1.INTRO DUCTION & LITERATURE REVIEW

1. The skeletal muscle microvasculature

1.1 The importance of the skeletal muscle microvasculature

The skeletal muscle tissue accounts for 40% of our body weight and is essential for a
variety of functions including mabolic regulation and locomotida]. The basal metabolism of
the skeletal muscle tissue requires roughly 20% of total cardiac output and with acute exercise
blood flow to the muscle tissue can increase by 20dpldoreduring maximal exercisg-5]. In
order to ensure proper functioning, active muscle cells must be supplied with adequate oxygen and
nutrient delivery along with the removal of metabolic wastée Vascular systerm composed of
blood vessels ranging in size from large arteries and \@idsmaller arterioles and venules
(macrovasculaturdd the capillaries (microvasculatur€apillaries are our smallest blood vessels
with an average diameter of around 5[6)¥]. The capillary network serves as the site of gas and
nutrient exchange inllabodily tissues including the skeletal musf8e9]. In the skeletal muscle,
capillaries are intimately associated with muscle fibers, running parallel and longitudinally to the
fibers, with short lateral branches forming vascular netwdnks919, a ppneering theory waput
forth by August Kroghhat describes each capillary as supplying a cylindrical area of muscle with
oxygen and nutrients which travel from the bloodstream, out of the capillary, and to the muscle
cells[10]. As oxygen has a limitedftusion distance, the density and distribution of capillaries
surrounding muscle fibers determines the oxygenation and the metabolic capacity of the muscle
tissue[11] . The oxygen capacity of the skeletal muscliargelypredictedby thecapillarization
of the tissuand is a direct determinant of exercise capacity, since exercise regigeescreases

in blood flow to working muscle grougg]. Indeed, it is well documented that more oxidative



muscle types have a greater capillary derj&®y. Sinae each individual capillary has the capacity
to supply only a limited surface area of muscle, we can appreciate that the loss of capillaries can
likely result in loss of muscle functioAll blood vessels, including our capillaries, are made up
of endothehl cells and, as suclt,is the regulation and activity of the endothelial cell itself that

largely determines overall microvascular function

1.2 Skeletal muscleapillary plasticity

The skeletal musclecapillary network shows remarkable plasticity,apting to both
physiological and pathological cditions by capillary expansion or regressibmhealthy adults,
endothelial cells are usually quiescent, and do not divide, with cell turnover time in the hundreds
of dayg[13]. Howeverjn response to pattogical stimuli such as tumor growth and wound repair,
or physiological stimuli such as menstruation and exercise traiaimdpthelial cells begin to

proliferate and migrate to form new capillar|@s.

1.2aVasculogenesis

Thede novdormationof the \vascular network is termed vasculogenesis, and is one of the
first steps in embryo developmdi#]. This process entails the aggregation of hemangioblasts,
which are blood and endothelial precursor cells, forming the first vascular structures termed blood
islandg15]. The formation of a primary capillary plexus is achieved through the fusion of multiple
blood islandq15]. Maturation of this primary plexus involves cell proliferation, migration and
angiogenesis, which is discussed subsequent sectiontnterestingly, vasculogenesis is not
restricted to the developing embryo, as it @lanoccur in adultsn response tacute and chronic
ischemicconditionsthat resulin hypoxiasuch as vascular disegasvound healing, tumor growth,

retinopathy and dumg exercisg16]. The process wherebyndothelial precursor cells lead



adult neovascularization is termed postnatal vasculogenesis, and is driven-nydsome derived
endothelial progenitor cells (EPCH)7,18] An elevation in circulating EPCs thateareleased

from the bone marrow travel to ischemic, hypoxic, or injured tissue and differentiate into mature
endothelial cell$18]. Indeed, a number studies demnstrate thagxerciseinducedhypoxia and
muscleischemia increase the amount of circulgtEPCs and promote neovascularizafi8)19

22].

1.2b Arteriogenesis

Arteriogenesis is the process through which existing artandsrteriolesre enlarged in
both diameter and wall thicknedsading to an overall larger blood vessel involving the
remodelling of endothelial cells, vascular smooth muscle cells (VSMC), and fibrof#a233
While older literature also refers to arterial collateralization and capillary arterialization as
arteriogenesis, these are separate processes whereby new @tehial vessels are formed to
bypass an occlusion, or existing mature capillaries are surrounded by vascular smooth muscle cells,
respectivelyf2]. The purpose of arteriogenesis is to increase the blood flow capacity of a resistance
vessel (a vessel @hhas the ability to dilate oconstrict in order to regulate blood flow to
downstream tissues). Since arteriogenesis <can
constrict, thickening of the vascular watlug toVSMC and extracellular matrixemodding)
must also occur in addition to increases in diamgkerThe velocity of blood flow elevated
internal pressure, arttie total volume of blood resistance vessetperiences directly dictates
the size of that vessegs this exposethe endothelin to greater shear stress (the physical drag
endothelial cells experiences as blood rushes past in the vessel[RBheArolonged xercise
trainingcan inducearteriogenesiby intermittently increasinghe shear stress experienced by the

arterial endothlium duringexercise boutasexercise increases heart rate, stroke volume and thus



cardiac outputindeed, it has been a@nstrated that the size of major vesselgltly associated

with the level of exercise training or disuse of a specific dowmstraascle grouf24].

1.2cAngiogenesis

The process wherebgew capillaries are formed from pegisting onesis termed
angiogenesis. Angiogenesis is essential for a number of physiological processes including organ
and tissue regeneraticend repair, dung wound healing, menstruation and pregnancy, and
exercise training25-28]. There are two distinct processes in which new capillaries are formed
from preexi sti ng ones, ter med O6sproutingo and
respectively. Sprding angiogenesis first involves the activation of endothelial cells, a degradation
of the basement membraaed extracellular matrigghe structurahreasurrounding the capillary),
endothelial cell proliferation, migration and subsequent lumen form§®31]. The second
phase sees the new vessel mature and differentiate through the recruitment of asstidigbed
such as pericyteshe addition of extracellular matrix around the spraud reentry into the
capillary bedo form a capillary loo29-31]. Sprouting angiogenesis abservedn response to
muscle activity as is seen during chronic electrical stimul§82h Alternatively, intussusceptive
angiogenesis involves the insertion of endothelial cell projections, or pillars, within tea fm
the vessel eventually splitting the original lumen into new ve§38J34], and occurs in response
to elevated blood floy7]. Splitting angiogenesis is understood as being a more energy efficient
form of new capillary formation, as it requires legsdothelial cell proliferation and does not
require basement membrane degradation to o[22t Refer to figure 11 for a schematic
overview of sprouting versus intussusceptive angiogenesi®ased capillary branching results

in greater surface aread increased capillargnuscle interfacg2]. This adaptation allows for

O



increasedlood residence time and therefanereasedxygen and substrate exchange tiime

combination withdecreased diffusion lengtf].
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Figure 1.1 The difference between gurting and intussusceptive angiogenesis. Sprouling
angiogenesis involves the proliferation and migration of endothelial cells to form a vascular
leading to a new capillary. Intussusceptive angiogenesis occurs when tissue pillars project
exiging lumen to form new, separate lumens. Both sprouting and intussusceptive angio
leads to increased branching of the capillary network, while capillary regression, or pruning
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1.3 Measurements of skeletal muscle agginesis / capillary regression

The capillary density (CD) is commonly measured to determine the extent of skeletal
muscle perfusion, and is given by the cresstional counting of the total number of capillaries in
a given surface area of muscle. Odoaally, the CD is wrongfully used as a true indicator of
angiogenesis. Since the CD can increase or decrease as a result of muscle atrophy or hypertrophy,
respectively, with no actual capillary growth or regression occurring, it cannot be used as a
measuement of true angiogenesissteadthe CD could be considered a way to appredibted
perfusion to the musclas it reflects the amount of capillaries present in a given surface area of
muscle tissueA true indication of skeletal muscle angiogenesike capillaryto-fiber (C/F) ratio,
which is given by taking the ratio of capillaries to muddbers in a crossectionalarea of a
muscle biopsy. The €E/ratio is not affected by muscle atrophy or hypertrophy, and therefore is a

reliable measuremetd assess skeletal muscle capillarization and angiogenesis.

1.4Exerciseinduced skeletal muscle angiogenesis

The process of skeletal muscle angiogenesis in response to exercise training, termed
exergse-induced angiogenesis, isnaain focus of this dissgation. It is well documented that
exercise training leads to improved blood flow capacity to working muscle gf8bjpsSeveral
mechanisms contribute to establish this exefitidaced adaptation (i.e. increased cardiac output
and arteriogenesis), witmuscle capillarity being an important determinant of the overall blood
flow capacity of the skeletal musclés previously statedhe capillary network matches oxygen
and nutrient delivery to the metabolic needs of muscle cells. Thus, in responseitivgepescle
contractile activity, the capillary network must adapt to the increase in metadawland of active
muscle cell§1]. Angiogenesis, thereforglays a critical role in muscle adaptatito exercise

training[2]. In humans, endurance exerctsaning is a strong driving force for skeletal muscle



angiogenesis, with training programs lasting between 4 to 24 weeks in duration leadi&p% 10
increased muscle capillarity in most ca$d6]. Indeed, it is well documented that aerobic
endurance estcise leads to skeletal muscle angiogenesis in response to numerous exercise
modalities[1]. Aerobic exercise may induce increased muscle capillarization independent of
changes in fiber size, however the cresstional area of muscle fibers typically @ns unaltered

and the changes in capillary density and capitasiiber ratio are unidirectiongB6]. In contrast,

heavy resistance exercise in which skeletal myocytes undergo hypertrophy can lead to decreases
in capillary density, due to increased rlescrosssectional aref37]. Resistance programs that
incorporate higher repetition exercises may prevent such a loss in capillary {&2Sityindeed,

several studies show an increase in the capitlafiber ratio in response to resistance exercise
training, preserving the capillary density and therefore the perfusion of the nji88l€].
Furthermore, a study froiBavin andcolleagueg41] showsthat the response of angalaptive

growth factors are similar in magnitude and timing in responsedstance versus aerobic

exercise.

Exercise capromoteskeletal muscle angiogenesis through several specific mechanisms
that provide stimulus for thgrowth of skeletal muscleapillaries. The physical environment of
the microvasculature is an importalgterminant of whether the capillary network is maintained,
expands, or regresses. Physical forces are always present at the level of the endothelium, and all
blood vessels are exposed to mechanical stimuli from both the surrounding area such as stretch
and muscle contraction and from intravascular stresses such as blood pressure and shear stress
[42]. All of these mechanical forces have the ability to contribute to the formation of new

capillaries in response to exercise.



As stated previously, shear sges a mechanical stress defined as the physical drag
endothelial cells experience as blood rushes past in the vessel [RB)etunlike arterioles,
capillaries lack the ability to regulate their diameter due to the absence of vascular smooth muscle
cells surrounding the vessel. Therefore, the adaptation of the capillary network to shear stress
differs to the process of arteriogenesis. Instead of an enlargement of the vessel, the capillary
network can expand by angiogenesis to allow a greater amount dftbldow through the muscle
tissue due to increased capillary surface area, mainly through intussusceptive vs. sprouting
angiogenesi§42,43] Shear stress is sensed by endothelial cells by mechanotransducers present
on the cell surfaceuch as Gproteins cellmatrix and celcell adhesion molecules, ion channels,
and tyrosine kinases (such as the vascular endothelial growth factor receptor 2 [VEGFRZ2]
[36,44,45] When mechroreceptors sense shear stress they become activatethitaid
downstream sigihimg through mitogen activated protein kinases (MAPKs) and
phosphatidylinositide -Binase(P13K)-Akt signaling[44,45] Shear stress induces alterations in
gene expression by increasing the activity of a number of transcription fastlrding early
growth response protein (Egr-1), activator proteinl (AP-1), specificity protein 1 $pl), and
nuclear factor kapphbght-chainenhancer of activated B cel®F-a B [44,46] that bind to
common promoter regions in target genes termed shear stress responsive elementfAS8RES)
with subsequent expression gifowth factors andnoleculesinvolved in angiogenesis such as
endothelial nitric oxide synthase (eNO®jric oxide (NO) VEGFR2 vascular endothelial growth
factorA (VEGF-A; see following section discussing VE&¥, transforming growth factef
(TGFb ) platelet derived growth factdd (PDGFB), and fibroblast growth facte? (FGF2)

[2,43,44,46,4850].



Skeletal muscle endothelial cells alkso exposed to additional mechanical forces not
present in other tissues due to the contractile properties of muscle #hens.etal [51]
demonstraté in rodents that extirpating the tibialis anterior resultingnicreased stretch and
overload of the synergist muscéxtensor digitorum longused to capillary growth by sprouting
in the overloaded muscle. Indeed, muscle stretch keesisrouting angiogenesis whereas shear
stress favors splitting angiogene$#,43]. Both increased blood floy62,53] and increased
muscle stretch54] have been shown in human models of passive exercise (i.e. no active work
being performed) through motdriven passive flexion and extension on the leg. Passive exercise
has been shawto increase pr@ngiogenic factor expressi¢b2], and while 4 weeks of passive
exercise did not result in overt angiogenesis, a higher proportion of proliferating endothelial cells
were detectefb4], suggesting that passive stretch has the abilityitiate the angiogenic process.

The passive stretch model requires minimal metabolic demand, therefore isolating and
highlighting the importance giurely mechanical forces to the angiogenic process in the skeletal

muscle.

In addition to mechanical forcethe skeletal musclenay experience exercisaduced
local hypoxia, which could serva strong preangiogenic stimulusReduced oxygen levels
available to the muscle tissue is a result of elevated oxygen consumption in the active muscle
compared to restinfp5]. The @ cascade is defined as the transport of oxygen from the air we
breathe to the utilization of oxygen in the mitochondria. This transport system involves the lungs,
heart, vascular circulation, and the muscle tisff}. As oxygen is transporealong this
anatomical pathway, the partial pressure of oxygen)(B®adily declines. The BOf the air we
breathe is approximately 149 mmHg, yet falla® mmHg in lung alveoli, 108imHgin arterial

circulation, 44mmHgon averaget the level of th capillaries, and 3gdhmHginside muscle cells



in humang57]. A bout of exercise strongly alters P@ every point along this pathway, and
results in comparative hypoxia at the level of the myoegtsus resting condition1 response

to maximal knee x@ensor exercisealveolar (120mmHg and arterial (115mmHg PO are
elevateddue to increased respiration, however, the mean capillary (BD5 mmHg) and
intramyocyte PQ(3.1 mmHg) are reducd87,58] It can be appreciated that endothelial cells at
the level of the capillary beperhaps experience mild hypoxia during exer@igemmHg resting
versus 37.5 mmHg during exericsépwever the drop in PCat the level of the myocyte is
profound(34 mmHg resting versus 3.1 mmHg during exercisgjresenting dramatic hypoxic
state compared to re§torrespondinglyit has been reported that myoglobin oxygen saturaion
shiftedfrom ~100% saturation at rest to ~50% saturation during exercise in the hurizé 5j
This alteration in myoglobin saturatiavas observed as rapidly as 30 seconds after the onset of

exercise, and returns to resting values in less than 1 minute of exercise céS8&Rin

The cellular response to hypoxia is largely sensed bytrémescription factohypoxia
inducible factorl (HIF-1) which consists of two subunits, the oxygen sensitive HIBwhich is
stabilized by low cellular oxygen levelsnd rapidly degraded in normokxend the constitutively
active HIF1 f55]. In the hypoxic state, HE U i s st ab i | romathedcytaplasthtos h ut t |
the nucleusvhereit heterodimerizesvith theb s u Bubbsequéntlynteracing with hypoxia
responsive elements (HRE) in target getieg promote increases in oxygen transport such as
VEGF-A (stimulates angiogenesighd erythropoien (EPQ stimulates erythropoiegiswhile
concomitantly upregulating glucose receptors and glycolytic enzjphgs9,60] Indeed Jiang et
al [61] showthat HIF1I U protein accumul ation is attribut :
oxygen levelstimulatedincreased HIFL UIDNA binding in HeLa cellsLocalized muscle hypoxia

is a preangiogenic stimulus, as stabilizationof FIFJ i n a speci fic area of



to increased myocyte expression and release of thangiogenic VEGFA which can serve as a
chemoattractant toward which endothelial cells from existing vessels can migrate in order to form

new capillaries.Indeed, it has been documented that exercise increased HIF pr ot ei n
immediately following and up to 6 hours p@stercisen human skeletal muscleprresponding

to increased VEGHA and EPO mRNA levelf52]. As the adaptation of the muscle to exercise is
established (i.e. exerciseduced angiogenesis), the response of-HIB i s attenuat ed
observed increase in HIF U  ressi@n in response to an acute bout of exercise was lost following

