7.2B). Nevertheless,tpeatment of C2C12 cells with the agonist GW-
501516 for 24 hours reduced with 30% the incread¢dX4 levels induced by the subsequent
challenge of C2C12 cells with exogenous visfatiaept) for another 24 hours. This proves that
PPAR/d interferes with visfatin action, but since GW-5065lid not change NOX4 gene
expression levels in the basal state than it edylikhat this effect is onlindirect

Whether visfatin is a genuine myokine as pasily proposed (Krzysik-Walker et
al., 2008) is an issue still debated, and it wasvshalready that it was detected in the supernatant
of cultured L6 rat myotubes (Wang et al., 2010pd5sible secretion of visfatin from skeletal
muscle will add a new level abmplexityto the issue discussed in this chapter. For exampl
interleukins such as IL-6, IL-8 and IL-15 are s¢edeby skeletal muscle in regulated fashion as
genuine myokines too, having a crucial role in natlon of oxidative stress and inflammation
levels in skeletal muscle through an autocrine mardcrine effect (Pedersen et al., 2007).
Moreover, while as a cytokine IL-6 igpao-inflammatorymediator, as a myokine IL-6 is secreted
by skeletal muscle during contraction or physicareise, having essentialpyotectiveand

immunomodulatory properties. For example, as akmmgolL-6 was shown to suppress the
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production of TNFe in skeletal muscle upon endotoxin challenge (Sgagkal., 2003). This
suggests that asmayokinevisfatin could fulfil different roles than visfatisecreted as adipokine
possibly by acting in autocrine or paracrine fashieurthermore, visfatin secretion from skeletal
muscle could (positively or negatively) interferglwan exogenous challenge of visfatin, as the one
employed in my experiments. To test if visfatisecreted by fused and differentiated C2C12
myotubes in the supernatant an enzyme-linked imsanh@nt assafELISA) assay has been used.
As seen from figure 7.4, there were no differerzetsveen the negative control and the culture
medium which was taken from C2C12 cells after 2drs@f culture. This shows that in this

interval of time the exogenous form of visfatin @hpt) is not secreted in the basal state from
skeletal muscle differentiated myotubes.

Furthermore, it was previously shown thatgbereted values of visfatin can be
modified by PPAR agonists in different cellular éga(Choi et al., 2007; Choi et al., 2005; Pfutzner
et al., 2008). Since PPARS agonist treatment reduced the level of oxidattvess in cultured
myocytes upon stimulation with exogenous visfatimas important to establish whether the
treatment of C2C12 cells with GW-501516 can alsdlifiyahe levels of visfatin secretion in the
culture medium. Such event could interfere withgeaous visfatin (eNampt) challenge, positively
or negatively. To test this possibility C2C12 céiés/e been treated for 24 hours with GW-501516
and the levels of visfatin in supernatant were mesbssubsequently by using the same ELISA
assay as above. As shown by the same figure, totivaf PPARB/S by GW-501516 did not
induce a secretion of visfatin from C2C12 cell®aft4 hours. This indicates that in the case of

cultured C2C12 mouse cells visfatin is not a myekipon the activation of PPABé-signalling.
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Chapter 8 - DISCUSSION
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The healthy agein@t&gy can be managed through diet, exercise and
pharmacological-based interventions. As the 2008 1A R&D Annual Review report
shows (Pharmaprojects, 2009), the global overpklpie for all the drugs in active
development grew by 5% in 2009 compared to 2008@89due to a significant increase of
products in the preclinical stage, but the numlbémnally approved drugs reaching the
market was still modest. Even more intriguing, whhe last decade experienced a sustained
biomedical revolution (in both theoretical and teclogical aspects), the number of
applications submitted for approval to FDA in d&creasedn the same period (Wood,
2006). This gaps occurs because the rate of R&Pessdn phases Il and Il of drug
development is still below 50% (Mervis, 2005) whiolakes the overall pre-approval average
cost of any drug to 800 million USD (DiMasi et &Q03). This makes the biomedical
research foageingmanagement to be financially both risky and co&therefore, a solid in-
depth understanding of the complex connections é&tvhe progression afjeing the
effects ofadipokineqsuch as visfatin) and the functional dynamicswélear receptors
families (such as NR4As and PPARS) is a criticaeldafor the faster development sidfer,
moreefficientand moreaffordabledrugs for the treatment of ageing-associatisdases

In the present thesis | investigatesldffects of exogenous added

visfatin (eNampt) orn vitro cultured murine myotubes, with a special focusidative
stress, inflammation and insulin resistance pararaeThe other major goal of the thesis was
the identification of any significant changes imgexpression profiles of different families
of nuclear receptors in two animals models of dkélauscle ageing, since improving
metabolic flexibility through the specific targeginf nuclear receptors-associated signalling
may represent a novel intervention strategy togmethe adverse physiological effects

characterizing skeletal muscle during ageing.
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8.1 The roles afcglear receptors in ageing

To model the effectatvered pace of ageing on skeletal muscle phygipin
rodents two complimentary approaches have been aeedlesigned to accelerate it (hindlimb

suspensiortiLS) and one designed to decelerate it (caloric &in, CR).

8.1.1 The role of RRs in the metabolic adaptation to HLS

Acute HLS (24 hrs) induced a significant retitan in mouse PPAR-and
PPAR« and an increase in PPARS expression levels (Fig. 3.4A), as summarized in ou
published paper (Mazzatti et al., 2008). The desgaa PPARx expression was simultaneously
accompanied by a decrease in expression of its kitangets PGCdland PGC-f (Fig. 3.4B).
Nevertheless, in the acute phase no significarredse in expression of genes involved in fatty
acid transport and oxidation was detected by micayasuggesting that there are alternative
pathways that compensate for the loss of PleAdRd PPARy. One possible candidate is PPAR-
B/6, and it has already been shown that in some assesreased expression or activation can
compensate for the loss in PPARexpression (Muoio et al., 2002). In contrast ® ether PPARS
that were downregulated by HLS, PPAR-expression level was upregulated in both musgegy
concomitantly with an increased UCP-3 expressiaolaus as proved by both RT-PCR (Fig.
3.4B) and western blot assays (Fig. 3.5). Uncogphiroteins like UCP-3 are known to be critical
for the maintenance of ATP: AMP ratio and AMPK sadlimg, having a robust effect on the
regulation of energy expenditure (Klip et al., 2Recause of the proven role of PPAR-in
regulating oxidative capacity and fuel switchingsipossible that its increased expression
following short-term HLS represents adaptive compensatory response to regulate the fuel

utilization and to maintain the metabolic flexibflunder stress. This hypothesis is further
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supported by the finding that PPAIS expression is restored to the basal levels aftefals of
HLS (Fig. 3.6), approximately at the same time wharscle atrophy and loss of lipid oxidative
capacity were observed. From these data it carypethesized that the loss of PPAR-
expression may contribute to the metabolic infléxypand adverse physiological alterations
observed after long-term unloading. Improving metatflexibility through PPARB/S regulation
may represent a novel intervention strategy togmethe adverse metabolic and physiological
effects of muscle unloading.