4 weeks of training in human skeletal mug@8]. Interestingly, it has been shown that HIFJ

regulation is possible aside from hypoxic stress by insulin and iAgwdigrowth factorsplatelet

derived growth factor, and epidermal growth factor as well as the activation of the signaling

cascades PI3K/Akt and RAS/ERK1£9,60]

Often, when exercismduced angiogenesis is discussed, we are referring to the outcome,
or the end result, flmwing a period of exercise training when an increased abundance of skeletal
muscle capillaries is visualizetlowever, one single acute bout of exerdiseitselfis a very
strong preangiogenic stimulus, modifying the expression levels of various augiptive factors
and stimulating endothelial cell activation in skeletal muscle. When repeated chronically, such as
during exercise training, these pmagiogenic signals will ultimately lead to the formation of
mature capillaries. These singular acutetbadf exercisenay be consideredh e &édynami ¢ p |
of the angiogenic process. Over time, the expression levels of theseadagiove factors will be
modified as the adaptation to exercise is establigRefdr to figurel.2for a schematic depicting
the possible responses of pemd antiangiogenic molecules in response to a bout of exerase th
would favorcapillary growth, and to figure 1.3 for a schematic depicting the temporal response of

pro-angiogenic factors in response to repeated acute bbeteercise leading to microvascular



adaptionThe f ol | owi n g mdeeutat régolation efrskeietal mesdle afgiogenesis

will provide details regarding the balance between keygmo antiangiogenic factors.
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Figure 1.2 A single bout ofexercise is a powerful stimulus to alter the arayi@ptive balanc
between antiand preangiogenic molecules. In response to a bout of exercise, the angipgenic
balance can be shifted favoring capillary growth by either loweringaagiiogenic factors {1
elevating preangiogenic molecules (2), a combination of both (3), or an increase in both with a
larger elevation in the prangiogenic factors.
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Figure 1.3Singularacute bowt of exercisaarevery strong preangiogenic stimujimodifying the
expression levels of various angedaptive factors and stimulating endothelial cell activatiop in

skeletal muscle. These singular acute bouts of exaragebe consideredh e o6dynami ¢ ph:
the angiogenic proces@ver time, as exercise bouts are repeatednically (exercise training
the capillary network can expand by the process of exeruseed angiogenesis.

1.5 Skeletal muscle capillary regression

Several conditios exist which lead to skeletal muscle capillary loss, including, but not
limited to, muscle disuse, obesity, diabetebronic increases in blood pressuchronic heart
failure or chronic obstructive pulmonary disease (COR3)66]. Researchers have employed
numerous methodologies to induce skeletal muscle capillary regressiomal aradels including
immobilization casting, nerve crushing, hindlimb or whole body suspension and motor nerve
conduction blockagge5,66]. Capillary regression as a product of disuse in hurhasalso been
studied in patients with bedrest, inflammatoryapathies, neurogenic disorders, mitochondrial

myopathies, space flight and peripheral vascular dis¢g8e©ne theory that attempts to explain



capillary regression in the skeletal muscle tissue as a result of disuse is thgmaaire of muscle

cellsto oxygen, termed hyperoxia. Muséileers that are in a state of relative disuse become over
perfused with oxygen, resulting in capillary regression to match the metabolic demands of the
muscle tissue with supply from the microvasculaturersistent hygroxia can lead to
vasoconstriction of arterioles leading to decreased blood flow through capillaries and therefore
oxygen delivery tahe muscle tissue. However, vasoconstriction itself may not be sufficient to
restore proper oxygenation to the musclel eapillary regression is requir¢ghb]. Overall, it is

poorly understood the process through which skeletal muscle capillaries regress in response to
various disease states. Due to the unique nature of each respective pathology, the mechanisms
governing nolecular changes leadingpillary rarefication are vast, and require intensesearch

for each specific disease

Capillary regression as a result of muscle disuse has been widely shown in the literature.
Malek andcolleagueg67] demonstratehe plastity of the skeletal muscle microvasculature in
response to exercise training with subsequent detraining. Rats were subjected to 10 weeks of
treadmill exercise training, which as expected, resulted in increased muscle capillarity in the soleus
and plantas muscles. However, animals that underwent the exercise training but were then
confined to their cages for just 7 days following the exercise period (i.e. detraining) had
significantly lower capillaryto-fiber ratio and capillary density compared to thened group.
These findings highlight the rapidity that capillary regression can occur, as well as demonstrating
that adaptations to exercise stimulus are not permanent and the capillary network adapts rapidly to
the demands of muscle cel&milar findings have been recordbg Huttemann etl [68] as the
C/F ratio was increasddllowing 5 weeks of treadmill trainingn mice plantaris muscle but 14

days detrainingeversed this effecOlenich and colleagug¢89] demonstrated that mice allowed



to exercse voluntarily for 3 weeks underwent exerdisguced angiogenesis with significant
elevations in C/F ratio in the gastrocnemius, plantaris, and soleus muscles, however after just 7
days of detraining muscle capillarity was similar to-fpegning levels Similar findings have been
described in human subjects in response to detraining, as 8 weeks of bicycle ergometer training
led to a 20% increase in C/F ratio and capillary density in the vastus lateralis muscle of subjects,
however 8 weeks of detrainingversed the C/F ratio similar to pexercise levelq70].
Additionally, a 6.3% reduction in capillary densityas observed after 15 days without training in
endurance runnerZ1l]. Muscle disuse has also been demonstrated in rodent models of tail
suspensin which results in hindlimb unloading (mimicking space flight and muscle disuse due to
the removal of natural physical forces and gravity experienced by the suspended nit&kles)
Previous results from our laboratory have shown significant capillargssign in thesoleus

muscle following 9 days of hindlimb unloadifi¢]. Similarly, Wagatsumatal [74] showedhat

10 days of hindlumb unloading led to a 19.5% reduction in the amount of capillaries around a

muscle fiber in the gastrocnemius muscle.

2. Molecular regulation of skeletal muscleangiogenesis

2.1 The angieadaptive balance

In responseéo metabolic andnechanical stresses, the growth of the capillary network is
dependent on the expression level of various molecules that operate to eithessopptimulate
capillary growth.The angieadaptive balance can be defined as the relative abundzsinaty,
and interplay between pr@and antiangiogenic molecules. The growth, or alternatively, the
regression of the skeletal muscle capillary nekwnovolves a shift in the angiadaptive balance
that is determined by alterations in expression of key stimulators and inhibitors of angiogenesis.

Figure 2.1(adapted fron{64]) depicts a norexhaustive list of identified prqstimulators) and



anti (inhibitors) angiogenic molecules, respectiveRegular elevations in the expression of-pro
angiogenic factors, reductions in the expression ofargiogenic factors, or a combination of
both, can lead to expansion of the capillary network in responsainmty (refer tofigure 1.2).

As we can appreciate, tleeexists an extensivatalogue of angiadaptive regulatorgiow do we
determine which factors are the most important for skeletal muscle cap#igulation?By
modulating the expression of suclofains in animal modelsgsearchers have identified kepp

and antiangiogenic factors/EGFA and Thrombospondifl (TSR1) are the most widely studied

pro- and antiangiogenic factors, respectively. It has been extensively demonstratetE GBA

and TSR1 are essential regulators of skeletal muscle angiogenesis, in addition to capillary
regulation in a variety of tissues and orgdmst laboratoryhas established thiite VEGFA/TSP-

1 ratio is a good indicator of the angiogenic microenvironment of skeletal muscle
[64,73,75,76] The VEGFA/TSP-1 ratiois defined as the comparative and relative expression
level betweenVEGFA and TSP1. SinceVEGFA and TSPl represenessentialregulatory
moleculeson either side of the angmdaptive balance, theBGFRA/TSP-1 ratio provides a key
insight into the overall environment favoring either capillary maintenance, growth, or regression.
The following section will provide a background review of the literature describing the regulatory

role of VEGFA and TSP1 in skeletal muscle capillarity.



Anti-Angiogenic Molecules

Angiostatin
Arresten
Antithrombin Ill, prothrombin kringle-2
Canstatin
Chondromodulin
Endorepellin
Ephrins
Endostatin
Fibronectin fragment
Fibulin
Interferons (IFN-a, IFN-y)
Interleukins (IL-6, IL-8, IL-12)
2-Methoxyestradiol
16-kDa Prolactin fragment
Pigment epithelium-derived factor
Platelet factor-4
Soluble Fms-like tyrosine kinase-1 (sFlt-1)
Targeting fibronectin-binding integrins
Thrombospondin-1 and -2
Tissue inhibitors of metalloproteinases
Tumstatin
Vasostatin
Vasohibin-1

8.8

Pro-Angiogenic Molecules

Angiopoietin-1
Angiogenin
Angiomotin
Colony stimulating factors (G-CSF, GM-CSF)
Fibroblast growth factor (aF GF, bFGF)
Epidermal growth factor
Ephrins
Hepatocyte growth factor
Integrins (av 3, avf3 5, a5B 1)
Insulin-like growth factor 1
Matrix metalloproteinases
Nitric oxide synthase
Platelet-derived growth factor
Platelet endothelial cell adhesion molecule 1
Tie-1
Transforming growth factor-f 1
Tumor necrosis factor-a
VE-Cadherin
Vascular endothelial growth factors

e !

Capillary Regression ! ! ! Capillary Formation
Capillary Stabilization - iE

Figure 2.1 Diagram depicting the balance between stimulators and inhibitors of angiogemesis in
the skeletal muscle. The figure lists keyand antangiogenic moleculesdaptedirom [64]

2.2 Vascular endothelial gpwth factorA

VEGF-A is a potent pra@angiogenic factor that is, amongst other functions, responsible for

the growth of capillaries within the skeletal mus®M&GFA has been shown to be important for



both splitting and sprouting angiogenesis in the s&khauscle[77]. VEGFA is expressed by a
number of different cell types including endothelial cettgjofibers, fibroblasts, macrophages,

and satellite cellg7]. Several splice variants MEGFA exist, however in the skeletal muscle, the
VEGF-A 165 isoform is the most abundant physiologically actj8é]. The preangiogenic effect

of VEGF-A occurs by binding to tyrosine kinase receptors includiB§gFA receptor 1 and 2
(VEGRR1 and 2) along with neuropilih which serves as a -teceptor fotVEGFR2, and t is
VEGRFR2 that is the most important for skeletal muscle angiogej8&iBinding of VEGF-A to

its receptors leads to a cascade of intracellular signaling pathways including the activation of
extracellular signal regulated kinase 1ERK1/2) and Aktin endothelial cellsvhich regulatea

variety of cellular processesnportant for angiogenesis such as endothelial cell survival,

proliferation, and gene expressijgi8,79].

VEGFA mRNA and protein expressiaan beincreased in response to an acute béut o
exercise within human skeletal musi@6] andinterstitial VEGFA protein levels are significantly
elevated during and following exercigd]. VEGFA mRNA expression appears to be transiently
elevatedbetween 1 and 6 houduring postexercise restreturning to preexercise levels within
24 hourq36,82,83] Indeed VEGFA mRNA expression was found to be elevatetl dId at the
end of a single exercise bdatrat muscleand remained elevated 4 hours afterwareksirning to
baseline within 8 hours gbexercise[82]. Gavin etal [84] showedthat VEGF mRNA was
significantly elevated in human vastus lateralis both 2 and 4 hours following an acute bout of cycle
ergometer exerciseSimilarly, VEGFA mRNA was increased in human muscle tissue by nearly
two-fold following an acute bout of knesxtension exercisg85]. In accordance with increased
MRNA expression, some studies have shown that VVEG¥otein levels are also elevated

following a bout of exercise in human musf3é], while others havehown nochange at 1 or 2



hours posexercise[87] or even a decrease immediately after an exercise [Bdliin human
skeletal muscleThe differential response of VEGK protein and mRNAIn response to acute
exercisds further discusseith the following paragrdp While theresults describing the response
of VEGF-A protein to an acute bout of exercise apgesnewhatontroversial, studies show that
basal VEGFA protein levels are significantly higher early in an exercise training program at 10
days in human mube[86], and at 7 days in mouse musf#8]. Basal elevations in VEGEK
proteinalso appear to b&ansientas no difference in basal VEG¥protein was observed after 5
weeks of knee extension exercise compared t@xyeecise levels, despite increasedd VEGF

A protein at 10 day89]. Similarly, Hoier and colleagu¢36] have observed no changes in resting
VEGF-A protein following either moderate or high intensity cycling trainiogfour weeksin
humansIn addition to alterations in VEGR expresgn, exercise also triggers elevations in its
receptors. Studies have shown increadEGFR1 andVEGFR2 mRNA2-6 hours posexercise

in human muscle tissuy84,90] This dual ugregulation of VEGFA and its receptors in response

to exercise serves as a rhanism for increased VEGH sensitivity in the skeletal muscle.

The secretion oWEGF-A by skeletal muscle cells is a mechanism through which the
skel et al muscle can regulate itsd own vascul a
thereby impoving oxygen and nutrient delivery to active muscle cAsieviewed in the previous
paragraph, while some studies observe increased Wk @iotein [86], others have shown that
VEGF-A protein levelsdo not necessarily increage human skeletal muscia response to an
acute bout of exercig84]. However, it is well documented thdEGFA concentration in muscle
interstitial space increasf&l] suggesting that the localization and mobilization of VE&IE an
important response to exercistmulus It has been describéd humanghat VEGF-A is stored

in vesicles distributed throughout muscle cdB&], which relocate and accumulate in the



subsarcolemmal region of following exerc[8&]. This shift in subcellular location MEGF-A
vesicles coincidingvith a 5 fold increase in interstitiafEGFA protein following exercise
suggests thalEGF-A is stored within vesicles in muscle cells and it secreted into the extracellular
fluid in response to exercise stimul@]. Interestingly VEGFA mRNA has beeshownonly

be elevated during rest following an exercise 486182-84] yet interstitial VEGF-A protein is
significantly higher early after the onset of exer¢&&91]suggesting that vesicles are jstered

with VEGF-A, and that the elevation MEGFA mRNA following exercise serves to replenish

VEGF-A stores within the muscle cell.

An interestingstudy fromBirot etal [92] showsthatthe expression of VEGRA could be
fiber typespecific. h response to a 90 mingtexercise bout, VEGHRA protein levds were
significantly higher in raplantaris muscle compared to rerercised muscle. Individual fibers
were isolated from whole plantaris muscle, and were identified as either type I, lla, 1Ix, or llb
accordingto the expression of myosin heavy chainfasms. While pooled myofibers from
exercised animals presented a marked increase in VE@RNA compared to contrglonly
type llb fibers had elevated VEGKkexpression when observed individually. Furthermore, not all
fibers expressed VEGK, with type Ib fibers presenting the highest proportion of fibers with
VEGFA mRNA detected. Taken together, this data suggests that \A&ESHnore abundantly
producedby fasttwitch glycolytic fibers that present the largest diameter and have the lowest
oxidative potatial. Due to the metabolic capacity of these fibers, timay experience more
exerciseinduced local hypoxia compared witthcreasinglymore oxidative fibergi.e. type lIx,
lla, or 1), thus leading to significantly more VEGkexpression in response ta acute bout of

exercise.



Although VEGFA is produced and released by various cell types, the importance of
myofiberderived VEGFA is evident in studies where myocyte VE®Fproduction was
genetically deleted. In order to delete VE&FRN the muscle tisue, Tang and colleaguf33]
utilized intramuscular injection of ciecombinase in VEGRIoxP(+/+) mice. VEGFA deletion
resulted in significantly reduced capillatg-fiber ratio €67%) and capillary densityg9%) in the
gastrocnemius four weeks pagjection.Olfert etal [94] demonstratéhat musclespecific VEGF
A deletion in mice led to a 48% decrease in the capitlasfiber ration and a significant reduction
of 39% capillary density in the gastrocnemius muscle. In another eloquent Stely,and
colleagueq95] showedthat while wild-type mice increased capillary density by 59% in the
gastrocnemius muscle, and improved both maximal running speed and time to exhaustion
following a 6 week training period, myocyspecificVEGF-A deletion fully drogated exercise
induced angiogenesis and exercise performarfeerthermore, muscle overloamtuced
angiogenesis was entirely lost in mice with myocyte deletion of VBG#6]. Both the ligand
and the receptor are important for VE@Rnduced angiogenesi asLloyd andcolleagueg97]
have shown in a rodent model that VEGFR2 blockage blunted skeletal muscle angiogenesis in

response to training compared to control animals.

The production of VEGHA by myocytes is often a result of hypoxic and metaboliessir
which are strongly associated with exer¢B®92,98] Indeedhypoxia inducible facted U ¢ H1 F
1 Uiy an important transcriptional regulator of VE@F HIF-1 Uacutely sases low cellular
oxygen levels and can bind to the hypoxia responsive element on the Xg&te and uggulate
the expression OVEGF-A in the skebtal musclg99]. Additionally, bothHIF-1 tand hypoxia
itself also playmportant rolsin VEGFA regulation athe posttranscriptional leveby stabilizing

VEGFA mRNA and promotingnRNA translation[99]. Interestingly, ithas been shown that



Murine Dowle Minute2 (Mdm?2) shuttles from the nucleus to the cytoplasm during hypoxia and
can bind to VEGFA mRNA increasing its stability and translatiam cancer cell§100]. The
Mdm2 molecule is the main focus of this dissertation, and will be discussedgtt ianthe
following section.VEGF-A expression is also regulated by trexgxisome proliferateactivated
receptor gamma coactivatoalpha(PGG1U) [101], andit has been shown that P&lCknockout
mice had up to an 80% reduction in muscle VE&PBrotein which corresponded #©20%
decrease in muscle C/F ratio versus viyide mice[102]. Furthermore, while wildype mice had
significantly more VESFA protein in the quadriceps following a 5 weeks exercise period,
howeverthis exercisénduced effect on VEGHR was lost in the PGQU knockout miceg[102].
PGG1Uappears to regulate expression of VEGREhrough the estrogen related receptor alpha
(ERRU) pathway[103]. The platelederived growth factor (PDGF) has been shown to induce
elevations in VEGFA mRNA expression and protein secretion in cultured human vascular smooth
muscle cells, and that PD@Rduced VEGFA promoter activity was dependent oA [104].
Similarly, Wang etal [105] haveshown that PDGF treatment in porcine aortic endothelial cells
led to dosedependent elevations in VEGFmMRNA, andthat PDGF stimulation led to increased
VEGF-A protein in the conditioned media of cultured enet#i cells. Othertsidiessuggesthat
VEGFA expression could be regulated bgth AP-1 and sirtuinl (SIRT-1) in response to
exerciseas expression of these factors preceded the exémdseed rise in VEGA mRNA in
human skeletal musclB7]. Fnally, AMP-activated protein kinase (AMPK) could regulate
VEGFA expression and protein release from muscle cellsamsitoimidazole4-carboxamide
ribonucleotidg AICAR), a potent stimulator of AMPK activity, significantly elevated both VEGF
A mMRNA and protei secretion in cultured C2C12 myocytes, and that transfection of a dominant

negative AMPK entirely reversed this eff¢t06].



2.3Thrombospondii

Thrombospondifl is awell described endogenoiumhibitor of angiogenesis the skeletal
muscle A number éanti-angiogenic roles for TSP have been identified in relation to endothelial
cells includingthe inhibition ofVEGFA activity and suppression @k bioavailability as well as
indudng endothelial cell apoptosend inhibitingmigration[107]. It has been shown that TSP
can prevent release MEGFA from the extracellular matrix, preventing the mobilization of
VEGFA and decreasing the amountMEGFA bound to its receptef108]. Furthermore, TSP
1 has been shown to bind directyMBGFA, a mebanism which can promo¥#EGF-A clearing
from the extracellular spacagainleading to decreasedEGFA interaction with its receptors
[109,110] Not only can TSR preventVEGF-A interaction with its receptsy TSR1 can also
inhibit the phosphorylatiorfi.e. activation) of theVEGFA receptor 2 YEGFR2, therefore
inhibiting VEGF-A signaling[111]. By binding to its higkaffinity receptor CD47, which is
constitutively associated witVEGFR2 TSR1 can inhibit VEGFR2 phosphorylation and
downstream signatig [112]. Through the activation of several intracellular kinases,-I3mRs
been shown to lead to endothelial cell apoptosis in cultured endothelialldd]s It has been
reported that TSR can inhibit cell cycle progression through bindingvery-low density
lipoprotein receptor (VLDLR) in thenembrane of capillary endothelial ce]kl4]. TSR1 has
also been demonstrated to inhibit endothelial cell migration by binding to CD36, which agrves
one of severalfTSR-1 receptorg115,116] Indeed, TSFL is demonstrably a potent negative
regulator of the skeletal muscle microvasculatasglobal deletion of TSR in miceresulted in
a significantly higher skeletal muscle capillarity that corresponded to a 67% increase in exercise
endurance capacity whenmpared to contro[d17]. An elegant study fromudet and colleagues

[118] shows that chronic (14 days) delivery of AIBIO0, a mimetic of TSR targeting the CD36



receptor, resulted isignificant reductions in the C/F ratio in the gastrocnemius, soland
plantaris muscles of micewhile also suppressing VEGK protein expression in the
gastrocnemius and soleukterestingly, it appears that capillary regression as seen following an
exercise training period with subsequent detraining is not a téseliuced/EGFA expression,

but rather an increase in basal TSBxpressiori72] highlighting the importance of TSP and

the antiangiogenic side dhe angieadaptivebalance to influence capillary losgu8ies that have
investigated skeletal musatepillary loss in detrained muscle following an exercise period show
that capillary rarefication corresponded with increased-IS#otein levels[68,69] despite
elevated/EGF-A levels. Furthermore,w laboratory has shown a model of hindlimb unloadg

that capillary regression occurred in the soleus muscle in combination with a dedfE&ded
A/TSP1 ratio due to elevations in TSPbut no alteratiosiin VEGFA [73]. However, capillary
regression did not occur in the plantaris muscle where-I'®Rpession was unaltered in

combination with elevatedEGF-A.

Interestingly, TSPL expressions elevated following an acute bout of exercisgh this
response being ablated following 3 days of traifiri®]. These findings suggest that the temporal
resporse of key antangiogenic molecules to exercise allows for fine control of the angiogenic
process by potentially initiating angiogenealigng with elevations in prangiogenic molecules
It can behypothesized hat t he angi ogenyadediease ia TSPi0respongen a |
to shortterm training,concomitant with increased VEGKk Similarly, our laboratory has shown
that forkhead box protein O1 (FoxO1), a transcription factor for-T$EF20], is significantly
elevated immediately after (mMRNAnd during rest (NRNA and protein) following an acute bout
of exercise in mic§l21]. However, when animals were trained over the course of 14 days, FoxO1

MRNA and protein expressionaw significantly attenuated, witflSP-1 proteinlevels following

N



the same patterfl121]. Interestingly, he antiangiogenic signal of increased T-3Rexpression

could possiblalsoserve ag naturalangis e gu |l at orfys thdp @ keiogmal - f ol | o
induced angiogenesis. Following an exercise training period gluwvirich the skeletal muscle

capillary network has sufficiently expanded to meet the demands of active muscle cells, no further
capillary growth is necessary. Indeed, Olfert ef1d19] described the reinstatement of TSP
responsiveness to an acute boutxadrcise following an 8 week training period, as FISARNA

increased 3 to 4 foltbllowing exercise in the trained muscle.

Observations regarding TSPtranscriptional control are largely varied and are found to
be cell ard tissue typespecific highlighting the various localized functions T8Rcan serve in
different tissues and contexfi22]. Both the complex assembled on the promoter region of TSP
1 and the promoter regions involved in the expression ofII'8& vary from one cell type to
another[122]. TSR1 transcriptional regulation has been most widely studied in the context of
hyperglycemiaWang etal [123] show that in response to high glucose, the upstream stimulatory
factors (USFs) bind directly to the T9Ppromoter in mesangial cells assebved bychromatin
immunoprecipitation, whileDabir and colleague§l24] identified that the aryl hydrocarbon
receptor (AhR) binds to the TSPpromoter region itmuman aortiendothelial cells imespons
to high glucose exposuréddditionally, apotentally significant rolefor TSP-1 in metabolic
regulationhas beerdemonstratedwith TSP-1 transcriptionfound to beregulated by leptin in
human aortic smooth muscle cell$25]. While no direct transcriptional mechanism was
investigatedNegoescuet al[126] observedncreased TSR protein expression iculturedbovine
adrenocor t i c &datmentdd the<ontexy of thissdisbertatioRSP-1 expression has
been suggested to be under the control of the transcription factor p53 in fibrf#dtand p53

expression was significantly associated with JISIvels in human tumoid28]. In addition,



Roudieret al[120] showthatin primary skeletal muscle microvascular endothelial cElixO1

is a potent stimulator of TSPexpression. The autha@Bow that deletion of FoxO1 in endothelial
cellsled to significant reductions in TSP protein, while overexpression of FoxO1 drastically
increased TSR protein. Furthermore, chromatin immunoprecipitation showed that endogenous

FoxO2ldirectly binds to pomoter regions on TSE.
3. Murine Double Minute-2

It can be appreciated that there exists thpla of angieadaptive molecules that regulate
skeletal muscle capillary maintenance, growth, and regression (refer tolf@uAmongst these,
VEGFA ard TSR1 havebeenclearly identified as essential prand antiangiogenic molecules,
respectively,that togetherinfluence the overall angiogenic microeronment of the skeletal
muscle.As researchers, warive to identify novekignaling pathways andatecules that could
deepen our understanding of skeletal muscle capillary control in response to physiological and
pathological stimuli. The identification of a molecule that could regulate both sides of the angio
adaptive balanc&/€GFA and TSP1), and s indispensable for capillary growth and maintenance
is undeniably intriguingOur laboratory has identified Murine Double Mirl2dMdm2) asan
essential regulator of skeletal muscle arml@ptation.The following sections will provide
background informi@gon onMdmz2including a pioneering study from our laboratory which formed

the foundation of my dissertation research.
3.1Murine Double Minute2: novel regulator of the skeletal muscle capillary network

In 2012, our laboratory published novel findingattdescribe Mdm2 as a key player in
skeletal muscle angigegulation. Transgenibldm2” U " °?fie express 60% less Mdm2 versus

wild-type animalsandpresent asignificant 20% reduction iskeletal muscle capillasat rest



[75]. In addition, while wildtype animals underwent exerciseluced angiogenesis in response

to a training progam,such an adaptive respse was fully abolished in the Mdm2 deficiemte.

In line with this finding, it was shown that total Mdm2 protein levels were found to be significantly
elevated in healthy rodent muscle in response to prolonged exercise tr&uartigermore,
Mdm2” ¥ " °¥ ffce displayed the loss of a physiological response to acute exercise, as an acute
bout of treadmill running induced expression of the-gmgiogenicVEGFA in wild-type mice

but not in MdmZ U ' °¥nfiée.Mdm2 deficiency also led to significaelevations in FoxO1 protein
levels, corresponding with enhanced TEPRrotein expressiornthese key alterations in potent
ani-angiogenic factors could explain the observed skeletal muscle capillary loss that was found to
be independent of p53hese trasgenic animals also had significantly less endothelial cell
outgrowth (cell migration) than wittypes in a 3D muscle explant assay, indicating that Mdm?2 is

essential for the prangiogenic activity of skeletal muscle endothelial cells.

Taken together, #se data identify Mdm2 as an essential regulator of rodent skeletal
muscle angieadaptation, both at rest (capillary maintenance) and in response to prolonged
physical activity (exercisenduced angiogenesidjiowever,the molecular mechanisms through
which Mdm2 exerts this prangiogenic effectemainlargely unknown. It is the scope of my

dissertation research to elucidate the angiogenic function of Mdm2.
3.2 Murine Double Minue-2: relationship with p53

Existing literature has described a famgiogenc role of Mdm2, predominantly in a
pathological context. Mdm2 is an E3 ubiquitin ligase that has implications dunmgur growth
[129]. Indeed, in tumors that overexpress the Mdm2 protein, angiogenesis is indEzGled
Mdmz2 is often considered as ancoprotein as it is most commonly known for its role as the main

negative regulator of the tumor suppressor p53. The p53 protein is a transdapto for many



target genes that exeantrtumor effecs by inducing cell cycle arrestnd apoptosig131].
Interestingly,p53 also promotes ardingiogenic functions in endothelial cells by inhibiting the
cell cycle and inducing apoptosis these cellsit has been shown that p53 can exert-anti
angiogenic effects by inbiting the expression fEGFA in both normal andancer cell$132-

134]. Additionally, p53 has been shown to influence the expression of tharagitigenicTSP-1
[127,135] Mdm2 and p53 bind directly between their respectiveeihinal domains which
promotes translocation of p53 from thecteus into the cytoplasfi36,137] As a transcription
factor, this has important consequences for p53 activity as translocation to the cytoplasm blocks
p53 interaction with its transcriptional machinery. In addition, Mdm2 can ubiquitinate p53 through
its E3 ligase activity located in its-@rminal RINGfinger domain thereby tagging p53 for
proteasomal degradati¢ph37-140]. Therefore, Mdm2 pr@angiogenic activityould be explained

through its ability to negatively regulate pl8pendent antingiogeniactivity.

Mdm2 is often overexpressed in tumors, where it bamd to p53 leading to p53
proteasomal degradation thus acting as a tumorigenic molg@8¢ Due to this pathological
overexpression of Mdm2 and its subsequent effect on p53 abundancetiaityl aurrent anti
cancer strategies aim to inhibit the binding of Mdm2 to p53 in order to restore p53 function in
tumors[139,141143]. The binding pocket between Mdm2 and p53 was identified to be located
on residues Phel9, Trp23 and Leu26 in theishinal of p53 and a hydrophobic cleft in the N
terminal of Mdm2, and a number of synthetic compounds have been shown to bind with higher
affinity than p53 to this region of Mdm2, essentially competing for and blocking p53 binding with
Mdm2 [137]. The firstclass of smid-molecule inhibitors, termedutlins were identified in 2004
by Vassilev et aJ144]. Since, the atlins and their successors have have already undergone phase

1 clinical trials to treat cancers where wilghbe p53 is expressgd37]. Seccieo et al[145]



demonstrated the potent aatigiogenic function of nutl3, as treatment with nuth@ dose
dependentlyprevented angiogenesis mice with a subcutaneous matrigel plughibited the
formation of capillarylike structures in cultured enttelial cells, and significantly inhibited
endothelial cell migrationAs with other antcancer treatmentsheé delivery of nutlins and
associated drugs are often administered systemicalgingconcerns over potential siddfects

in noncancerous tsues, due to their highlyotent antiangiogenic effectg~or this reason, one

very important aim of my dissertation research was to investigate the physiological effect of Mdm2
(in healthy cells and tissues) to highlight the complexity of Mdm2 functiésidmiof the context

of cancer therapy.
3.3Murine Double Minute2: p53-independeneffects

In contrast tats p53dependent effectdm2 may also possess other mechanisms to exert
its pro-angiogenic functioninterestingly previous studies havesdcrited that the pr@angiogenic
effect of Mdm2 mayoweverbe independent of p5Blice overexpressing Mdm?2 display a higher
occurrence of angiosarcoma that is characterized by excessive endothelial cell proliferation
independent of p53146]. Furthermore, outaboratory has shown decredsskeletal muscle
capillarization in mice deficient for Mdm2, independent of the p53 backgi@@&hdvdm2 could
indeed interact with other transcription factors targeting various @uziptive genes. Among
these angi@adaptive molecules ithe preangiogenidVEGFA. It has been siwn that Mdm2 can
promoteVEGF-A expression ttough interaction HIFL Uatranscription factor foWVEGF-A [147-

149]. In additionwe and others hawhow by ceimmunoprecipitation that Mdm2 can birmldand
negatively regulate the transcription fackaxO1[150,151] FoxOlis a transcription factor that
has been shown to promata antiangiogenicenvironment by stimulating the expressiontsf

transcriptional targeTSR-1 [120]. In mice that have hadndothelial cell specific deletion of