Several pieces of independent evidence sugbebtady that PPARL may
respond to such unloading events with a possibitepensatorgffect for the global metabolic
deregulation. For example, PPAR was shown to be involved in the remodelling oflstad
muscle by increasing type | oxidative fibers numivkrch also reduced the body fat content (Wang
et al., 2004). Increased PPAIR expression and activity has been previously inapdid in the
metabolic and structural adaptations to long-teastimg and endurance exercise, and increased
expression was also an indicator of improvemeutiabetic patients after training (Luquet et al.,
2004). In addition, previous investigations havendastrated that transgenic mice expressing an
activated form of PPAR/S have enhanced fatty acid utilization and are ptetkagainst the high-
fat diet-induced obesity (Wang et al., 2003). Femhore, PPAR3/6 agonist treatment induced
changes in muscle fuel metabolism as shown by ase lipid oxidation and decreased
carbohydrate utilization (Constantin et al., 200PHAR$/6 could therefore be a part of an
adaptive, compensatory regulatory complex desigmgdotect against further metabolic
complications. For example, it is already knowrt tR&°ARB/6 can change the expression levels
of genes involved in fatty acid oxidation and lipidmeostasis such as fatty acid binding protein 3
(FABP3) which is involved in uptake and transpdrtatty acids (Zimmerman and Veerkamp,
2001), CPT-1 that is a rate-limiting enzyme in roitondrial fatty acid oxidation and PDK4.

Microarrays analysis demonstrated no significa@ingfe in PDK4 or FABP3 expression in soleus
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or gastrocnemius muscle after acute HLS, but iteserved a significant increase in expression
of CPT-1b and CPT-2 in soleus muscle after theeastsige of unloading. In the models of long-
term exposure to HLS (12 days) the expressionedditwo genes were nevertheless decreased,
further indicating that the adaptation during thata stage is onlransient Hindlimb suspension
has a major physiological impact by leading toefgnential use of glucose as a fuel of choice
instead of lipids, therefore reducing in long-tahma metabolic flexibility characterizing the hegith
normal muscle. Such metabolic inflexibility is alBaharacteristic of aged skeletal muscle. The
increase in PPAR{S expression during the acute phase and the substegwersal to the normal
state in the chronic stage could signify that PRRIs an important member of such metabolic
switch The return to the basal state in PPAR-expression during the chronic phase of unloading
could be partially responsible for the loss in rhete flexibility shown in later stages. This
interpretation of PPAR/6 as aswitchis also supported by its role in regulating Badiivation, as
discussed in the introduction. Therefore, the ckdraexpression level of several proteins such as
PPAR$/6, UCP-3, AMPK and CPT-1/2 noticed in acute HLS nhigave a substantial role in the
maintenance of metabolic flexibility and represpotential targets. Because of its interactions with
the other putative targets PPAR- appears particularly promising, and since enhahke#-3
expression is associated with improvements in ghyceegulation, it can be hypothesized that
inducing PPARB/6-dependent upregulation of UCP-3 and other genelsl gvevent the metabolic
and physiological alterations associated with nausaloading (Fig. 8.1). This model of PPAR-

as a switch could be also used to test the predtmade by different theories of ageing about the

relationships between senescence and oxidativ&sstre
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Fig. 81 The proposed role of PP-4/6 in regulating the adaptation to metabo
inflexibility during the acute phase of skeletal muscle imizakibn

Acute HLS increasedtime suspended hindlimb the expressioP®AF-p/6 and of its target
genes (UCP-3, CPT-1b, CPT;2s well acof AMPK and ACC Such changes cot mediate a process
of metabolic adaptation to the stress induced hgading.Whether PPAR3/5-signalling acts

upstream, downstream or independently of AN-signalling is still to be determine
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8.1.2 The role of NR4A family in mediating the muliple effects of caloric
restriction on skeletal muscle physiology in rats

In the CR model it was demonstrated forfitst time an increased expression of
all three members of NR4A family in rodent skeletalscle (Fig. 3.8A). No significant changes
were observed in brain, demonstrating tissue-sipégifn expression patterns following CR (Oita
et al., 2009). Upregulation of several known NR4a&nscriptional targets such as UCP-3, AMPK-
v3, PGC-I and PGC-f was also observed (Fig. 3.9). NR4A receptors nedpo changes in the
cellular environment, including neuroendocrine silinregulating the expression of various genes
in the hypothalamus—pituitary—adrenal (HPA) axiduding POMC, the precursor to
adrenocorticotropic hormone which is the main ratprl of adrenal glucocorticoid synthesis
(Philips et al., 1997). Alterations to neuroendoerstatus are one of the many proposed
mechanisms by which CR increases lifespan anddsetageing, and it was shown that food-
restricted rats exhibit daily periods of hyperadm@orticism (Nelson et al., 1995) which may be a
major contributor to CR-induced delay of ageinggesses and lifespan extension.

The knock-out or transgenic models of NR4@BAgroup did not show any
obvious changes in lifespan or in the ageing phgrest, although they have not been especially
investigated in this respect (Mullican et al., 20B@n T. et al., 2008; Zheng et al., 1998). The fac
that NR4A are expressed mainly in energy-depentitsates such as skeletal muscle, brain,
adipose tissue, heart and liver suggests thatitheg a critical role in regulating energy and
metabolism. NR4ALl is regulated by glucose levelss{i8 et al., 1998) and a recent report showed
that while insulin or thiazolidinediones challengesreased NR4A1 and NR4A3 expression (Fu et
al., 2007), their expression was nevertheless estiucanimal models of insulin resistance. These
findings provide evidence for a link between NR4&&eptors and the complexetabolic shift
observed in animals following CR. Interestinglycri@ased expression of all three NR4A receptors

is also associated with skeletal muscle recovdigviing endurance exercise (Mahoney et al.,
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2005; Mahoney and Tarnopolsky, 2005). In additmtheir function in muscle metabolism NR4A
receptors are also thought to be involved in adiggsue and in liver metabolic regulation. In 3T3-
L1 cultured adipocytes all three members of NR4Bgsaup are rapidly and transiently induced by
the PPARYy agonist rosiglitazone (Fu et al., 2005). Sincgask, liver and muscle are major sites
of lipid and glucose metabolism and are importargets for metabolic therapies, it is possible that
the modulation of NR4A receptors may representwehstrategy for treatment of metabolic
disorders. This concept has already been expléted ét al., 2004) and has generated a great deal
of interest in recent years, but further investmais necessary to determine whether any of the
NR4A receptors represent suitable targets for pheenttical intervention.

A recent report (Pei et al., 2006) destated that NR4A receptors act as
downstream mediators of CAMP actimnvitro and in response to glucagon or fasimgivo.
These data support our observed upregulation ofA\fedeptors in muscle and liver following CR
and suggest that these receptors respond to angitcues such as insulin levels through yet
unknown mechanism. This hypothesis is consistetft thie previously described role of
mammalian target of rapamycin (mTOR)-dependenienitsignaling in mediating the effects of
caloric restriction (Linford et al., 2007). Althoaighere is no direct link between mTOR and
NR4As, there are indications of a possible indiczosstalk between AMPK and mTOR has been
established (Hardie, 2008a, b). Since NR4A rece@oz regulated by cAMP it is possible that
they respond to changes in AMP: ATP ratio similadyoth AMPK and uncoupling proteins.
These data suggest that multiple nutrient-sensidgsaynaling mechanisms may contribute to the
complex metabolic adaptations that occur follow@fg and that NR4A receptors might a role in
this process.