FoxO1, the onset of exercig'duced angiogenesis occurred earlier than contfbi&l].
Interestingly,it hasalso beendemonstrated that overexpression of FoxO1 led to a decrease in
VEGFA mRNA levels suggesting FOR1 couldregulatenot only TSP1, but ratheboth sides of
angicadaptive balancg.e. VEGFA and TSP1) [152]. Thus, he role of Mdm2 in the angiogenic
processappears to b/ er y compl ex, suggesting that Md m2
r e g ul aevaval téanseriptionsfactors influencing the angaaptive balance (FoxO1, HIF U ,

p53). These interactions affect both pamdantiangiogenic factorsMEGFA, TSR1), and the
interplay between Mdm2 targets further highlights the complexity of the Miep2ndent
angiogenic procesBosttranslational modifications of the Mdm2 protein, such as phosphorylation
(i.e. on its serine 166 [Serl66]) can enhance interactions between Mdm2 and its downstream
targets, a modification of Mdmz2 that will be reviewedhe following sectionRefer to figure 3.1

for a schematic depicting the dynamic interactions between Mdmz2 and its downstream targets.
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Figure 3.1 Mdm2 can affect both sides of the angidaptive balance by interactions with |its

downstream targets FoxQi53,andHIFL U, | eadi ng t o al t-amgiogahicle x pr e

thrombospondifl (TSR1) and the preangiogenic vascular endothelial growth facto(VEGF-
A). (+) indicates stimulatory and)(indicates inhibitory effects The | et t ecirclel P 0
represents a phosphorylated prot&arl66, serinel66 phosphorylation of Mdm2

3.4Murine Double Minute2: multisite phosphorylation

The Mdm2 protein can be subjected to msite phosphorylation which affects Mdm2
stabilization, activation, ahlocalization(Figure 3.2) [153]. Phosphorylation of Mdm2 on its
serine 166 (fHerl66Mdmz2) is a signal for nuclear translocatidb4], as this phosphorylation
site lies in the Mdm2 nuclear localization sequence (NLS). In addition, it has been shopn that
Serl66Mdmz2 overexpression significantly increa88SGFA expression to a greater extent than
Mdm2 overexpression alofg55]. Another study demonstrated thaBpri66Mdmz2 contributes
to the ability of Mdm2 tonfluence HIFL U p r ot E56} whictewowd result in increased
transcriptional activity toward§EGF-A. p-Serl66Mdm2 has also been shown to be important
for Mdm2 interaction with p53157] since phosphorylation at this site promotes Mdm2 nuclear
translocation where it can promote p53 macl export, ubiquitination, and proteasomal
degradatiorj140,154] In addition, our group has contributed to show that skeletal muscles of rats
subjected to hindimb ischemia by iliac artery ligation led to reduceds@166Mdm2 and a

decreased interactidoetween Mdm2 and FoxO1 proteifs51].
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Figure 3.2 Mdm2 undergoes postanslational modifications by multisite phosphorylati

N,

stimulated by growth factor mediated signaling or DNA damage causing phosphorylation-oy hypo
phosphorylation. Functional dwins on Mdm2 are depicted and include p53 binding domain,

nuclear localization sequen@dLS), nuclear export sequen{dES), acidic domain and the zir|c

and RING finger domains. Specific phosphorylation sites are listed. In response to growt
medided signaling, Mdm2 can be phosphorylated on its serinel66 (shown in red) which lie

n factor
5 in the

nuclear localization sequence, thus favoring Mdm2 shuttling from the cytoplasm into the nucleus

where it can interact with iteeydownstreantargets p53, FoxO1 aélF-1 {adaptedrom[153]).

Interestingly, existing literature suggests there may be a link beME&R-A signaling

and Mdm2 phosphorylation on its serine 186GFA acts onWEGFR2present on the surface of

endothelial cells,subsequentlyactivating @wnstream kinasesignaling pathwaysncluding

mitogenactivated protein kinases (MAPKSYIAPKs are expressed in all eukaryotic cells and

include the flowing kinases: extracellular signal regulated kinase 1/2 (ERK&&pacellular

signatregulated kinas 5 (ERKSY, c-Jun NH-terminal Kinase (JNK)and p38/158]. Figure3.3

depicts the activation pathway responsible for the on9diddiK signaling The initial step is the

activation of a MAP kinase kinase kinase (MAPKKK), which are regulated by mem

brane



recruitment, oligomerization, gghosphorylation leading to the activation of a MAP kinase kinase

(MAPKK) and sequentially a MAP kaseg158]. These signaling cascades can respond to a variety

of factors including environmental stressors and growth factatscan control various cellular

processes includinggene expressiongell proliferation, differentiation,

apoptosigFigure 3.3.
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the phosphorylation of MAP kinase (MAPK). This MAPK activation stimulates
phosplorylation of downstream substrates such as cytosolic proteins and transcription fac
have various biological effects in gene expression, cell proliferation, differentiation, and ap
(+) indicates stimulatory and)(indicates inhibitory effets. The | et t er

represents phosphorylation of a protein.

AP

li
PKKK)
ducing
the
tors that
pptosis.
D 1 n

a



The activation of ERK1/2 is highly dependent on Raf, a MAPKKK for ERK1BD]. Raf can
phosphorylate and activate MEK1 and MEK2, whicle aMAPKKs that stimulatethe
phosphoriation of ERK1/2. This occurs predominantly in response to growth factors such as
insulin [160] epidermal growh factor[161], nerve growth fact@&|[162] or other factors involved

in cell growth and differentiain. ERK1/2 can then asseffects on downseam kinases either in

the cytoplasmsuch as the p90 ribosomal S6 kinase (p90R8Kianslocate to the cell nucleus

to phosphorylate transcription factpich as-#Myc, c-Jun, eFos or ELK1 [163]. ERK1/2 are
known as downstream targets of WYieGFA/VEGFR2signding pathway[164]. While Akt has

been demonstrated to play a main role in phosphorylating Mii522165, it hasbeen suggested
thatERK1/2may be involve as wel[166,167] Since there is no evidence for a direct interaction

of ERK1/2 andMdm2, p90RSKmay be the link for this ERK1/2 effect on Mdm2. p90RSK can
be phosphorylateby ERK1/2[168], and has been shown to phosphorylate Mdmatro [169].
Interestingly, a papdrom Seko andolleague$170] hasshown thaVEGF-A stimulation induce

the activation of MAP kinases and p90RSK in cultured rat cardiac myocytes and fibroblasts.
Furthermore, it has been shown that ERK1/2 can be phosphorylated by acute bouts of exercise
which in combination with elevateWEGFA protein (see previous sectiamn VEGFA in
exerciseinduced angiogenegisurther suggests a potential relationship betweBIGFA and
ERK1/2 activation.Both mouse and ramodels of exercise show an increase in ERK1/2
phosphorylation in the skeletal mus§l$5,171,172] These resudt are paralleled in the skeletal
muscleof both trained and untrained human subjects in response to cycling exer@8ge5],

and bothendurance and resistance exercise were found to be sufficient to induce ERK1/2

activation [164,176,177] Furthermore, dolated rat and mouse skeletal muscles that were



stimulated to contracin vitro underwent significant elevations in ERK1/2 phosphorylation

[168,169,178,179]

4. Type 1 diabetes and skeletal musclaicrovasculature

While Mdm2 is predominantly studied irfnd context of cancer due to its negative
regulation of the tumor suppressor p53, Mdm2 could also play a significant role in other
pathologies affecting the skeletal muscle capillary network, since it isaeay that Mdm2
possessep53-independent functiws. Hyperglycemia has numerous deleterious effects on
endothelial cells and can lead to microvascular complications amtbduidities. Specifically,
type 1 diabetes (T1D) is highly understudied in the context of skeletal ncapdlarization with
very few studies available investigating angidaptation of the skeletal muscle in response to
diabetic hyperglycemia. Indeeskeletal muscle capillaries couddso susceptible to detrimental

adaptations as a result of typeliabetic hyperglycemia.

4.1 Murine Double Minute? in diabetes

Previous results from our laboratory suggest taliéred Mdm2 function maplay an
important role in th@athological adaptaticio diabeteslt was showrthat in Zucker diabetic fatty
(ZDF) rats, a common model of tyy@edicbetes, Mdm2 protein levels are significantly lower than
in lean control$75]. In addition, FoxO1 protein levels were elevated in the ZDF rats compared to
controls. This decrease in Mdm2 and elevated FoxO1 proteins occurred concomitantly with
significant bss of skeletal muscle capillaries. Interestingly, voluntary exercise training in ZDF rats
rescued the loss of capillaries and restored Mdm2 protein levels to that of healthy control animals.
Moving from type2 totype ldiabetes, | have contributed to shior the first time that Mdm2

protein is significantly supressed in the skeletal muscle of streptozanocicedtype 1diabetic



rats compared to nowiabetic controls, coinciding with a significant loss in skeletal muscle
capillaries(see appendix faacademic research paper[580]). Takentogether, it is evident that
Mdm2 is affected by the diabetic state and observed alterations in Mdm2 protein are associated

with decreased skeletal muscle capillarization in diabetic animal models.

4.2 Endothelial dgfunction intype 1diabetes

A seriouscause of endothelial cell dysfunction is persistent and uncontrolled high blood
glucose levels, or hyperglemia, as a result of diabetd@ype 1 diabetes, also known as insulin
dependent diabetes, is a diseasedhatirs in response to both géaend environmental factors
[181]. TIDt r i gger s an autoi mmune r edpvatmmstie isiethat des
Langerhans resulting in loss of insulin production and secretion, leading to high blood glucose
levels (hyperglycemia) and reliance on ggaous insulin administratioid82]. AlthoughT1D
only accounts for roughly-50% of all diabetes cases, it can contribute to as much as 40% of
healthcare costs associated with diabetgs w the early age of onsgt81,182] Therefore,
understanding the alterations in physiological vascular functioning that occlit®iis of great

importance for both the treatment and prevention of dialzstesciated vascular pathology.

Diabetes is associated with both ma@dmicro-vascular complications, which represent
the main causof mortality in individuals withT1D, especially in patients living with tlthsease
for 5 or more year§l83]. Within these patients, retinopathy (eye disease), neuropathy (neural
damage), andephropathy (kidney disease) are the major miascular diseases, evident in small
blood vessels (i.e. capillaries). The causes of vascular complications are complex and varied, and
typically include a combination of prolonged hyperglycemia leadingntiothelial degeneration
or (paradoxically) hypevascularization, alterations in vascular permeabilityd @hanges in

blood pressurgl82]. Diabetic retinopathy, for instance, can be separated into two stages of



development (nosproliferative and prolifeative) and is the leading cause of blindnesadults

aged 2074 yearq4184]. The nonrproliferative phase entails the thickening of the retinal basement
membrane, altering vascular permeability and theeetbe blooeretinal barrier[185]. The
proliferaive phase is defined by the degeneration or occlusion of retinal capillaries, leading to
hypoxia and the subsequent release ofgmmgiogenic factors that induce neovascularization and
the accumulation of fluid within the retina cabuting to visual impament [182]. Another
prevalent disease iRLD is diabetic neuropathy, and is associated with microvascular dysfunction
such as basement membrane thickening and endothelial hyperplasia leading to a hypoxic
environment for neuronal cell$82]. However, reent research suggests that the observed vascular
abnormalities are secondary to neural and glial disorders, and that diabetic neuropathy selectively
targets sensory and autonomic neurons over motor neurons with minimal involvement of the
vascular syster{il82]. Finally, diabetic nephropathy is characterized by a decrease in glomerular
filtration rate and the development of protein|fi&2]. Nephropathy is associated with the onset

of hypertension, and is a major risk factor for the development of avasmlar complications

such as heart attacks astdokes inT1D individuals[186].

4.3 Skeletal muscle angiadaptation in type 1 diabetes

To date, the majority of the literature available on the microvascular complicét@ns
arise in patients with TIiDoc uses on t he tr adi t tinducedIdisedsbesi g t h
retinopathy, neuropathy and nephropathy. Far less research exists describirigchaffects the
skeletal muscle fibres and the skeletal muscle capillary netiarkever, the existing litature
indeed suggests capillary rarefication and alterations in @ugiptive moleculeKiveld and
colleagues[187] demonstratethat T1D induction by streptozotocininjection significantly

decreased mRNA levels YEGFA, VEGF-A receptorl (Flt-1) andVEGFA receptor2 (Flk-1)



in samples of the mouse calf muscle complex (gastrocnemius, soleus and plantaris). In addition to
the T1D-induced dowrregulation of preangiogenic factor expression, mRNA levels of TEP

were significantly higher in diabetic mi@@mpared to healthy controls. Interestingly,-aéek
exercise program partially restored the diabétdsced reduction iIVEGFA mRNA, however

was unable to reverse the increase in -IS€xpression seen in sedentary diabetic mice. In
accordance witWVEGFA mRNA expressionYEGF-A protein levels were significantly lower at

both 3 and 5 weeks following the onset of diabetes in sedentary mice. Exercise training served to
delay the reduction IVEGF-A protein levels, however trained diabetic mice still digpth
significantly lowerVEGF-A protein levels after 5 weeks of training compared to healthy controls.
Interestingly, there was no differencetive capillaryto-fiber ratio between trained diabetic and
untrained diabetic mice, and both groups had a sogmfi reduction in skeletal muscle
capillarization compared to natiabetic controls. SimilarlyWallbergHenricksson et a]188]

report that while healthy male subjects increasedat#pdlary-to-fiber ratio andcapillary density

in the gastrocnemius muscin response to an 8 week endurance exercise training, these effects
were lost in subjects with T1DVhile it has been demonstrated that individuals with type 1
diabetes can benefit from exercise training as seen by increased oxygen uptake and improved
muscle strength, muscle tissue perfusion suffered in diabetics, as capillary growth did not match
exerciseinduced muscle hypertroplj¥89]. Other studies indeed have shown supressed muscle
perfusion in type 1 diabeti¢490,191] which may be a result of amlargement of the capillary
basement membraf&90]. The skeletal muscle may not be the only striated muscle in which the
capillary network is detrimentally affected by diabetes, as it has been shown that coronary

collateral vessel development is impditdabeticscompared to healthy individudl$92].



Taken together, very little research exists examining the impact of type 1 diabetes on the
skeletal muscle microvasculature. However, an intriguing research area enseygetaboratory
has clearly idetified Mdm2 as an essential regulator of skeletal muscle angiogenesis and capillary
maintenance, and have demonstrated that Mdm2 protein levels are sensitive to the diabetic state
corresponding with the loss of skeletal muscle capillaries. Therefore, NMgpears to be an

attractive target to study in the pathological context of type 1 diabetes.