In conclusion, | identified an increased expressibthe members of NR4A
subgroup in the skeletal muscle of the caloricriesd animals simultaneously with a change in

expression of some of the previously known NR4Ae¢agenes regulating lipid and glucose
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metabolism, oxidative stress and inflammation. Base previous filtered knowledge, detailed in
the discussion from chapter 3, it can be speculdu&tin the case of caloric restricted skeletal
muscle NR4A1 acts mainly on the glucose and lipedabolism, NR4A2 has an important impact
on inflammatory response and NR4A3 mainly regulgtases critical for lipid metabolisms (Fig. 8.
2). The prospect of screening of selective actrgdtaducers of NR4As (unavailable yet) to reduce
the metabolic inflexibility in aged skeletal musgstifies further research in this area.
Furthemore, since the change in NR4A family egpien was restricted only to
some of the tissues investigated so far, than¢beld be used avarkersto estimate the tissue-

differential aspects of ageing, as explained ininktr@duction.
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Fig.8. 2 Tharoposed role of NR4A subgrc of nuclear receptol in modulating the

effects of caloric restriction on lipid and glucasetabolism, oxidative stress and inflamma

CR increasead skeletal musclthe expression lel®of NR4As family of nuclea

receptors. The simultaneous increased esion of some of NR4AL1 positive-regulated genes
(UCP-3, AMPKy3), of NR4A1l negative-regulated genes (SCD-GPAM) and of NR4A!
positivelyregulated genes (PG-a and PGC1B3) suggestshat such increase in NR4,

expression is physiologically releve but the particular significance in this context eens to be

determined.
CR

[ t NR4Al

< I NR4A2

\T NR4A3

antioxidant defence *? T UCTP3. AMDPKy3

»

glucose and lipid

oxidation? l SCD-1. GPAM

anti-inflammatory 7

»

» | PGCL-0. PGC-1p
glucose and lipid
oxidation?

Leuend

T increased exprassion-activity

l decreased expressionsactiviry

—> l T causal relationships-interactions

205



8.2 The putative effects wkfatin (eNampt) on skeletal muscle

ageing- related processes

8.2.1Visfatin (eNampt) and insulin-dependent signallingpathway

The most contentious academic issue concethagxtracellular, circulating
version of visfatin is the hypothesis that it ideato bind to the insulin receptor expressed by
peripheral tissues and activate PI3K/Akt signallraghway, increasing therefore the rate of
glucose uptake (Fukuhara et al., 2005). While deatity of visfatin as a genuine secreted
adipokine is firmly established and widely accedt&dtuna-Puente et al., 2008; Beltowski, 2006;
Hammarstedt et al., 2006), the insulin-mimetic ey of such a secreted form is still highly
contentious and controversial (Moschen et al., 2007e initial paper proposing this insulin
mimetic hypothesis (Fukuhara et al., 2005) wasoétd by the publishing journal for scientific
improprieties and subsequent independent expergtEmten vivo, ex vivoor in vitro discovered
that such activation occurs only in a few limiteses of cellular systems and experimental
conditions (Adya et al., 2008a; Xie et al., 200ifm et al., 2008). Numerous independent
experiments in other cellular systems failed tosprany insulin mimetic properties upon
incubation with visfatin (Li et al., 2008; Revolk al., 2007; Wanecq et al., 2009; Wang et al.,
2009).

Since there were no previous reports abouetieets of exogenous visfatin on
skeletal muscle which is a main target for adipekiaction and the main organ responsible for the
removal of the glucose from the plasma, | testedtidr visfatin can activate PI3K/Akt signalling
pathway that mediates the effects of insulin onrétte of glucose uptake through the translocation
of GLUT4 transporter to the plasma membrane (Valeeat al., 2005). The stimulation of C2C12

cells with 100 ng/ml visfatin did not induce ami@ase in the phosphorylation of Akt at ‘Seor
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at ThP®® residues in the first 15 minutes as seen by westet (Fig. 4.10B), unlike insulin
challenge that triggered a robust response afteingites at the ARE™ ?residue (Fig. 4.10A).
Since the culture medium for C2C12 differentiatiacked insulin there is no reason to assume that
C2C12 cells were insulin-resistant/-insensitivesf&iin did not change either the phosphorylated
levels of Akt upstream activator (PDK1) and upstmeahibitor (PTEN), or of the downstream
targets like GSK-B and c-Raf (Fig. 4.10B). Furthermore, pre-incutrabf C2C12 cells with
visfatin for 18 hours did not impair nor augmerg #bility of insulin to activate PI3K/Akt after 5
minutes (Fig. 4.10A). This showed that in C2C12scelksfatin did not activate the PI3K/Akt
signalling pathway in acute or chronic stages, sagigg that in the case of skeletal muscle visfatin
is not an insulin-mimetic agent.

The concentration used (100ng/ml) is coantsalso with previous reports
(Lovren et al., 2009; Moschen et al., 2007; Xialet2007) and higher concentration values (up to
500 ng/ml) had no effect on PI3K/Akt-signalling pagy either (data not shown). The
concentration chosen in this thesis is within thets identified as physiological relevant by
measurement of human visfatin plasma levels in hotinal and pathological samples (Dogru et
al., 2007), and an eventual activation of PI3K/Aktusing higher than physiological
concentrations of visfatin will have no medical bggility nor theoretical relevance. Also, since
three different versions of commercially availabigfatin have been employed, produced in
bacteria or in mammalian cells, and since all tlies®e versions showed the same consistent
results it can be concluded therefore that the x@atal conclusions of the thesis presented were
both accurate and representative. It is importastress nevertheless that my experiments did not
explore whether visfatin can bind to insulin recgph cultured and differentiated myotubes, only
if such incubation can activate the insulin receplependent PI3K/Akt signalling pathway because
this is a better proof of a possible effect onrtite of glucose uptake. Multiple explanations could

be proposed for the discrepancies between the usinok derived from independent experiments

207



published so far. For example, different cell tygeuld be characterized by significant differences
in the number of insulin receptors expressed aliped at the cellular membrane, or they could
differ in the sensitivity of activation of PI3K/Aldignalling pathway. The cellular models showing
PI3K/Akt activation upon visfatin treatment likedathelial cells, osteoblasts and ventricular
cardiomyocytes could alternatively present a highqaression of other membrane receptors such
as IGF-IR that was proved already to mediate aitiaddl PI3K/Akt activation upon insulin
treatment. Interestingly, it was proved that in HEXY cells that showed a visfatin-dependent
phosphorylation of PI3K/Akt pathway after 5 minutdsncubation (Adya et al., 2008b) the IGF-

IR gene is expressed at significantly higher leteds insulin receptor gene (Nitert et al., 2005).
This could indicate that the membrane receptor wmediates the visfatin action on PI3K/Akt-
signalling pathway was in fact IGF-IR, not the ilmsueceptor. Nevertheless, since | did not
guantify IGF-IR levels of expression in C2C12 cedisthe present stage this remains only a
hypothesis yet to be explored. Another theorepoaisibility independently proposed already is the
existence of another, still unidentified, membragweptor specific only for visfatin that could
activate the PI3K/Akt pathway in the tissues otcedere it is expressed or functional (Li et al.,
2008). Nevertheless, until now there are no pubtisieports detailing any attempts to identify
such a putative receptor, and this subject wasowdred in the present thesis.

The long-term incubation of cultured nmuylmes with visfatin (<24 hours) might still
modify the rate of glucose uptake or glucose mdistnandependently of Akt signalling, possibly
through the modulation of other physiological pisszs like a robust NAD metabolism as shown
before (Revollo et al., 2007). Therefore the nexsiion to be answered was whether the chronic
incubation of C2C12 cells with visfatin could madthe levels of glucose uptake. The
measurement of the rate of glucose uptake in baghl{Fig. 5.7C) and insulin-stimulated
conditions by 2-NBDG assay (Fig. 5.8B) showed ritedknce between control and 24 hours

visfatin-treated cells. In addition, the incubat@mmC2C12 cells with visfatin for 24 hours did not
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change the gene expression levels of known gluitassporters such as GLUT1 and GLUT4 (Fig.
5.10A, B). This proved that in the case of cultusi&dletal myocytes visfatin reot an insulin
mimetic agent, which is also a strong argumenigmi$s the possibility of any effects on skeletal
musclein vivotoo. My findings correlate with previous data iratiag that the increase in the rate
of glucose uptake upon the challenge with the exogs visfatin (eNampt) was noticed only in
those cells that presented simultaneously an dicivaf PI3K/Akt signalling pathway (Lim et al.,
2008), event missing in my experiments.

Unlike visfatin treatment, chronic triglycde challenge reduced the levels of
phosphorylated forms of Akt and GSK-Bne of Akt substrates) in the insulin-stimulastalte,
but not in the basal state (Fig. 5.9A, B). In thene time, as shown by 2-NBDG assay, triglyceride
challenge increased the rate of glucose uptakasaltstate (Fig. 5.7C), reducing it nevertheless in
the insulin stimulated state (Fig. 5.8B). The daseein the rate of glucose uptake upon stimulation
with insulin after the pre-treatment with triglya#es correlates with the reduced insulin-stimulated
activation of Akt signalling. In addition, both fimgs correlate with the research done previously
in vitro by using palmitate (Ragheb et al., 2009) andvo by using animal models fed with a high
fat diet (Vinayagamoorthi et al., 2008). In additiof blocking PI3K/Akt signalling, the treatment
of cultured myotubes with triglycerides reduceddlse expression level of GLUT4 after 24 hours
(Fig. 5.10B). Such a reduction in GLUT4 gene exgi@scould also explain the impaired glucose
uptake in the insulin-stimulated state upon trigiyde challenge as shown by the 2-NBDG assay.
The fluorescent-based assays showed also thatcergiies treatment increased the glucose uptake
in basal state and this correlated with previondifigs that used palmitate challenge and with other
studies on the mechanisms of insulin resistancediHet al., 1991; Usui et al., 1999). This
phenomenon can be explained by the increased axpmest GLUT1 transporter (Fig. 5.10A) after
triglyceride challenge that likely increased theeraf glucose uptake. The lack of reduction in

phospho-Akt levels after triglycerides treatmentha basal state indicates that PI3K/Akt signalling
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pathway is not mediating the increased GLUT1 e)gio@snoticed.

These experimental conclusions aboutrtglyteride treatment correlate with
the independent data reported previously aboutfieets of ectopic accumulation of lipids in
skeletal musclén vivoduring advanced stages of obesity and with thdtsestin vitro studies that
used free fatty acids such as palmitate. Thisfistalso that the fat emulsion Structolipfccan be
used to modeh vitro the effects of the lipid-dependent stress as t@nnaltive to the free fatty

acids strategy.

8.2.2 Visfatin arde regulation of oxidative stress levels

In the fourth chapter it was whahat incubating murine fused and
differentiated C2C12 myotubes with different cortcations of exogenous murine visfatin
(eNampt) (<200 ng/ml) induced oxidative stress asitored by fluorescent-based assays (Fig.
4.1- 4.4). Unlike previous reports that identifibé generation of free radicals in the first hour
during the early stage of the incubation of endatheells with visfatin (Kim et al., 2008), the
experiments shown in chapter 4 indicated thattréest time point for a significant increase was
in the chronic stage of treatment between 4-6 hauth a maximum peak reached after 18 hours
(Fig. 4.2). Additional incubation time did not fbar increase the levels of free radicals detected.
Therefore, visfatin showed a different ROS-indugiadtern in cultured myotubes compared to
cytokines such as TNé&- (Li et al., 1999;Li et al., 1998) or endotoxinieel LPS (Maitra et al.,
2009) that can generate reactive oxygen speciésnwitie first hour of treatment, being more
similar in this respect with other adipokines sasHeptin (Xu et al., 2004) and adiponectin
(Ikegami et al., 2009). Nevertheless, this increagece radicals by visfatin did not change the
total levels of oxidized proteins (Fig. 4.5) or {egels of oxidized lipids (Fig. 4.6). This is not
unusual since in many other cases there were redalifferences in measured values for different

markers of oxidative stress. For example, thereewecorded differences in the quantified values
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of ROS and of the oxidized products by measuriegeliels of carbonylated proteins and other
biochemical methods in cultured myocytes (Astrualgt2007), between the levels of carbonylated
proteins and fluorescent microscopy-derived valndgke case of the nemato@e elegangYasuda

et al., 2006), or between the levels of carbonglg@®teins and fluorescent microscopy-derived
values in the rat liver after endurance exercism (@& al., 2009). Carbonylation of proteins is an
irreversible change that occurs after a prolongetisustained level of oxidative stress, and such
carbonylated proteins are usually digested by tbeepsomal complex (Nystrom, 2005) . The
existence of an increased level of free radicatb@nabsence of increased oxidized products
suggests that such event is not affecting the iityegf cellular processes or the cell structure.

The increased levels of intradaHlROS by visfatin could be explained by an
increased production of ROS, by a reduced/impardgmbxidant capability of the cells
(Lyakhovich et al., 2006), or by a combination oftbfactors. Such events could appear as a
consequence of the reactions occurring at the eagmmomplexes localized not only at
mitochondria and peroxisomes but also as a consequ# the activation of NADPH oxidases
(NOX) that were discovered recently to be localizethe cytosol and sarcoplasmic reticulum of
skeletal myocytes (Xia et al., 2003), with stillolear roles.

A more theoretically revealing and critigalestion than whether a certain agent
induces oxidative stress as measured by fluoresssatys or by quantifying the levels of oxidized
products is the question if such a stress has &gt ®n the physiologicatatus-quaor on the
structural integrity of the cell. As shown by NADddsay, visfatin treatment did not affect the
cellular viability which indicated that such a sts@s not impairing significantly myotubes survival
(Fig. 4.8). This is not an uniqgue phenomenon smaay oxidative stress inducers do not generate
apoptosis or cellular damage, and in certain cistances such increase in free radicals has even
an anti-inflammatory, protective role (Tang et 2009).