5. OBJECTIVES & HYPOTHESES

The global objective of my research is to elucidate the compi@angiogenicrole of
Mdm2 in both physiological (in respse to exercise) and pathological (in response to disease
states such as diabetes)ntexts Through the implementation of various experimental models
including the investigation of Mdm2 in rodent and human skeletal muscle as vrelpanary
endotheliakell culture, my research aims to deepen our understanding of skeletal muscle capillary

angicadaptation. Specific research aims and hypotheses are presented below:

1) Mdm2 has historically been studied in the context of cancer due to its negative oagofati

p53. However, previous research from our laboratory has suggested an important physiological
role of Mdm2 in healthy tissue such as the skeletal muscle. It was denmshshat Mdm2 is
essential for both capillary maintenance and for exeinhécad angiogenesis to occur in the
skeletal muscle. Furthermore,vitas shown in rodentghat total Mdm2 protein in muscle is
elevated following a prohged exercise training peri¢ds]. My first researctobjective was to
determine whether this specific fimgdj that Mdm2protein levels are increased in response to
trainingcould be translated to human subjetts/pothesizd thatsimilarly to whatwasobserved

in rodens, prolonged exercise training will also increase téidm2 (the human analogue of

Mdm2) protein expression in human skeletal muscle

2) It has been well documented that Mdm2 can undergo-tpostlational modification by
multisite phosphorylatios Specifically, phosphorylating Mdm2 on itserine 166 (f5erl66
Mdmz2), which lies in the Mdm2 melear localization sequencpromotes Mdm2 translocation

from the cytoplasm into the nucleus where it can interact with its key downstream targets p53,

FoxO1 and HIFL Ul.hypothesize thamdm?2 will undergophosphorylation (i.e. activatiorn



response tan acute bout of exercise in rodentldnuman skeletal muscle tissue. Secoain to
determine whether Mdm2 activation could lead to altered binding interactions between Mdm2 and
its downstream target® primary human endothelial cells. Finally, | hypesized thathis
activation of Mdm2by phosphorylationwill have direct effects on the pemgiogenic activity of

thoseendothelial cellgi.e. migration)

3) Previous results from our laboratonydicate thatMdm2 protein level is associated with
capillary loss in a rodent model of tygediabeteg75]. It has beemwidely reported thatype 1
diabetes(T1D) leadsto microvascular pathologwyhile only few studies have shown skeletal
muscle capiliry regression in rodent modelkhose studies that have estigated the effect of
type 1 diabetes on the skeletal muscle microvasculature in animal models have exclusively utilized
the easy and cosftifectiveapproach of chemicalinducingdiabetedy systemicstreptozotocin
(STZ) injection. However, the onset avert hyperglycemia in ST-reated animals is rapid (as
little as 4872 hours following injection) with many potential systemic adverse effects from STZ
itself on various cell types and tissues including skeletal m{i528196]. However, BioBreeding
(BB) diabetic rats spontaneously develop T1D betweeA(b@ays of age, around the time of
puberty, and present characteristics that closely resemble those of human patients i@/ 1D
201]. | thereforehypothesizd that similar to the observed effects a rodent model otype 2
diabetesT1D will lead todownregilation of Mdm2 protein levels BB diabetic ratsAs Mdm2
signaling is highly complex with Mdm2 able to interact vs#veraldownstream targets to affect
both sides of angiadaptive balancd, hypothesized that the downregulation of Mdm2the
diabetic statecould result in altered expression levels of VE&FFoxO1, and TSR. Any
alterations inthesekey angieadaptive molecules coultbntributeto capillary regressiom the

muscle oftype 1 diabeticBB rats
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Scientific context

1 Our laboratory has demonstrated in a rodent model of Mdm2 deficiency that Mdm2
is essential for skeletal muscle capillanpaintenance, exerciseduced
angiogenesis, and the pangiogenic response &m acute bout of exerci§es]

1 Mdm2is considered to be highly oncogenic due to its interaction with p53, however
the loss of capillaries in Mdm2 deficient mice was found to be independent of p53
background

1 Among severabthernovel findings, it was showthat Mdm2 protein levels are
elevated following prolonged exercise training in the skeletal muscle otypéd

rats



1 These findings suggest a physiological role of Mdm2 in the skeletal muscle

Research aims

1 Determine whethethe previous findings that Mn2 protein is elevated following
exercise in rodents could be translated to human skeletal muscle following an

exercise training program

Summary of main findings:

1 In agreeance with rodent modetsjm2 (the human analogue Mfim?2) protein is
elevated in hman skeletal muscléen response to a-@eek exercise training
program

1 The increase in 8m2 was found to be consistent across young and senior subjects,
men and women, and those with varying fitness levels

1 Despte HIm2 being predominantly studied in the o of cancer, we show that
Mdm2is sensitive to thehysiologicalstimulus of exercise training, and may play

an important role in human skeletal muscle Bsyaregulator of angiogenesis
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Abstract

High expression levelsf human double minut2 (Hdm2) are often associatetth increased risk

of cancer. Hdm2 is well established as an oncopragerting various tumorigenic effects.
Conversely, the physiological functions ldfim2 in nontumor cells and healthy tissues remai
largely unknown. Wepreviously demonstrated that exercise training stimulates expression of
murine double minute2 (Mdmz2), the murine analog of Hdm2, in rodent skeletakcle and
Mdm2 was required for exerciseduced muscle angiogenesidere we showedhat exercise
training stimulated the expression of Hdpr@tein in human skeletal muscle from +38% to +81%.
This robust physiologicaksponse was observed ini 80% of the subjects tested, in both young
and senior populations. Similarly, exercise tnagnistimulated the expressioof platelet
endothelial cell adhesion molecdle an indicator of the level ofmuscle capillarization.
Interestingly, a concomitant decrease in the tumor supprdssgdiead box GL (FoxOl)
transcription factor levels did noteurwith training although Mdm2/Hdm2 is known to inhibit
FoxO1 expression idiseased skeletal muscle. This could suggest that Hdm2 has different targets
when stimulated in a physiological context and that exercise training coutbrizdered
therapeutially in the context of cancer in combination with adtim2 drug therapies in order to

preserve Hdm2 physiological functionshealthy tissues.



Introduction

Expression or function of the tumor suppressor p&aBein is statistically altered in about
501 60% of humarcancers (Soussi and Wiman 2007). The E3 ubiquitin ligasene double
minute2 (Mdm?2) is an oncoproteimostly known for its negative regulatory role on p53 function,
inhibiting p53 transcriptional activity, promoting itsuclear export, r&d targeting it for
proteosomal degradatigMarine and Lozano 2010; Li and Lozano 2018)erestingly, Mdm2 is
often overexpressed in humeancers and can also exert some tumorigenic activity independently
of p53 (Marine and Lozano 2010). For exampdm2 activity contributes to enhance cell
proliferationand to suppress the cell cycle arrest and apoptosisgwating various molecules
such as the retinoblaston@otein, E2F transcription factors, p21, or XIAP. Aldddm?2
involvement in promoting tumi@ngiogenesis andflammation has recently emerged through its
implication in vascular endothelial growth factér (VEGFA) proangiogenicand NFjB
proinflammatory signaling (Nieminegt al. 2005; Carroll and Ashcroft 2008; Busuittil et al. 2010;
Thomasow et al. 2012). With such broad and compiexorigenic effects, it is not surprising that
a search in thBubmed database indicates that 90% of Mdet@tedpublications refer to a tumor

context.

Among current artcancer strategies, some aim ittibit Mdm2 function including
downregulating itsexpression level, inhibiting its ubiquitin ligase activignd blocking its
interaction with p53 (Vassilev 2007; &nd Lozano 2013). Clinical trials are even already in place
(http://www.clinicaltrials.gov). Ofmportance, the administratiaf anttMdm2 drugs in animal
models and evem clinical trials is usually performed with systendelivery (Secchiero et al.
2011), raising the unansweregiestion of nomegligible risks of deleterious side effedts

heathy tissues.



Transgenic models have clearly established thatdilktion of Mdm2 is lethal (Toledo
and Wahl 2006)Mendysa et al. (2006) generatdttm2” " " 9 ffdnsgenicmice harboring
knockout and hypomorphic alleles figdldm?2. As a consequence these animals express only 40%
of Mdm2 compared with the wiltype littermatesMdm2” U " ¢ failce show no embryonic

lethality and arerotected against tumoegesis.

We have recently explored further the vascular phenatflee Mdm2°{ " °? fiite and
demonstrated thatldm2 plays a key physiological role in regulating rodskeletal muscle
capillarization. In sedentaidm2” Y " 9 fiite, the level of muscleapillarization was decreased
by 20% (Roudier et al. 2012). Interestingly, whereas proloregeturance training stimulated
Mdm2 proteinexpression and promoted angiogenesis in-tyifee muscles, the growth of new

capillaries was blunted idm2° Y " °¥rfice.

To our knowledge, this is one of very few characterizatmina physiological role for
Mdm2 in an adult antealthy tissue. Skeletal muscles account for about 408Grdjody weight,
ensuring key functions from locomotida metabolic regulation oflycemia. By matching the
blood supply to the metabolic demand of active myofibirs, capillary network is a crucial
determinant ofnuscle function (Egginton 2009). Thus, if inhibitifgilm2 expression or function
in tumor cells is an appealiranti-cance strategy, we can, however, question wé@ild be the
conseqguence of systemic targeting for striamedcles, including respiratory muscles, diaphragm,
skeletal muscles, and cardiac muscle, with an impaettalnfundions such as locomotion, blood

circulation, respirationand metabolic homeostasis.

Exercise training has been established as an effigpeattical, and costless approach to
minimize side effectsf antkcancer therapies in healthy tissues (Mishra &Hl2). In the context

of Mdm2, tie use of rehabilitatingxercise training could therefore be considered in combination



with anttMdm2 drugs to preserve its physiologi¢ahd required) level of expression in healthy

tissues.

Here, we hypothesize that the stimulatory effecexércisetraining on Mdm2 muscle
expression observed indent models will translate into human double miri(eldm?2) protein,

the human analog of the murine Mdm2human skeletal muscle.

Methods

Ethical approval All research protocols conformed to the standasfithelatest revision of the
Declaration of Helsinki and weepproved by local institutions, respectively, the etbaramittee

at the Karolinska Institutet (Stockholi@weden) for the training of young male subjects, and the
ethics committee from Mopellier University Hospital$or the training of the senior population.

Informedwritten consent was obtained from all subjects.

Participants Two populations of subjects were studied. Sixteen sedeyarygy male subjects,
all healthy and without anyedications, were recruited. The subjects did not undegaieegular
sporting activities in the 6 months pritar the 6week training program. These subjects were part
of a larger study involving a total of 24 subjects (Keberal. 2011). Fourteen senisubjects
(seven men anseven women) aged from 50 to 75 years with no dissagdess than 150 min of
moderateto-vigorous physicahctivity per week were recruited (Gouzi et al. 2013). ¢l@cal
characteristics of all subjects including age, badyight, height, body mass index, and peak

oxygenconsumption (V@) are summarized in Table 1.

Exercise training protocolsyoung male subjects performed an incremental cycloergontestic

until exhaustion on an electrically brakegtloergometer (RE 990, Rogimnovation, Vange,



Sweden), following the individualized protocol and accordthe international standards (Ross
2003). Duringthe exercise test, heart rate, ECG, blood pressure, and transcutargges
saturation were monitored. Oxygeansumption\VO2) and carbon dioxide productigh'CO2)
were measured and calculated by bréatibreathanalysis (Sensormedics, Vmax 229, Autobox,
Yorba Linda,CA). Maximal power output was the maximal worklosdstainable, and peak
oxygen consumption (peak VO2) wie mean value during the last 20 sec of the test. At peak
VO2, the respiratory exchange ratio exceeded 1.10 owcathsions. The training protocol
consisted of 24 sessions4#-min cycling endurance exercise, condensed in 6 wéakisfimes

per week atn intensity corresponding to 708bthe pretraining peak VO2 (100% compliance).
Senior subjects performed an incremental cycloergontestantil exhaustion on an electrically
braked cycloergomet€Ergoselect 200P, Ergolyne, Bitz, Germarig)lowing the individualized
protocol and according titne international standards (Ross 2003). Duringetezcise test, heart
rate, ECG, blood pressure, and transcutanemygen saturation were monitored. Oxygen
consumption (VO2) and carbon dioxide product{MCO2) were measured and calculated by
breathbybreath analysis (Sensormedics, Vmax 229, Autoloxba Linda, CA). The ventilatory
threshold was blindlyand independently assessed for each subject by two experienced
practitioners on the basis of noninvasmethodqventilator equivalent and-glope methods), as
recommendedRoss 2003).The training protocol consisted of 20 sessiongl®Mmin cycling
endurance exercise, condensed in 6 wabkse times per week at an intensity corresponding to
thes u b | eentitatdorg threshold, and corresponding6® + 5% of the pretraining peak VO2
(Nici et al. 2006)This intensity was continuously monitored with a cardiofrequeneter. Each

session was completed by 30 noiinstrength building exercisei(80 exercisesyith sets ofl0i



15 repetitions)All training sessions were supervised by an experiectiattian to ensure the

compliance of subjects.

Muscle biopsiesvVastus lateralis muscle biopsies were performed pretraandg24 h after the
last training sessiorsgreviouslydescribed (Hayot et al. 2005; Keller et al. 2011). Musalaples
were dissected free of visible connective tisand fat and the muscle tissue was immediately
frozen inisopentane cooled to freezing point with liquid nitrogand stored at80°C until

analysis.

Western blotting Immunoblotting was carried out on protein extrattesm muscle tissue as
previously described (Milkiewicet al. 2011; Roudier et al. 2012). Proteins were extrdobeal
muscle tissue using a protein lysis bufferteaming 1 mg/mL phenylmethylsulfonyl fluoride, 1
mmol/L Na3vO4, 1 mmol/L NaF (Sigma, Montreal, Canada), dr&d protease inhibitors
(Complete Mini and PhosStagablets from Roche Diagnostics, Laval, Canada). Twen#0 mg

of frozen muscle was mixed at 4%ath lysis buffer (15 volumes of RIPA per mg of muscle). For
eachsample, protein extraxtwere prepared using two stass carbide beads (Retsch, Fisher
Scientific, MontrealCanada) in the Retsch MM400 tissue ly&x 30 pulses/sec, Retsch GmbH,
Haan Germany).Denatured samples (B0 pg/well) were subjected t&6 DSPAGE (sodium
dodecyl sulfate polyacrylamide gelectrophoresis) and blotted onto nitrocellulose (Whatman,
BA95, SigmaAldrich, Oakville, Ontario, Canadanembranes. Quality of the transfevas
confirmed byPonceau S red staining. After blocking with 5%ffae milk at room temperature
for 45 min, the blots wergrobed overnight at 4°C with primary antibodies agdimstfollowing
proteins: endothelial marker platelet endothetiall adheion moleculel (PECAM1) (clone
JC70A, cat. M0823, Dako, Burlington, Ontario, Canat#m2/Hdm2 (clone 2A10, supernatant

from the hybridoma previously described in Chen et al. [199R])khead box @1 (FoxO1)



transcription factor (clon€29H4, cat. #288 Cell Signaling Technology, DanveiMdA), andb-
actin(clone C4, cat. S47778; Santa Cruiotechnologies, CAp-actinwas detected as a loading
control. Proteins were visualized using an enhamteiluminescence procedure (SuperSignal
West Pico,#34080; Thermo Scientific, Nepean, Ontario, CanawfaMillipore Immobilon
#WBKLS0100; Thermo Scientificand a Kodak Imaging station 4000MM Pro. Westblot
images were analyzed with Carestream Molecutzging software. For each population of
subjects samples were randomly loaded on gels includigléorator (i.e., loading of a protein

extract sample composedla pool of all samples) in order to condunter-gel comparisons.

Statistical analysis Analyses were performed using Prism5 softwéBgaphPad). Data are
represented as meaASEM. Twopopuations were considered: young men (n = 16) sewior
subjects (n = 14). The effect of age and exert&@ing on the levels of expression of HdmM2,
PECAM-1, and FoxO1 proteins as well as the peak-Was analyzedising a tweway analysis

of variance (ANDVA) followed by Bonferroni posttests. Results were considered statistically

significant when RD0.05.
Results

Exercise training improves fitness level and increases muscle endothelial cditent
maximal oxygen consumption (peak ¥ds a goodndicator of the cardiovascular fitness level.
Young subjectpresented higher pretraining and posttragnievelsof peak VQ than the seniors
(Table6.1, pretraining49.7+ 1.3 vs. 25.% 1.6 mL kg™ min ! [+93%)], posttraining56.7+ 1.8
vs. 28.6+ 1.6 mL kg™ min 1 [+98%], P < 0.001). Exercise training increased the p&ak
similarly in young and seor subjects (respectively;14% and +11%, P < 0.01Jhe level of
muscle vascularization is considered to bégportant determinant of exercise capacity (Wagner

2010)and we have previously shown that the level of expresditre PECAML protein refécts



the level of rodent skeletahuscle vascularization (Roudier et al. 2009, 20R8presentative
immunoblots for PECAML pre andposttraining expression levels in skeletal muscles froumg
and senior subjects are shown feigure 6.A and B. Following exercise training, PECAM
protein expressiom skeletal muscle was increased in both populati@spectively, by 129% in
young men and 72% in the sengubjects Fig. 6.1C, 1.00+ 0.15 vs. 2.3& 0.34 arbitraryunits

in young men [n = 16]; 1.08 0.14 vs. 1.72t 0.20arbitrary units in senior subjects [n = 14], P <
0.0001) Although the group of young subjects was atdynprised of men, stratified analyses did
not show anyvidence of differences between senior men and wameesults are pooled ass

gender for the senior groudo effect of age was observed between young and ssopoitations.

Hdm?2 protein expression in skeletal muscle increases with exercise training independently
of age Representative immunoblots for Hdm2 paad posttrainingxpression levels in skeletal
muscles from young arsknior subjects are shownBigure 6.2 and B. Hdmzrotein expression
was significantly increased by 38%response to exercise training in young male subjectbyand
81% in the senior populatiofrig. 6.2C, 1.00+ 0.07 vs.1.38+ 0.16 arbitrary units in young men
[n =16];1.00+ 0.11 vs. 1.8% 0.29 in senior subjects [n = 14,= 0.0011). No effect of age or
gender was detectedsspectively, between young and senior populatiosetween seniomen
and senior womenAnalysis of individual Hdm2 variations in response exercise training
revealed similar proportions of Hdm2sponders (i.e., HdAm2 increase posttraining) between

young and senior subjects (respectively, 63% and Fl§o6.2D and E).