Whether the increased level of icetlular ROS detected is caused by an increased
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production of free radicals or by an impaired axiiant defence is still unclear. Because it was
detected an increase in ROS levels without an aserén the levels of oxidized products or
impaired viability after visfatin challenge, | fdr hypothesized that this might be explained by a
simultaneous improvement of the antioxidant cagadfithe cells to resist such a stress. It was
already shown that incubation of other types ofsdéde macrophages (Li et al., 2008) and
cardiomyocytes (Lim et al., 2008) with visfatin inoged the resistance against toxic agents and
this process might occur through an improved ardenxt protection. Such a hypothetical scenario
would correlate therefore with a case of incredsedls of free radicals as a consequence of an
acceleratecproduction of ROS, not an impaired antioxidantedek. The measurement of this
global cellular ability to protect against oxidaistress was performed by using the ABTS assay
that did not show any global change in the antianigotential of C2C12 cells after the treatment
with visfatin, compared to the control (Fig. 4.This suggests that such a potential increase in
antioxidant ability of cells by visfatin could bacalized not global, targeting the organelles and
cellular compartments where free radicals are predisuch as peroxisomes, mitochondria and SR.
Such a putative limited and localized improved @itdant defence might not be detected therefore
by ABTS method. Furthermore, since it was not detbby ABTS assay a reduction in the
antioxidant capability upon visfatin challengesitikely that the higher ROS level noticed is
caused by amcreasedoroduction of free radicals, not by an impairetedee status.

The treatment of C2C12 cells with 0.2 mg/ml trigdyides for 24 hours induced
similar oxidative stress as measured by fluoreseeertoscopy (Fig. 5.2). Unlike in visfatin
treatment case it was noticed an increase in tred t¢ oxidized proteins by 80% after a minimum
incubation time of 24 hours (Fig. 5.3). A band latad around 30 kDa showed a significant
increase in the carbonylated form, but the idemftguch a band is still unexplored and this
guestion was not covered in the present thesig&arSalid not identify another independent report

to confirm or support my particular finding. Thettean is also different from the one noticed in the
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skeletal muscle of diabetic animal models presgntinreased depots of intracellular lipids in
skeletal muscle (Oh-Ishi et al., 2003), in thelsted muscle of mice fed with a high-fat diet

(Bonnard et al., 2008) or from the pattern shownheyaged skeletal muscle (Feng et al., 2008).

8.2.3 Identification of the gene networks possiblinvolved in ROS
production by visfatin

Triglycerides treatment for 24 hounsreased the expression of genes that have an
antioxidant role such as SOD1, CAT and SOD2 andaofscription factors involved in the
antioxidant defence such as NRF1, NRF2 and HIF1ié @-4). This increase indicates that the
stress induced by triglycerides was significant #imsl correlates with previous reports about the
effects of free fatty acids or high-fat diet onIlgkal muscle. For example, it was shown that
palmitate treatment increased the expression of Si@Rultured human myocytes, similarly to the
pattern shown by obese or insulin-resistant skietetscle (Reyna et al., 2008). In addition, it was
shown that palmitate treatment increased the esime®f NRF2 in cultured hepatoma cells (Das
et al., 2010). The increase in the expression@fattiove mentioned antioxidant defence genes by
triglycerides suggests that the oxidative stredadrd is critical, subsequently triggering the
activation of defensive, antioxidant mechanismss Tiiterpretation of my results is further
supported by the previous discovery that skeletadale of obese children with metabolic
syndrome had a reduced antioxidant defence ststolsdr et al., 2004) and by the fact that
overexpression of antioxidant genes such as SOBT,&nd SOD2 reduced the activation of
caspase-3 and the apoptotic process triggeredabyitpte challenge of cultured cells (Cacicedo et
al., 2005). Furthermore, it is also known that mhiegerozygous for SOD2 presented increased
oxidative stress levels in liver (Kokoszka et 2001) and that cardiomyocytes derived from
NRF2-null mice had increased ROS levels when cedtum high glucose levels conditions

compared to the control cells (He et al., 2009)pddition, the fact that triglyceride treatment
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decreased the expression of GPX3 gene (Fig. :16)har important antioxidant defence member,
could indicate a significant reduction in the arigant defence ability (Chung et al., 2009). It was
shown for example that a reduction in GPX3 expagser function is a marker of obesity and this
correlated with an increased level of oxidativesdr(Lee et al., 2008). This decrease in GPX3
levels was not observed nevertheless in the defifenged with visfatin, suggesting a non-critical
level of oxidative stress induced in this case.

On the other hand, the only genesiftioe list that were changed by visfatin
treatment were SOD1 and NOX4 (Fig. 5.5). The faat NOX4 was increased opened the
possibility of a new pathway of ROS production ligfatin, possibly independent of mitochondria
and peroxisomes, but this is a subject for futtmdies. Cu/ZnSOD (SOD1) is another important
member of the antioxidant defence network changeddfatin challenge. It was shown before to
be localized mainly in the cytosol, nucleus andochibndria (Okado-Matsumoto and Fridovich,
2001). Mutations in the motor neuronal-specific 5géne were shown to be important in the
development of ALS (Miao and St Clair, 2009). Theerof SOD1 in the skeletal muscle
physiology is less explored and it was studiedasarfainly in the relationship with the
pathogenesis of ALS. The SOD1 -/- mutant mice hem@hsed muscle mass, increased levels of
ROS and accelerated signs of ageing resemblingamaia (Muller et al., 2006). Nevertheless,
although in the cells with high levels of super@xptoduction as cardiomyocytes an increased
expression or activity of SOD1 has a protective (dlanaka et al., 2004), in the cells with low
levels of superoxide an overexpression of SODlelas surprisingly deleterious effects. For
example, the expression of wild-type human SODthénskeletal muscle of transgenic mice led to
significant myopathy and motor neurological degatee phenotypes through aggregation and
increased levels of nitric and oxidative stress (@/and Martin, 2010). In another report, the
expression 0G93Amutant allele of the gene in the wild-type heakkgletal muscle led to

increased muscle atrophy due to higher levels mfative stress, mitochondrial dysfunctions and
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sarcolemmal damage (Dobrowolny et al., 2008). Tiseciased expression of SOD1 upon visfatin
challenge could signify the presence dbealizedantioxidant defence response against the
oxidative stress generated simultaneously thaegatain the lack of the oxidized proteins or
lipids, but this issue requires future studies. Tdu that visfatin treatment did not increase the
expression levels of many other antioxidant facésrshe triglycerides challenge indicate a
different pattern of ROS production and possibhoa-critical oxidative stress level, which could
explain the lack of oxidized products noticed. Toaclusion is reinforced by the fact that GPX3

expression level was not changed by exogenougivisfa

8.2.4 Exploration pbssible signalling pathways regulating the
increase in ROS by visfatin
Another way to elucidate the mechanisms beyond R@©8uction by visfatin

was the identification of any signalling pathwayready known to modulate it.

8.2.4.1 Visfatin (eNampt) treatment and PI3KAkt signalling pathway
| showed in the forth chapter thattacur chronic treatment visfatin did not activate
the PI3K/Akt pathway. To further dismiss the po#sibthat PI3K/Akt pathway is involved in the
increase in ROS noticed, PI3K activity has beerhed by its specific inhibitor before visfatin
treatment. Additional fluorescent-based measurewieROS levels did not show any changed
values in the cells pre-treated with inhibitor praalipokine challenge comparing to visfatin-only
treated cells (Fig. 4.11). This proved that theasbbed ROS production induced by visfatin

treatment in C2C12 cells is independent of Akt altymg.
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8.2.4.2 Visfatin (ahhpt) treatment and MAPKs-dependent signalling

Previously it was reported timahon-skeletal myocytes exogenous visfatin
treatment can activate MAPKSs such as p38 and ERK1itze first 30 minutes of incubation (Lim
et al., 2008; Adya et al., 2008a; Kim et al., 2007is also well known that MAPKSs activation can
lead to an increase in intracellular ROS levelso(€&al., 2004). MAPKs/SAPKs are mitogen- or
stress-activated kinases that can modify cellufgislogy by changing the global genomic profile
through the phosphorylation of numerous transanmai factors like ATF-2 (Raingeaud et al.,
1995), Max (Zervos et al., 1995), Elk-1 (Maraiskt 1993), c-Jun (Leppa et al., 2001) and MEF2
(Kyriakis and Avruch, 2001). Recently it was alsscdvered that MAPKs-induced effects can be
independent of transcriptional regulation through direct phosphorylation of cellular targets,
other than regulators of gene expression. For plainhwas reported that JINK, another member of
MAPK family, can phosphorylate cytosolic proteiegulating axodendritic growth in neurons
such as microtubule-associated protein 2 (MAP2)r&jlom et al., 2005) and superior cervical
ganglion-10 protein (SCG10) (Tararuk et al., 20@éfgcting neurogenesis. Therefore, it is also
possible for p38 and ERK to directly phosphorylateteins involved in antioxidant defence and
oxygen metabolism and modify their enzymatic propsy eventually leading to increased levels of
ROS. The western blots experiments for the phaggdted forms of p38 and ERK1/2 showed
nevertheless no significant increase in their uelthe first 30 minutes of incubation of C2C12
cells with exogenous visfatin compared to contedlsc(Fig.6.2). This correlates with previous
published research data showing that MAPKs actimatin non-muscle cells by exogenous visfatin
were dependent on Akt (Adya et al., 2008a,b), eabréent in my experiments. Since there were no
previous reports of JINK activation upon visfatiralddnge this possibility was not tested either,
being a subject for future studies.

Nevertheless, it is still possiblettNBAPKs activations can occur later in the

chronic stages of treatment of C2C12 cells witliadis, independently of PI3K/Akt signalling, and
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such activations could mediate a ROS increaseedtdltis possibility the activities of p38 and
ERK have been blocked by using their specific iftbils before incubation with exogenous
visfatin. The fluorescent-based detection of tigaai from the cells pre-treated with MAPKs
inhibitors followed by visfatin challenge failed show any reduction in oxidative stress levels
generated, compared to visfatin-only treated ¢€lig.6.3). This proved that the ROS increase

noticed upon visfatin treatment is independent3# pand ERK signalling pathways.

8.2.4.3 Visfatin (eNam) treatment and NFkB-regulated signalling

The activation of NFKB by visfativas previously reported to occur in the acute
phase of incubation (<60 minutes) of endothelilsdéee et al., 2009; Kim et al., 2008), or in the
chronic phase of incubation of the smooth musdis ¢@omacho et al., 2009). Therefore, the
possible activation of NFkB-associated signalliaghpvay was tested by performing western blot
for the phosphorylated form of p65 subunit of NFRBe western blot results showed an increase
in phosphorylated levels of p65 subunit at Ser&3tdue after 4 hours of incubation with visfatin,
with a maximum value around 6 hours of incubatigig.6.4). The activation of NFKkB signalling
pathway was proved also by the increased phostedylevels of p65 upstream activator (IKK
o/p at Ser176/180) and of p65 inhibitor (Bt Ser32) in the same time interval. After the
phosphorylation by IKK at Ser32 the inhibitor kB degraded through proteasome, releasing a
fully functional p65 subunit (Magnani et al., 2000he fact that NFKB signalling pathway was
activated by visfatin treatment opened the possilihat it might be involved in the increased
levels of oxidative stress noticed. Therefore,abivation of IKK (p65 upstream activator) was
blocked for one hour before visfatin treatmentdoother 18 hours by using a specific inhibitor.
Fluorescent microscopy assays of the signal francéils pre-treated with NFkB inhibitor
followed by visfatin challenge showed a reductioRiOS levels with cca. 40% compared to cells

challenged only with visfatin (Fig.6.5). This indies that visfatin-induced oxidative stress is
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dependent ode novosynthesis of a new set of genes. To explore tsipitity that other
transcriptional pathways besides NFkB might be ive® in the ROS increase, transcription and
translation were blocked by using their specifigiloitors before visfatin treatment. This showed
that the levels of ROS produced after 18 hours wegtaced with almost 70% compared to the
cells treated only with visfatin (Fig.6.8). Theredoit can be concluded that there are other

pathways mediating the stress responses inducesfayin besides NFkB, unknown yet.

8.2.4.4visfatin (eNampt) treatment and inflammatory signak

NFkB-dependent signalling can incectie expression levels of many genes
that could further induce a positive loop in ROS8darction such as nitric oxide synthases (Taylor
et al., 1998), TNFe (Wullaert et al., 2006) and IFN{Briscoe et al., 2006; Malmberg et al., 2001).
Nitric oxide is an important mediator of stressp@sses in skeletal muscle, being synthesized by
nitric oxide synthases (Mungrue et al., 2003). @bminant isoform in skeletal muscle is the
neuronal type (nNOS) that has higher levels of @sgion in myocytes than the inducible (INOS)
and endothelial (eNOS) forms, and is localized hyadeneath the sarcolemma (Grozdanovic,
2001). An increased expression of nitric oxide Bgses can lead therefore to higher levels of nitric
oxide that could be further converted to peroxytérhy the reaction with superoxide anion,
generating additional ROS (Yang et al., 1998). RKORRassay showed that the expression level of
nitric oxide synthase 1 (NOS1) was only moderaitatyeased. The fact that | did not detect a
significant increase in the levels of nitrotyrosnesidues after 24 hours of incubation of C2C12
cells with visfatin suggested nevertheless thaktheas no significant nitric stress produced (Fig.
4.9). There are also previous reports indicatipgsitive association of higher visfatin plasma
levels with increased TNE-expression and inflammatory phenotypes (Erteih €2@08; Samara
et al., 2008). TNFe treatment was also proved to lead to a furtheesse in ROS levels in gastric

cells (O'Hara et al., 2009), in the arteries obdiec mice models (Gao et al., 2008) and in the
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intestinal epithelial cells (Jin et al., 2008).drastingly, TNFe is expressed by skeletal muscle and
although blocking TNFe: by using monoclonal antibody-based therapy redagekative stress and
necrosis levels in muscular dystrophy animal mofféteunds and Torrisi, 2004), the specific
deletion of TNFe in skeletal muscle impaired nevertheless the reggion ability of skeletal
myocytes (Collins and Grounds, 2001), possiblyugioa reduced expression of myogenic
differentiation protein 1 (MyoD) (Warren et al.,@). A similar pattern was identified also in the
case of IFNy (Yoo et al., 2008; Higuchi et al., 1997). For exden while IFNy treatment induced
ROS production in cultured keratinocytes (Qi et2011) and microglial cells (Jung et al., 2010),
the reduction of IFNrexpression in skeletal muscle was neverthelesgiagsd with an impaired
regeneration capability of cultured skeletal myesytCheng et al., 2008). RT-PCR assays showed
that expression levels of these two known mediatboxidative stress production such as T&NF-
and IFNy were in fact reduced. This shows that ROS prodoas not mediated by an increased
expression of TNFe or IFN-y. The relevance of such a decrease for the laokidfzed products
upon visfatin challenge is unknown yet.