Exercise training had no effect on protein expression level of Hdm2 target Hoxéxher
young or senior subjects, exercise training hadignificant effect on FoxO1 protein expression
(Fig. 6.3 young men: 1.0& 0.10 pretraining vs. 1.06 0.16podtraining; senior subjects: 1.G0

0.16 pretraining v€0.98+ 0.16 posttraining).



Discussion

Our study identified exercise training as a stimulatdt#drih2 expression in human skeletal
muscle. This is aobust physiological response that occurs in 7096 of the population
independently of age and gender. It dllsstrates that our previous finding of a stimulatory effect

of exercise training on Mdm2 levels in rodent mus@eslate to humans.

Concomitantly with the increase in HAm2, exertraging dso stimulated the expression
of PECAM-1, agood indicator of the level of endothelial material (Rouéieal. 2009, 2012).
This finding is in line with our previoustudy identifying Mdm2 as an important regulatdr
skeletal muscle capillarization in M®”"°®-° mice and showing that the reduction in Mdm2
expressiomestrained the proliferative and migratory responsskeletal muscle endothelial cells

to the exercise stimuly&oudier et al. 2012).

Demonstrating that exercise stimulus increases Hdm&n levels in human skeletal
muscle might haeimportant clinical consequences. Hdm2 is considerehascoprotein based
on its various tumorigenic functiorasnd particularly its role as the main negative regulatttie
tumor suppressor p53 (Li and Lowa2013) The development of Mdm2/Hdm?2 inhibitors is a very
attractive approach to restore p53 function in cancer aetisto inhibit Mdm2mediated tumor
angiogenesig¢Vassilev 2007; Millard et al. 2011 Li and Lozano 2018)fact, clinical trials are

already under developmef\fassilev 2007; Millard et al. 2011).

The ability to stimulate Hdm2 muscle expression uswtgabilitating exercise training
might thus represent aasy and practical approach to preserve Hdm2 funictiskeletal muscles
from carter patients undergoing atfidm?2 therapy. In particular, Hdm2 response to exercise

training was as strong in the senior population, eqealtgposed of men and women and trained



at a very moderatatensity, as in young male subjects. The abilitthefexercise training stimulus
to increase HdmM2 muscéxpression is therefore independent of the age, the gamdkthe level
of activity of the subjects, which makes twcept of combining antidm?2 cancer therapies with
rehabilitating exercise trainingewy realistic. In line withthis idea, physical activity is known to
improve the overalfuality of life and to decrease fatigue in cancer patigMishra et al. 2012),
whereas most current asg@ncertherapies can unfortunately induced damagesircancer cells
(Ballard-Barbash et al. 2012). Thereforteiggering Hdm2 expression by exercise training in
healthy tissues might have strong antiapoptotic and sumffedts in norcancer cells, protecting

them fromanticancer therapy side effects.

Aside from the context of cancer, Hdm2 could atsepresent a new therapeutic target to
stimulate skeletainuscle angiogenesis in chronic metabolic diseases assowiledapillary
regression such as obesity, diabet@sl limb ischemia. This is consistenthwvitur previousvorks
showing some alterations of Mdm2 expressioaaiivation in rodent models of tyfgediabetes

and limbischemia (Milkiewicz et al. 2011; Roudier et al. 2012).

A balance between proand antiangiogenic factorgightly controls muscle
angioadaptation, that is, tipeocess regulating capillary maintenance, regressiauowth (Olfert
and Birot 2011). Interestingly, Hdm2/Mdm2 could potentially affect both sides of the
angioadaptivebalance. Mdm2 was suggested to enhanceeimeession othe proangiogenic
VEGFA (Nieminen et al.2005; Carroll and Ashcroft 2008). We recently showedkaletal
muscles from Mdm2Puro/DBD9 mice that Mdm2vas indispensable for the increase expression of
VEGF-A in response to acute exercise (Roudier et al. Ra¥Am2 could also contribute to
restrain p5dnediated antiangiogenieffects. For example, p53 stimulates the expreseion

thrombospondifl (TSR1) (Dameron et al. 1994), key antiangiogenic regulator of muscle



angioadaptation(Olfert and Birot 2011). riterestingly, Mdm2 could alsoegulate TSHL
independently of p53. We have shown thiatm2°U%-° mice express higher muscle levels of a
disintegrin and metalloproteinase with thrombospondiatifs 1 (ADAMTS1) expression
(Roudier et al. 2012), arotein enhancing TSR cleavage and promoting iemtiangiogenic

activity (Lee et al. 2006).

Several other angioadaptive molecules might be uti@econtrol of Mdm2 such as the
FoxO1 transcriptioriactor that is known to exert antiangiogenic effédddkiewicz et al. 2011;
Roudier et al. in press) and to begatively regulated by Mdm2 (Fu et al. 2009). FoxOdlss
considered a tumor suppressor (Arden 2007). Interestimghiis study, the increase in Hdm2
expression irrained human skeletal muscle was aocompanied by decrease in FoxO1. This
suggests that an increaseHdm2 in a healthy tissue in response to a physiologitass might

not be associated with an increase imitsogenic function.

In summary, our results showed that Hdm2 expresgiomuman skeletal muscle was
increased in responsedgercise training concomitantly with higher levels of capillarizafidns
observation provides new insight into timechanisms by which physical activity might improve
muscle function. Further studiase required to investigatee underlying mechanisms by which
exercisdraining modulates Hdm2 and its targets. A better understaodlitng molecular events
that regulate Hdm2 imon-pathological versus oncogenic contexts might contriliatehe
develgpment of new antHdmM?2 drugs that amaore efficient and less deleterious to healthy tissues,

andthus limiting potential side effects of these promisang-cancer therapies.
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Figure legends

Figure 6.1 Exercise training increases expression of the endothelial marker platelet endothelial cell
adhesion moleculé (PECAM1) in human skeletal muscle. (A and B) Representative
immunoblots of PECAML protein expression in the vastus lateralis muscle froamg men(A,

n = 16) or senior subjects (B, n = 14) before and after endurance training. C, Densitometric analysis
of PECAM-1 protein expression represented arfatactin was used as a loading control. Data are
presented as meansSEM. The effect of exeise training or age wasonsidered statistically

significant when FD0.05 after tweway ANOVA analysis and Bonferroni posttest.

Figure 6.2Exercise training increases expression of human double rin{llem?2) protein in
human skeletal muscle. (A and Bgpresentativenmunoblots of HAm2 protein expression in the
vastus lateralis muscle from young men (A, n = 16) or senior subjects (B, n = 14) befafieand
endurance training. C, Densitometric analysis of Hdm2 protein expression is represerfied and
actin was used as a loading control. Data presented as meahSEM. The effect of exercise
training or age was considered statistically significant whed (P05 after tweway ANOVA
analysis and Bonferroni posttest. (D and E) Representation of indivelmonses to training for
Hdm2 protein expression in musclgem young (D, n = 16) and senior subjects (E, n = 14).
Individual responses are expressed as raw values (Hdm2 normalfzedtin, topgraph) and in
percentage of change from pretrainingt{om graph). For each population, the percentages of
Hdm2 responders (i.e., subjeb@ving an increased expression of Hdm2 in response to training)

and nonresponders are indicated.

Figure6.3 Forkhead box € (FoxO1) transcription factor expression is affected by exercise
training in human skeletal muscle. (A and Bgpresentative immunoblots of FoxO1 protein

expression in the vastus lateralis muscle of young men (A, n = 16) or senior subjects {Ben =7



and n = 7 women) before and after endurar@@ing. Densitometric analysis of FoxO1 protein
expression is represented dnectin wasused as a loading control. No significant difference was

observed in response to exercise training {ivay ANOVA and Bonferroni posttests).



Table 1. Clinical characteristics of the young and senior populations.

Table 61

Young men (n = 16) Senior subjects (n = 14)
Age (years) 234+ 0.7 61.8+1.7
Height (cm} 1785 = 7.8 170.5 +£ 1.9
Body weight (kg) T3 £25 76.0 +£ 3.0
BMI (kg/m?) 29 +07 260+ 07
Peak VO, (mL min~" kg™") Pretraining Posttraining* Pretraining® Posttraining*"

497 £ 1.3 567 £ 1.8 257 6

286+ 1.6

Data are presented as means & SEM. BMI, body mass index; Peak VO,, maximal oxygen consumption.
Statistical difference between pre- and posttraining conditions: *f < 0.001.
Differences between young and senior subjects: $£ < 0.01.
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Figure 6.3
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Phosphorylation of murine double minute2 on Serl66 is downstream ofEGF-A in
exercised skeletal muscle and regulates primary endothi&l cell migration and FoxO gene
expression
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Scientific context

1 We have shown that Mdmz2 is essential for skeletal muscle capillary maintenance
andfor exerciseinduced angiogenesis occur
1 Mdm2 protein is significantly elevated by exercisaining in both rodent and

human skeletal muscle



9 In addtion to understanding Mdm2 regulation in response to prolonged training, it
is also important o study the role of Mdm2 durin
angiogenic processgcute bout®f exercise

1 Mdm2 can undergo muisite phosphorylation, anghosphoylation of Mdm2 on
its serine 166 residue can lead to nuclear localization and an increasadtioh

with its downstream targets p53, FoxO1, and-#1g100,151,153,155,156]

Research aims

1 Investigate how an acute bout of exercise, representing the dynamic phase of
angiogenesis, affects Mdm2 activity (i.e. phosphorylation)

1 Investigate th@npactof Mdm2phosphorylation on endothelial cell paogiogenic
activity

1 Determine MdmzZdependent molecular signaling that could reguéatdothelial

cell functionality
Summary of main findings:

1 An acute bout of exercise strongly induces bdBEGFA and pSerb6-Mdm?2
protein

1 VEGFA has been identified as a potent stimulator ¢8gp166Mdm2 in the
muscle tissue and in endothelial cells

1 VEGFA-driven endothelial cell migration is dependent on Mdm2 activity

1 Mdm2 phosphorylation on serine 166 leads to an incdeageraction between
Mdm2 and FoxO1l1l with subsequent doevagulation of FoxOl target genes,

namely, TSPL in primary human endothelial cells



9 Ourresults show for the first time that Mdm2 is essential for theapgogenic
effect of VEGF-A, highlighting tle complex and reciprocal relationship existing

between the two molecules
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Abstract

We demonstrated in a previous study thatine double minute (Mdm2 is essential foexercise
inducedskeletal muscle angiogenesis. In the curstatly, we invesigatedthe mechanismshat
regulateMdm?2 activity in response to acute exercise and identified VIAGIS a key stimulator
of Mdm2 phosphorylation on Serl§p-Serl66Mdm?2). VEGFA and pSerl66Mdm2 protein
levels were measured in human and rodent musolgspspecimens after 1 bout of exercise.
VEGFA-dependentMdm2 phosphorylation was demonstrated in vivo nmnice harboring
myofiberspecific deletion of VEGR (mVEGF") and in vitro in primary human and rodent
endothelial cells (ECs). Exercise increase@GFA and p-Serl66Mdm2 protein levels
respectively by 157 and 68% human muscle vs. pexercise levels. Similar resuligere
observed in exercised rodent muscles comparsddentary controls; however, exereisduced
Mdmz2 phosphorylationwas signifcantly attenuated imVEGF" mice. Recombinant VEGA
elevated pSer166Mdm2 by50i 125% and stimulated migration by 33% in ECs whempared
to untreated cells, whereas the Mdm2 antagdiusiin-3a abrogated VEGHriven EC migration.
Finally, overexpressn of a Serl6@Mdm2 phosphorylatiormimetic increased EC migration,
increased Mdm2 téoxO1 binding (+55%), and decreased Foxd@pendengene expression
compared with ECs overexpressing WIOm2. Our results suggest that VE@hkediated Mdm?2

phosphorylatioron Ser166 is a novel proangiogenic pathwathin the skeletal muscle.



Introduction

Angiogenesis is the formation of new capillaries frpre-existing ones, a process that can be
observed undevarious physiologic and pathologic circumstances Ehdurance training is a
well-established illustration gbhysiologic angiogenesis in adult skeletal muscle tig)eA
single bout of exercise represents a strpigsiologic stress for the skeletal muscle, modulating
the expression of praand antiangiogeo moleculesand inducing significant changes in gene
expressionlf this exercise stimulus is repeated persistently fliging daily exercise training, the
balance betweepro- and antiangiogenic factors is shifted towargraangiogenic profile (3)],
ultimately, endothelial cell&ill migrate and assemble into new capillaries. This exparitime
microvascular bed ensures that oxygen nutrient supply is well matched with the metabolic
needs of activenyofibers (2). Several key factonave been igntified as important regulators of
angiogenesidn the adult skeletal muscle, particulatiye proangiogenic VEGR and the

antiangiogenic thrombospondifiSP}1 (3).

In this context, we recently demonstrated that that&Quitin ligase murine double mite
(Mdm)-2 is acritical regulator of capillary maintenance and exergiskicedangiogenesis in
skeletal muscles (4). Usitgansgenic mice with reduced Mdm2 expressiongdemonstrated that
Mdm2 is essential for exerciseduced VEGFA expression, endbelial cell migration,and

traininginduced muscle angiogenesis (4).

Mdm2 was studied primarily for its role as a negategulator of the tumor suppressor
p53, and it may affe@ngiogenesis by inhibiting p&Bependent antiangiogeractivities, suchs
induction of TSP1 expression. It alsmayexertproangiogenic activity independently @b3 (5).
Mice that overexpress Mdm2 have a higher incidence of angiosarcantgye of tumor

characterized by an excesspmliferation of endothelial cells (ECgpdependent otheir p53



status (6). In line with this knowledge, we hal®wn that reduced Mdm2 expression in skeletal
muscleresults in lower levels of capillarization independent of p&@ression (4), whereas p53
knockout without concomitanalteratiom of Mdm2 expression has no effect on muscle
capillarization (7). Aside from p53, Mdm2 interacts wither transcription factors that are
essential for skeletahuscle angiogenesis, such as hypoxia inducible f@ei&)-1Uand forkhead
box O1 (FoxO1). Recent in vitrstudies indicated that Mdm2, when phosphorylate&eri66,
stimulates VEGFA expression through HHEU stabilization(8, 9). Most of these studies were
performed ontumor cells whereMdm2 is amplified or ovexpressedand the physiologic
relevance of such regulatory effectsMdim2 on VEGFA expression remains uncertain. Mdm2
can sense endogenous and exogenous stresses tpasigganslational modifications, such as
site-specific phosphorylatiorthat in tun control Mdm2 activity and recruitment downstream
targets (5, 10). For examplghosphorylation on Serl66 in response to indikmgrowth factor

1 promotes degradation of p53 and HIE stabilization in tumor cells (11). Mdm2 also binds to
FoxOproteins (12). In recent studies, we demonstrated that endoffetial transcription factors
promote an antiangiogenimicroenvironment in skeletal muscle in bogathologic and
physiologic corgxts (13, 14). We havehown that mice harboring an Etected deletion of
FoxO exhibit an earlier onset of exereisduced angiogenesthan do their wiletype (WT)
littermates (14). Imnother study, we showed that phosphorylated Mdn2eoh66 interas with
FoxO1 in the skeletal muscle and endothelial cells (12), suggesting that Mdm2 negatively

regulates FoxO activity.

In the present studywe investigated furthehow one bout of exercise regulatelgldm?2
activity in skeletalmuscle. In oumork, inthe physiologic context of exercise, VE@Fwas an

upstream regulator of Mdm2 phosphorylation on Serip&erl66Mdm2). Taking into



consideration that othestudies have positioned Mdm2 as an upstream regulateiEGFA
expression, we now bring evidenaea more complexelationship between the 2 molecules. We
found thatMdm2 activity was necessary for EC migration in responsxéocise and VEGA
stimulation. Overexpression of a phosphomimdton of p-Serl66Mdm2 (S166BDMdm?2)
promotedEC migration,increased the binding between Mdm2d FoxO1, and decreased gene
expression of hallmarkoxO targets in primary ECs. Altogether, our ressiliggested thafldm?2
activation by phosphorylation on Serl&@d its subsequent impact on FoxO1 targets represent a
novel proangiogenic signaling pathway downstrearWlBGFA in exercised human and rodent

skeletal muscle.

Materials and methods

Exercise protocol and muscle biopsies from human subjexperimentsvere performedfter
informedconsentwvas obtainedrom the subjects and after ethics approval (Karolinska Institutet
2006/123231/1). Five healthy male subjects were included irsthdy. Theirmean (range) age,
height, andveight were 27 (2234) yr, 180 (173187) cm, and 75 (683) kg, respectively. They
were moderately active, which corresponded to a mean (range) maxarygen consumption
(VO2may 0f 48 (41 57) ml/kg/min.The subjects had no history of chronic disease. They performed
60 min of cycle exercise on an electrodynamically loaded cycle ergomaterg the first 20min,
they cycled at 60 rpm atraedian(range) work rate of 125 (10545) W, chosen to correspond to
50% of VOmax after which the work rate was increased to (141 190) W, correspondindo

65% of VO2max for a further 40min. Blood pressure and heart rate were measured every 10min
during exercise. Muscle biopsy samples were obtained by the percutaneedk biopsy
technique fronthe vastus lateralis muscle at restmediately after 60 min of exercise, and after

120 min of recovergfter exercise. All biopsy samples were frozen in liquid nitragen analysis.



Exercise protocols in rodent&nimal experiments were conducted according to the Canadian
Council on Animal Care, and the animal care and use commdteésrk University andWest
Virginia University. Nineweekold female SpraguPawley rats (n = 24; 18200 g) were
purchased from Charles River Laboratories (S@immstant,QC, Canada). Engineering of

myofiberspecific VEGFA deficientmice (M"VEGF") was as described elsewbé5).

After familiarization to treadmill running, the animals perfornaesingle bout of running
exercise on a rodent treadmuihtil exhaustion (4, 15). Plantaris or gastrocnemius muscles were
collected immediately after exercise. The rats performesh@ingexercise at 2530 m/min, at a
10%incline, for 63 90 min (n =8 rats per group)T andmVEGF miceranonthetreadmill at
10 m/min for 10 min with a 10% incline, followed by 15 m/mimtil exhaustion (180 min), as

described previously (15).

Three-dimensional muscle explant assahe 3dimensiona (3D) muscle explant assay was
performedaccording to a published method (4, 13). Muscle explants emabedded in typé
collagen.In some wells, the Mdm2 inhibitor NuthkBa was added to thgeel andmedium with 2%

fetal calf serum (FCS; 1 mM; N628%jgmaAldrich, Oakville, ON, Canada). After 6 d, the 3D
muscleexplants were fixed witl% formalin, and endothelial outgrowtivas detected with
isolectinB4 and tetramethylrhodamine isothiocyan@RITC)-conjugated streptavidin (cat. no.
016:020-084; Jackson ImmunoResearch, West Grove, PA, USA). Imagesacquired with an
invertedmicroscope. The relative numbefr ECs was quantified bgneasuring the intensity of
staining of themajor migration front sarounding themuscle biopsy. The valuatributed to an
animal is the average of @ analyzed biopsgpecimens. Data are represented as staining intensity

(arbitraryunits) per pixel (n = 4 animals per group).



In vitro plantaris biopsy sample incubatioRorty milligrams of muscle were rinsed 3 times in
PBS andDMEM before incubation in DMEM with 2% FCS arsdimulation with increasing
concentrations of recombinaWEGF65 (recCVEGHses, 0i 50 ng/ml; Peprotech, Rocky Hill§J,
USA), or 10% muscle homogenatagpared fronplantaris muscles of sedentary and exercised
rats for 2 h.After muscle lysis with a MM400 tissue lyser (30 pulses/4°&t; Retsch GmbH,
Haan, Germany), they were centrifuged4°C for 15 min at 15,000 g, and the supernatants were
collectedto serve as homogenates. Before muscle homogshatelation, biopsies specimens
were preincubated arot with 200 nM of the VEGHA receptor inhibitor KRN633s¢204379;

Santa Cruz Biotechnology, Dallas, TX, USA).

Cell culture Rat or mouse skeletal muschmicrovascular ECs (SMECs) weisolated from
extensor digitorum longus and tibialis antemouscles and cultured as has been described (12,
13). The cellsvere starved overnight with DMEM containing 1% FCS bef&imulation with

recombinant rat omouse VEGHss, as indicatedh the figure legends (Peprotech).

Primaryhumandermal anchumanadiposemicrovasculaECs(HDMECs and HAMECs,
respectively) were purchased froftienCell Research Laboratories (cat. no. 2000 and 7200,
respectively; Carlsbad, CA,USA). The cells were maintained iBCM (cat. no. 1001)
supplemented with 5%BS (cat. no. 0025)1% EC growth supplement (ECGS; cat. no. 1052),
and antibioticsolution containing 100 U/ml penicillin and 10g/ml streptomycir(cat. no. 0503;
all from ScierCell). HAMECs andHDMECs were starved with ECM containing 1% FBS before

stimulation with recombinant human VEGE(Peprotech).

Generation of WAMdm2 and S166Mdm2 mutant cell lined.entiviruses encoding WMdm?2
(cat. no. 16233; Addgene) onutant S16B-Mdm2 (cat. no. 16234; Addgenelasmids were

generated by subcloning into lentiviral vector with puromysmfection, pLenti CMV/TO Puro



DEST (cat. no. 17293; Addgen@y), and viral particles were produced by transfe@B@RjT cells
with the packaging \e&ors (pLP1, pLP2, and pLP/VSVG) (ViraPower; Thermo Scientific
Invitrogen) and pLentMdm2 or pLenti S116DMdm2. SubconflueitDMECSs in culturewere
infected with one of the lentiviruses. Transduced cells selexted with 219/ml puromycin and
subculturedn endotheliakcell medium (ECM) with Jug/ml puromycin until use in experiments,

generating WIMdm2 and mutant S166ldm2 (S166DMdm2)i overexpressing HDMECSs.

Immunoblot analysisimmunoblot analysis was conducted on protein extracts from rodent
plantarisor gastrocnemius muscles, human vastus latdralpsies, or primary ECs (4, 13). Blots
were probed with the followingrimary antibodies{ Eubulin (cat.no. 2148; Cell Signaling
Technology, Beverly, MA, USA), Mdm2 clone SMP14 -@85; Santa Cruz Bioteciology),
Mdm2 clone 2A10 (4), Mdm2 4B1(Ab-3; Calbiochem, Etobicoke, ON, Canada)S¢rl66
Mdm2 (cat.no. 3521; Cell Signalinfechnology) -aftin (se47778; Sant&ruz Biotechnology),
VEGFA (VG-1; Millipore, Etobicoke, ONCanada), p53 (s6243; Santa fliz Biotechnology),
HIF-1U(NB100-105; Novus Biologicals, Littleton, CO, USA), and Fox(@29H4, catno. 2880;
Cell SignalingTechnology).After incubationwith secondary antibodghorseradish peroxidase
[HRP]-linked antirabbit antibody, cat. no. 7074, C8ignaling Technologyor HRRlinked antt
mouse; cat. no. P0260; DakOBarpinteria, CA, USA), proteins were visualized with enhanced
chemiluminescence (Santa Cruz Biotechnology) on Ima§tagion 4000MM Pro (Carestream
Health, Rochester, NYJSA). Blotswere analyzed with Image 1.62 (National Instituiellealth,

Bethesda, MD, USA) or Carestream software.

ImmunoprecipitationHDMECs overexpressing WT or S1680dm2 were treated witR0 uM
MG132 (F130; Boston Biochem, Cambridge, MA, USA) férh before ci lysis, to block

proteasomal degradation. FoxOldm2, or p53 were immunoprecipitated by overnight



incubationwith the respective primary antibodies (cat. no. 2880; Cell Signadkehnology, and
s¢965 and sd26; Santa Cruz Biotechnologghd Immunocra Optima F IP matrix (sd45043;
Santa Cruz BiotechnologylNormal rabbit (s€2027) or mouse (s2025; both fromSanta Cruz
Biotechnology) 1IgG was used as a spesigscific controlprimary antibody. Cell lysates were
precleared (Immunocru2ptima F precledng matrix; se45060; Santa Cruz Biotechnologynd
incubated overnight with the IP antibadyatrix complexSupernatants were analyzed by Western
blot for FoxO1 (CellSignaling Technology), Mdm2 (clone 4B11, OP143noncommercial
2A10; Calbiochem), p53sc6243; Santa Cruz Biotechnology)r HIF-1U (cat. no. 10€105;

Novus Biologicals).

Boyden chamber migration ass#ssessment of EC migration was performed WADMECS in
theBoyden chamber assay (17). HDMECs were pretreated wittidh& inhibitor Nutlin3a (10
MM) or vehicle for 1 h befordrypsnization and resuspension in ECM with 1% FBS at a
concentratiorof 400 cells/ml. Cell migration was stimulated l®cVEGFes (100 ng/ml). Cells
migrated through an-gm polycarbonatanembrane filter (cat. no. PFB8; Neuro Probe, Inc.,
GaithersburgMD, USA) coated with 5Qg/ml collagen (cat. ncA1043801; Thermo Scientific
Gibco, Grand Island, NY, USA) i0.02M acetic acid (cat. no. 320099; SigiA&drich, St. Louis,
MO, USA). After 4.5 h of migration time, the membrane filter virasd in cold methanol,tained
with 10% Giemsa stain diluted imvater (cat. no. GS500; Signr#ddrich), and mounted on a
microscopeslide. Three independent experiments were perfonvigd4i 6 wells per condition

(with or without recVEGIss and with or without NutliF3a).

To asses the role of {berl66Mdm2 phosphorylation orHDMECs migration, we
performed thd8oyden chamber assay BiIDMECs infected with lentiviruses encoding for either

WT-Mdm2 or S166DMdm2. The bottonthambers were loaded wig8 pl of either ECM with



1% FBS andho ECGS (nestimulationcondition) or ECM supplemented with 10% FBS and 5%
ECGS (stimulation condition). Two separate experiments were performed4i 6 wells per

condition per experiment.

For each experiment, 4 individual fields of view per well weoeinted underxX40

magnification. Results are presented asatrerage of all fields of view.

Statistical analysisStatistical analysewere performedvi t h St ude ntadd2wdy t est
ANOVAs with Prism5 (GraphPad, San Diego, CA, USP9r 1- and 2way ANOVAs, Newman

Keuls multiple comparisomand Bonferroni post hoc tests were used, respectively. Correlation
analyses between variables were performed with nonparar2etiled Pearson correlation with

determination of Pearson r arfdP  00D5 was conslered to be statistically significant.
Results

Exercise stimulates VEGK expression in human and rodent skeletal musdleereas a
single bout of exercise had no effect on ih@&m2 protein level in humarf{g. 7.1A), rat (Fig.
7.1C), andmouse skeletal oscles Fig. 7., G), it strongly stimulateg@-Ser166Mdm2 (Figs.
71AiD and 7.2E, F). The pSerl66Mdm2 level increased significantly (68%) in human
(postexercises. preexercise, 0.6% 0.07 vs. 0.2% 0.18; PO0.05) and by 128% in rat skeletal
muscles (postexerciss. preexercise, 0.5F 0.09 vs. 0.2% 0.05; PO0.05).This phosphorylation
was transient, however, as no significactease was detected at 2 and 4 h after exercise in human
or ratmuscles, repectively Fig. 7.1A1 D). VEGFA protein inresponse to 1 bout of exercise
followed a pattern similar tihat of pSer166Mdm?2 levels. VEGFA protein levels werencreased
by 157% in exercised human biopsy samffesstexercise vs. piexercise, 0.9& 0.18 vs. 0.35

+0.11;P 00.05) and by 45% in rat muscles (postexercise vs. preexedeiée; 0.03 vs. 0.3G



0.02; POO0.05). At 2 h afteexercise, no significant increaseMEGFA was observed ihuman
muscles and the increase in rat samples, althstijlsignificant, wasconsiderably attenuated.
The transienincrease in {Herl66Mdm2 correlated positively with thacrease in VEGRA
protein levels in human skeletal mus¢ig. 7.1E; > = 0.621; PO0.0005). Similar data were
recorded in rat skeletal muscle (data nowatocorrelationslope = 0.062 0.01; ¥ = 0.879; PO

0.001).

Muscle VEGFA expression is essential for Mdm2 phosphorylation in response to exercise

In transgenic mice harboring a mussleecific deletion oVEGFA (mVEGF’), we investigated
whether Mdn2 phosphorylation on Serl66 is dependent on exencthecedexpression of VEGF
A. As has been describgil5), mVEGF" mice expressed less VE@¥Fprotein intheir skeletal
muscle at restHig. 7.2A) and presented a severeduction (257%) in their levelfanuscle
capillarization(Fig. 7.2B). In contrast to theiWT littermates, no significanbcrease in VEGHA
was observed in the mVEGHice after one bout of running exercidéid. 7.2C, D; WT, 0.28+
0.09 at rest vs. 0.57 0.03 after exercise; ©0.05;mVEGF", 0.18+ 0.03 at rest vs. 0.300.05
after exercise; P 0.05).Whereas mVEGF mice expressed slightly more MdrpBtein than did
WT animals at basal levelBify. 7., F;2-way ANOVA, overall effect of genotype, P = 0.0092),
nochangen Mdm?2 protein level was observed after ogit of running exercise in both WT and
mVEGF mice (Fig. 7., F). pSer166Mdm2 protein levels werstrongly increased by exercise
in WT animals Fig. 7.2, G; +71%; 0.14+ 0.03 at rest vs. 0.24 0.02 afterexercise;P 00.05)
but no significant increase was observethMEGF" mice Fig. 7., G; 0.10+ 0.02 at rest vs.
0.18+ 0.03 after exercise; P0.05). Given the effect of thgenotype on total Mdm2 expression,
we analyzed th@-Serl66Mdm2:Mdm2 ratio Fig. 7.H). Whereas this ratiancreased in WT

mice with exercise (+77%; 0.49 0.05 atrest vs. 0.87+ 0.07 after exercise; P 0.05), no



significantchange was detected in mVEGHice (+24%0.33+ 0.05 at rest vs. 0.44.0.08 after
exercise; P> 0.05). VEGFA ddetion in muscle cells therefore stronglgduced the exercise
induced increase inerl66Mdmz2. This finding suggests that VEGK is an upstream regulator

of Mdm2 phosphorylation on Serl166 in exercised sketeteicle.

VEGFA stimulation promotes the psphorylation of Mdm2 on Ser166 in ex vivo skeletal
muscle biopsiesTo confirm that VEGFA could act as an upstreamegulator of Mdm2
phosphorylation, plantaris biopsamples from sedentary rats were incubated in vitro in the
presence of increasing comteations of recVEG#Hs (0i 50 ng/ml) for 2 h Fig. 7.3A, B). VEGF
A stimulatedan increase in4serl66Mdm2 protein levels (vay ANOVA; P < 0.0001). Next,
some samples from sedentaigts were incubated in vitro in the presencel6f muscle
homogenate dhined from sedentary exercised rats. Whereas the stimulation with the exercise
homogenate significantly inducedSer166Mdm2 levels in the plantaris specimeRid. 7.3C;
0.22 + 0.02 sedentary homogenate vs. 08®.02 exercise homogenai2way ANOVA; P O
0.05), this effect was abolishatthe presence of the VEGF receptor inhibK&N933 Fig. 7.3D;
0.25 + 0.02 sedentary homogenateth KRN633 vs. 0.26t 0.04 exercise homogenate with

KRN633).

VEGFA stimulates Mdm2 phosphorylation on Serl166 imary ECsBoth exercise and
VEGFA stimulated the phosphorylatiasf Mdm2 on Ser166 in skeletal muscle. Therefove,
sought to determine whether Ser166 phosphorylatiaars more specdally in the endothelium

of theskeletal muscle.

We incubated primg microvascular ECs isolated fromt skeletal muscles (rSMECs)
with increasing doses of ra¢cVEGHss (0i 100 ng/ml) for 1 h. VEGHA increasedp-Serl66

Mdm2 in rSMECs Fig. 7.4A). We further studiedhe effect of VEGFA stimulation on primary



microvascuar ECs from mSMECs, as well as HAMECs and HDMEEs. 7.4B). One hour of
stimulation with recVEGEes increased the levels ofPerl66Mdm2 by 50, 108, and25% in
MSMECs, HAMECs, and HDMECSs, respectivéhecVEGF165 vs. control: mSMECs, 1.51
0.13vs1.00£0.05; P =0.0234; HAMECs, 2.638).28 vs. 1.0& 0.04; P = 0.0178; and HDMEC:s,
2.25+ 0.5 vs. 1.00+ 0.09; P = 0.0286). No significant change in the leveMalim2 protein

expression was observed in responset¥EGHses stimulation.