Since NOX4 is also a NFKB target (Moe et &0Q& Basuroy et al., 2009; Park et
al., 2006) and, as shown in the fifth chaptergése expression is increased by visfatin treatment
(Fig.5.5), the activation of NFkB was blocked farechour prior visfatin challenge for another 24
hours. RT-PCR assay showed that NOX4 gene expregsis reduced in cells pre-treated with
IKK inhibitor followed by visfatin challenge withca. 50% compared to visfatin-only treated cells
(Fig.6.7). This indicates that there are otherwags mediating NOX4 gene transcription besides
NFkB, unknown yet. The precise role of NOX4 and NGnplexes in the generation of oxidative
stress in the case of skeletal muscle represeetseat discovery and its elucidation will require
further studies. Whether this reduction in NOX4 rgsion levels upon NFKB inhibition is
responsible for the reduction in oxidative stressced is still unknown. It was noticed also an

increased expression of VEGFa gene upon exogensfasiv stimulation, another target gene of
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NFkB. Increased expression of VEGFa was previoas$pciated with decreased antioxidant
defence in vitreous fluid in the case of diabetitignts (Yokoi et al., 2005). It was also showrt tha
VEGFa expression was increased in the serum anetagkeuscle samples of patients with
inflammatory diseases affecting skeletal musclé fiscpolymyositis and dermatomyositis
(Grundtman et al., 2008). The precise mechanisrasilply affected by increased expression of
VEGFa in skeletal muscle are not clear still.

Other known cytokines such as IL-6 dnd b were also increased upon visfatin
challenge of C2C12 cells. Increased IL-6 expressias previously associated with a higher level
of oxidative stress in brain (Penkowa and HidaRf#)0), alveolar epithelia (Haddad et al., 2001),
macrophages (Chang et al., 2010a) and vascular(&akto et al., 2008). IL-6 was reported also to
be secreted by skeletal myocytes as a genuine my¢Riedersen and Febbraio, 2008).
Nevertheless, the relevance of such muscle-speaticetion of IL-6 for the skeletal muscle stress
responses and inflammation is still contentiouslagtly debated. It is established at least that
skeletal muscle-specific IL-6 has a significanerol regulation of fatty acid oxidation and glucose
metabolism, especially during endurance exercisel¢dh and Pedersen, 2007). Furthermore,
changes in IL-6 expression have a major impachemrégulation of skeletal mass (Frost et al.,
2004). It appears therefore that while plasma le¥dl-6 is associated with a pro-oxidant state, as
a myokine IL-6 is correlated nevertheless withrasreased level of antioxidant defence in skeletal
muscle (Sacheck et al., 2006). IL-15 is also a nm@kvith a clear role in the regulation of adipose
tissue mass and inflammation (Almendro et al., 2008Isen and Pedersen, 2007) which was
increased by exogenous visfatin challenge. It viiasva so far that IL-15 has a lower expression
during ageing and ageing-associated diseases ¢iiagizal., 2009a) and that reduced plasma level
of IL-15 is associated with reduced expressionlataghione and increased oxidative stress in
obese patients (Di Renzo et al., 2010). The relevah IL-15 in the context of skeletal muscle is

currently unknown, besides the fact of being brpadgulated by inflammatory signals and stress
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inducers (Perera, 2000). Whether such an increaded and IL-15 cytokines is involved in ROS
production or antioxidant defence upon visfatinligmge in C2C12 cells is still unclear.
Interestingly, a previous report (Adya et 2008a) showed that while visfatin treatment
increased NFKkB activity in human endothelial catlsyas able nevertheless to reduce an additional
NFkB activation upon TNFechallenge. These data suggest that the relaifmnbletween visfatin
and NFkB activation are not linear and only pastiahderstood. The complex effects of visfatin
on NFkB signalling indicate that in different ti€suor pathologic conditions it has diverse and
versatile immunomodulatory properties, only palfiaiapped and explored. As in the case of
PPAR4/6 during acute HLS discussed above, visfatin coatdabso as a compleswitchbetween
pro/antioxidative stress forces or between pro-amtdinflammatory signalling pathways affecting
skeletal muscle. This is nevertheless a hypotHettnario that will require further studies.
Another hypothesis to explain the effedtexdracellular form of visfatin on cellular
stress is based on the putative synthesis of NMM fnicotinamide and 5-phosphoribosyl 1-
pyrophosphate in the plasma or in the extracelpace, not only in the intracellular space. Once
synthesized by eNampt in extracellular space, NMdld& be transported across plasma membrane
through specialized transporters (Revollo et &l07) and generate ROS as a consequence of an
increase in NAD synthesis as proposed (Romachlb, @089). Since nicotinamide is present in the
DMEM culture medium used for C2C12 differentiatitime possibility attracted considerable
attention. Nevertheless, the hypothesis of visfasim systemic enzyme was rejected recently
(Hara et al., 2011), based on the fact that thetimarequires the presence of ATP at miliomolar

levels, and culture medium used lacks ATP.
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8.2.5 Visfatin (eNampt) treatment and PPARSs

In the seventh chapter | showed that thieatadn of PPARB/5-dependent
signalling reduced the ROS levels induced by \isf&iverse studies performeal vitro, ex vivo
andin vivo (animal models or human subjects) already prokatthe activation of PPARAS
signalling pathway has antioxidant properties iftiple tissues. Treatment of cultured
cardiomyoblasts with GW-501516 conferred protectgainst oxidative stress-induced apoptosis
through the upregulation of protective genes ssctatalase (Pesant et al., 2006). The role of
PPAR/5 as a sensor of oxidative stress levels was fugrered by the fact that the activity of
the receptor was increased in the hepatocyte®tteath the compound 4-hydroxynonenal (4-
HNE), a lipid species that induces oxidative st{€deman et al., 2007). In addition, in the same
paper it was reported that activation of PPBRin hepatocytes by the agonist GW-9662 conferred
protection and resistance against the lipid-depandicity. The repetitive low-level oxidative
stress challenge by using hydrogen peroxide aetVBPARB/S activity in cultured endothelial
cells, protecting against a critical subsequendatve stress-mediated apoptotic event (Jiang et al
2009). In vascular endothelium the activation oARMB/6 by GW-501516 increased the
expression levels of hem oxygenase-1 (HO-1), redyitirther the levels of oxidative stress
induced by an additional treatment with hydrogeropiele and overall the atherogenic phenotype
(Ali et al., 2010). Some of the genes relevantiatioxidant defence such as carnitine
palmitoyltransferase-1 (CPT-1b) and pyruvate debgenase kinase 4 (PDK4) were shown to be
upregulated by GW-501516 (Coll et al., 2010). Acr@ase in the expression of these two genes
and of PPARB/6 was also identified in the acute phase of hindlgubpension, as discussed in the
third chapter. In endothelial cells it was showatttine activation of PPARAS by GW-501516
increased the expression of many crucial antioxiganes such as catalase, superoxide dismutase
1 and thioredoxin (Fan et al., 2008). Furthermordauman primary skeletal cells GW-501516

treatment increased expression level of UCP-3 featenas antioxidant effects (Terada et al.,
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2006). These reports suggest that activation offRB/A in C2C12 cells reduced the oxidative
stress levels induced by exogenous visfatin likglymproving the pre-existent antioxidant
defence ability to resist the stress, rather theactly interfering with visfatin-induced effects.

The nexus role of PPAIR as anti-inflammatory mediator was shown by thé fac
that while the administration of GW-501516 was ableeduce the inflammation in a T-cell
mediated autoimmune disease model of multiple ssier(Kanakasabai et al., 2010), it was
nevertheless ineffective in a case of an antibodyced demyelination that acts independently of
inflammation (Defaux et al., 2009). Furthermore, &01516 ameliorated the insulin resistance
induced by the treatment of cultured skeletal migetuwith palmitate by modifying the expression
levels of genes involved in the fatty acid oxidatidMPK phosphorylation and antioxidant
defence (Coll et al., 2010). Activation of PPAR-had also anti-inflammatory effects in cultured
keratinocytes upon UV-B exposure and in skin psisienodels (Rivier et al., 1998). Nevertheless,
as shown by Fig. 7.3, administration of the agoBMI-501516 failed to reduce in C2C12 cells the
activation of NFKB signalling pathway by exogeneisfatin treatment. This is not surprising since
it was already shown that the pre-treatment with-80¥516 agonist reduced the activation of
NFkB by LPS in cultured adipocytes by blocking thpstream activation of ERK Y% kinase
(Rodriguez-Calvo et al., 2008), activation that wassing in my case. This shows that the
reduction in ROS levels by GW-501516 is occurrindeipendently of the inhibition of NFkB-
signalling. This suggests also that NFKkB activabeours independently of pre-existing reactive
oxygen species since PPAIR treatment did not reduce its activation. This @lsoelates with the
fact that inhibition of NFkB reduced only partialOX4 levels induced by visfatin (Fig. 6.7).

It appears also that visfatin expressiath secretion levels can be modulated by
PPARSs agonists in tissues of interests for agessgarch such as skeletal muscle, adipose tissue
and immune cells (Choi et al., 2005). The rolesxaigenous visfatin in the modulation of skeletal

muscle physiology have not been directly address¢itiour published paper (Oita et al., 2010).
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As discussed in detail in the fourth chapter, treeelikely differences between the intracellular
form (iNampt) and the extracellular form of visfaeNampt) in this respect, especially in the case
of oxidative stress and inflammatory regulatory hetsms relevant for ageing. For example, it
was shown that free, circulating visfatin plasmaels were reduced in overweight women
subjected to caloric restriction, simultaneouslyhva reduction in body weight and adipose tissue
mass (Lee et al., 2010). The intracellular fornvisfatin is also crucial for the anti-ageing effect
triggered by activation of sirtuins in adipocytesroskeletal muscle upon caloric restriction
challenge through the modulation of NAD metabol{$tsu et al., 2008; Imai, 2009b; Lu et al.,
2009Db).

By using an ELISA assay | showleat visfatin is not secreted in the culture
medium of C2C12 cells in neither basal nor in GW-&D5-stimulated conditions. Why visfatin
was detected in the supernatant of cultured Lénsaicytes (Wang et al., 2010) and not in the
supernatant of C2C12 mouse myocytes (Fig. 7.4)sestion unanswered yet, being a subject for
future studies. A possible explanation could beféiecethat in the previously reported experiment
with rat L6 cells the culture medium was takenradtelays of incubation, an interval that partially
reflected the process of L6 differentiation fronolgerating myoblasts to differentiated and fused
myotubes in low-level serum culture medium. In mperiments C2C12 cells have been used only
after reaching full differentiation status in serin@e medium. Therefore, it is possible that visfat
could be involved in the process of differentiataond be secreted only at the myoblast stage, or
during the transition process from myoblasts to tulges. Nevertheless, since the focus of the
present thesis was the effect of visfatin on déffeiated skeletal muscle as a model of ageing, the
possibility that visfatin could be detected in avét medium of proliferating C2C12 myoblasts
instead of differentiated C2C12 myotubes was nptard.

Therefore, there are no indications so far tkagenous visfatin challenge could

have an effect on PPARs expression in adult sketaiacle, and no indication that the activation
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of PPAR$/5 induced a secretion of visfatin from skeletal neiss a myokine. Whether visfatin is
a genuine myokine is still debated, and in my ¢as@s not discovered in the conditioned medium
from C2C12 differentiated and fused myotubes. Aatton of PPARB/5 reduced the oxidative

stress produced by visfatin, likely through theagpiation of its known target genes that increased
the antioxidant defence status in cultured myogydasit did not affect directly the activation of

NFkB.

8.3 Visfatin- a prosing and intriguing adipokine relevant for

skeletal muscle research

In conclusion, although exogenous visfatin treatingih not induce an
insulin-mimetic effect in cultured myotubes, itggered nevertheless an increase in oxidative stress
levels and inflammation after a chronic stimulatidrhe fact that the oxidative stress induced was
different from the pattern generated by ectopiilgccumulation suggests that it harbours still
interesting unknown aspects. As seen from the hbefscted in Fig. 8.3, visfatin could increase
simultaneously both the levels of free radicalstigh the action of prooxidant enzymes such as
NOX4 and the antioxidant ability to resist suctstaess through the increase in expression of
enzymes such as SOD1. As such, visfatin reseandd be used to construct a useful model for
testing the theoretical predictions of tifiee radical theory of ageing described in the introduction
since it has versatile effects, being in differgsgues pro- or antioxidant, pro- or anti-
inflammatory, or being associated with insulin sé@nce or insulin sensitivity. Thext crucial
step in elucidating visfatin function will be thaeintification of its putative membrane receptor(s)
that mediates its effects, as well as the downstrggnalling pathways. Whether the insulin-
mimetic effects in non-muscle cells are mediatethegamemembrane receptor that induces ROS
and inflammation is another important questiondgapproached.
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Fig. 8.3chematic diagram of the proposed mechanism ajraofi visfatin (eNampt) c

skeletal muscle myocytes

Visfatin binds to a membrane recepexpressetby skeletal muscl(unidentified yet) and
triggers and increase in ROS le\, process partially dependent on NF&ignalling pathway
Simultaneouslyyisfatin increass theexpression levels of genes involved in antioxid#efence

such as SOD1 and of gemithat could mediate the increase in Flevelssuch as NOX.
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SUPPLEMENTARY MATERIAL

Supplementary Fig. 1- The reef the IPA network images
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