Mdm2 inhibitor Ndlin-3a inhibits exercisénduced endothelial outgrowth from skeletal
muscle explantsTo test the hypothesis thetdm2 activity is necessary f@MEC migration in
the context of exercise, we performad ex vivo skeletal muscle explant assay by embedding
plantaris biopsy specimens from sedentaryexetcised rats in a 3D collagen gel in the presence
of Nutlin-3a Fig. 7.5A). Biopsy samples were obtained froine plantaris muscles as presented in
Fig. 7.1 wherepostexercise levels of VEGK and pSerl66Mdm2 protein are both shown to
have increased. A singleout of running exercise strongly increased endothelisjrowth
compared with the sedentary conditidiig; 7.9, C) (+118%; 34.8 2.4 at rest vs. 76.007.6
afterexercise; avay ANOVA; P0O0.000). However, thistimulatory effect was abolished in the
presence olNutlin-3a (24.4+ 1.6 at rest vs. 2283.3 after exercis€Fig. 7.8C, D). No significant
effect of Nutlin3a was observednder resting conditions. These results sugtest Mdm2

activity is necessary for exercisieduced EQmigration in skeletal muscle.

Mdm?2 inhibitor Nutlin3a inhibits VEGFA-induced migration of primary microvascular
ECs Next, we wanted to know whether Mdm2 activity is specificalbgential for VEGA-
induced EC nygration (Fig. 7.69. Incubation with human recVEG§s of HDMECs used inthe
Boyden chamber migration assay efficiently stimuldtelphosphorylation of Mdm2 on Ser166

(Fig. 7.6A; no VEGFA, 1.00+ 0.12 vs. VEGFA treated, 1.83 0.13;P 00.01), whereasotal



Mdm2 protein levels were unalter@ab VEGFA, 1.00+ 0.11 vs. VEGFA treated, 1.03 0.07).
These data served as a control to confirm thatECs subsequently placed into the migration
chambeexhibited an elevated level of$erl66Mdm2 afterrecVEGFssincubation. Endothelial
cell migration wasignificantly enhanced (+33%) with VEGA stimulation(Fig. 7.68; untreated,
100.0+ 1.4% vs. VEGFA stimulation, 133.0+ 2.1%; PO 0.001). However, NutliBa fully
abolishe?!d/EGFAG6s sti mul at ory etfl#i%w.tVEGFH uNullinr3a,402.6 d |
+ 2.0%; P> 0.05).Nutlin-3a treatment had no significant effect on basahti@ation (untreated,

100+ 1.4% vs. Nutlin3a, 964 £ 1.3%; P> 0.05).

In addition, stimulation of HDMECs with 10% FBfd 5%ECGS was used as a standard
positive control foithe Boyden chamber assay, showing an 80% increds€ imigration Fig.
7.6C; untreated, 100.@ 0.1% vs. FBS+ECGS, 181.Gt 2.5%;P 00.001). Nutlir3a partially
inhibited ¢14%) the FBS/ECG$duced migration ofECs (FBS/ECGS, 181.& 2.5% vs.

FBS/ECGS+ Nutlin-3a, 155.Gt 2.0%).

Mdm2 phosphorylation on Serl66 regulates EC migratibm specifically assess the
functional impact of gserl66Mdm2, we generated HDMECSs that overexpressedMdm2 or
S166DMdm2. BothWTFMdm2 and S166EMdm2 showed increased protein expression levels of
Mdm2 vs.levels in noninfected HDMEC$-{g. 7.7A, B; noninfected6.32+ 0.36 vs. WFMdm2,
24.09+ 1.90; +28%; P 00.001and vs. S166EMdm2, 18.41+ 1.24; +191%; PO 0.001).As
expected, the S166BIdm2 showed a loss of reactivitg the antip-Ser166-Mdm2 antibody
detection(Fig. 7.7C). The migratory activity of infected HDMEQGgas evaluated in the Boyden
chamber ssay Fig. 7.D, E). Overexpression of W'Mdm2 did not affect basaHDMEC
migration (noninfected HDMECs 100#R2.3% vs. WFMdm2 95.0+ 3.4%; P> 0.05). In contrast,

overexpression of S166MIdm2 significantly enhancgd38%) the basal migration level (wiht

10



any source o$timulation) (noninfected HDMECs 100#2.3% vs.S166DMdm2 138.0+ 8.4%;
P 00.001). Stimulatiorwith 10% FBS+ 5% ECGS enhanced migration in edlll lines by 95+
8.76% for norinfected HDMECs116+ 4.7638% for WFMdm2, and 275% 4.17% forS166D
Mdmz2, compared with each corresponding nonstimuleeedition (PO0.001). The peentage
of HDMECs migrating under FB$ ECGS stimulation wasignificantly higher in the S166D
Mdm2 cells whercompared with the percentages of both the stimulateunfected and WT
Mdm?2 cells (PO0.001). Thisresult suggests that Mdm2 phosphorylationSer166s essential

for basal and stimulated primary microvasci& migration.

Serl66 phosphorylation enhances Mdm2 binding to FoxOl1l and leads to the down
regulation of FoxO target gene¥/e have shown that the level ofSerl66Mdmz2 correlates
negatively with FoxO1l levels (12). In the current study, wwestigated whether Mdm2
phosphorylation on Serl@®anges the ability of Mdm2 to bind FoxO1 in Widm2and S166D
Mdm2 cells. The amFoxO1 antibody pullediown more Mdm2 in S166BMdm2 cells Fig.
7.8A). The ratio between the levels of Mdm2 and FoxO1 that were coimmunoprecipiaed
higher in S166EMdm2 thanin WT-Mdm2 HDMECs (0.3% 0.02 vs. 0.1& 0.02,respectively).

This finding suggests91% more bindingoetween Mdmand FoxO1 in ECs overexprasgithe
S166DMdm2. No differences were observed in Mdp&3 or Mdm2HIF-1U binding,
respectively, betweedVT-Mdm2- and S166BMdm2-overexpressing cells (Supplemenkad.

7.).

Next, we measured théevel of expression of p27, Sprou8; and TSPLmMRNASs, all
regulated by FoxO in ECs (13, 18 RNA levels of all FoxCiarget genedecreasedignificantly
in S166DMdm2 vs. WFMdm2 cells Fig. 7.8i D): p27mRNA, -34%; 0.92+ 0.07 in WTFMdm?2

vs. 0.64+ 0.03 inS166DMdm2; P = 0.037; TSR mRNA, -46%; 1.20+ 0.05in WT-Mdm?2 vs.



0.65+ 0.07 in S166EMdm2; PO0.0001;and Sprouty2 mRNA,-26%; 1.18+ 0.02 in WT-Mdm2

vs.0.87+ 0.08 in S166BMdm2; P = 0.047.

We also assessed the effect of S1888m2 overexpressioon VEGFA mRNA levels.
VEGF-A is a strongegulator of angiogenesis that can be regulated by Mdf)2and FoxO1 (19,
20). S166BMdm2 cells expresse@duced levels of VEGA mRNA compared with WiMdm2

HDMECs Fig. 7.8&; -20%; WT-Mdm2, 1.17+ 0.02vs. S166BMdm2, 0.94+ 0.06; PO0.006).

We have described the VEGKTSP-1 ratio to be a goodhdicator of the angiogenic
balance in skeletal musc{8, 4). This ratio increased by 56% in S16B@mM2 vs.WT-Mdm2
cells Fig. 7.8; S166Mdm2, 1.53+ 0.130 vs WT-Mdm2, 0.98+ 0.04; PO0.028) suggesting a

shift of the angioadaptive balance toward a more proangiogeoiie in S166BDMdm2 ECs.

VEGFA stimulation affects FoxO target genes and the VEAGFSRL1 ratio in primary
human ECsThe timecourse stimulation of primary HDMECs witecVEGFe5 (100 ng/ml) led
to decreased mRNA expressigirthe FoxO target genes p27 and T5ig. 7.97, B). p27mRNA
expression was affected rapidly (effect of tifRes 0.0039) with a significant decrease at all of the
time points Fig. 7.9; no stimulation(0 h), 1.39+ 0.18 vs. 1 h0.99+ 0.05; PO0.05; 3 h, 0.6&
0.05; PO0.01; and 6 hQ.63+ 0.07; PO0.01). A decrease in TSPmRNA expressiomwas also
observed (effect of time, P = 0.0098¢coming significant at 6 lir{g. 7.B; -48%; no stimulatio

(0 h), 1.14+ 0.07 vs. 6 h, 0.5% 0.04; POO0.01).

The VEGFA mRNA level was significantly wpegulatedwvith recVEGHes stimulation at
all time-points Fig. 7.9C; 1-way ANOVA overall effect, P = 0.0109; no stimulati{dh), 0.71+
0.13 vs. 1 h(+110%),1.49+ 0.13, 3 h (+94%)1.40+ 0.01, and 6 h (+62%), 1.15 0.05;

significantlydifferent from (0 h), R00.05). Combined, the increaseVEGFA and the decrease



in TSR1 resulted in an increas&EGFA:TSP-1 ratio that became significant @& (Fig. 7.D;

+200%;no stimulation (0 h), 0.6# 0.09 vs.6h,1.93£ 0.11; P = 0.006).

Discussion

In our study, Mdm?2 activation by phosphorylationSer166 occurred as a robust response
of the skeletamuscleto acute physical exercise, observable both in rodeshhaman skeletal
muscle. Mdm2 phosphorylation was regulatgdVEGFA and had a strong functional impact on
EC migration. The evidence showed that Mdm2 phosphorylationSer166 modulated the
angioadaptive balance, jparticular the ratio between VEGkxand TSR1, by interactinglirectly
with the transcription factor FoxOl. Altogethewur results identifiedMdm2 as a novel
downstreameffector of VEGFA in the physiologic context of exerciggduced muscle

angiogenesis.

A single bout of exercise increasessule expression arsgcretion of VEGFA, as we and
others have reported (4,21). This effect should increase VEGE&ivation on ECsnd its
downstream signaling, including several kina&y, which in turn are known to regulate Mdm2
Serl66phosphoryléon and its enzymatic activity (10). In ostudy, musclalerived VEGFA
was a key regulator &fldm2 Ser166 phosphorylation. Not only did the exeraiskeicedincrease
in Serl66 phosphorylation of Mdn@osely match the pattern of change in VEG&proteinin
both human and rodent muscles, but this effect wasaddsent in mice deficient in myocyte
VEGF-A. Direct stimulationof cultured ECs with recombinant VEGK provided additional
evidence that Ser166 phosphorylation of Mds2 downstream consequerufe/EGF receptor

activation.



Prior work has identified Mdm2 as an upstream regutHteiEGFA expression in various
cell lines (23). We recently identified Mdm2 as a critical regulator sifeletal muscle
angioadaptatiorhothat rest andliuringexerciseExerciseinduced VEGFA expression in skeletal
muscle was strongly attenuated in mice harborimgdaiced expression of Mdm2, compared to
their exercisedittermate controls (4). This effect occurred independefit t he ani mal s0 p
supporting theconcept that Mdm2 could contribute to microvascutameostasis in a p53

independenmanner and througime regulation of other transcription factors.

Mdmz2 can indeed regulate the activity of other transcrigaotors, suclasHIF-1 (&nd
FoxO (11, 12). VBF-A is a wellestablished target of HIEU(21). Inhibition ofMdm2 activity
by Nutlin-3a or Mdm2knockdown can redudélF-1Ustabilization and VEGH gene expression
(9,24). Phosphorylation of Mdm2 at Ser166 has been demonstoagedhance HIFLU stabilty
and activation undehypoxic conditions (25). Similarly, a phosphomimetic fooh Mdm2
promotes HIFLU-dependent transcription &fEGF-A in response to growth factor stimulation

(26).

A few recent studies have suggested that FoxO protiemsiregulateVEGFA mRNA
(19, 20). The effect of thehosphomimetic Mdm2 on VEGRK expression is preventeoly
overexpression of FoxO1 (26). Our group repotted Mdm2 phosphorylation on Serl66 in ECs
stimulated with growth factors or shear stress increla2-FoxOL interaction and reduces
FoxOl1 proteirlevels (12). We also have observed that overexpresskox@1 causes a reduction
in VEGFA mRNA (20). In thecurrent study, we measured no change in the binding between
Mdm2 and p53 or HIFLUwhen comparing humaprimary microvascular ECs overexpressing
WT-Mdm2 or S166DMdm2. However, more Mdm2 protein was pullddwn with a FoxO1

antibody in S166EMdm2 cells than inWT-Mdm2 cells, suggesting an increased interaction



betweerthese 2 proteing.hus, our data suggest that Fox®Aa more relevant target of Mdm2 in

non-hypoxic ECs.

Although other studies have supported the ideaMuh2 is an upstream regulator of
VEGF-A, in our presentvork VEGFA-dependent phosphorylation of Mdm23#r166 wasn
important mediator of a broad patternpgrbangiogenic signaling within ECs. We have shown
clear evidence that VEGHA-induced phosphorylation of Mdm@n Serl66 is associated with
increased binding to FoxO1 aadeduced transcription of the FoxO targehes Sproutg, p27,
and TSP1 in primary ECs (13, 18). Sprou®is aninhibitor of MAPK signaling, whereas p27
mediates cell cyclarrest (18). TSH is a potent antiangiogenic factor associatét inhibition
of EC migration and proliferatio(iL3).The expression levels of FoxO1 targets T5p27, and
Sprouty2 all were decreased in S168Idm2 cells. We observethat ECs overexpressing
S166DMdm2 exhibited alownregulation of VEGFA mRNA compared with WiMdm2 cells,
which was counter to the expecteffect. Becaus&dmz2 activity has been shown to both down
regulateFoxO and stabilize HHU we hypothesized that constitutigetivation of Mdm2 would
result in enhanced VEGK expression. HoweveMdm2 also exerts posttranscriptiorzantrol
of VEGF-A by interacting with the 8UTR region ofVEGFA mRNA in the cytoplasm, which
increases transcrigtability and leads to increased protein production. Howdvierjnfluence is
enhanced by expression of the nonphosphorylaed of Mdm2, which remains cgplasmic
(27). Thus, prolonged overexpression of S1888m2, which localizes to the nucleus, could have
the effect of reducin/EGFA mRNA stability, which underlies the significaneduction of
VEGFA mRNA observed in these celihen compared to WMdm2 cells. Further investigation
would be needed to determine whether this mechaowurs in response to exerciseluced

phosphorylationOverall, stimulation of primary human microvascular B@# recombinant



VEGFA or expression of S166Mdm2 increased lte angioadaptive/EGFA:TSP-1 ratio,

suggestinghe promotion of a proangiogenic phenotype in these cells.

We examined the role of Serl66 phosphorylation omaigjiatory activity because it is a
key step of the angiogenprocess. Past work indicated tthiae major effect oNutlin-3a on ECs
was inhibition of cell migration rather than cpholiferation or cell survival (28). In the current
study, weused a 3Dex vivo muscle explannodel to demonstrate thakercisedriven skeletal
muscle ECmigration was impairedby Nutlin-3a. This finding suggests that Mdm2 activity is
necessary for exerciseduced endothelial outgrowth amas confirmed in vitro by using human
primary microvasculaéCs. Nutlin3a treatment fully abolished the stimulateffect of VEGF
A, but only partially abolished thesponse induced by serum and ECGS. This result ledlds to
proposal thatMdm2 is a critical downstream effector MEGFA in human primary ECs.
Migratory activity was enhanced cells transduced with S166ldm2, een in theabsence of a
growth factor stimulus, indicating a specifae of Serl166 phosphorylation in the modulation of
EC migration. We have provided evidence that stimulatiorEGS with VEGFA promotes
numerous proangiogenic alteratioms gene expressn that could influence cell migration.
Phosphorylation of Mdm2 at Ser166 also cauitiate rapid changes in migratory phenotype by
directly influencing cell migratory signal pathways, but to daetential mechanisms through

which this might occur reainto be established.

In conclusion, ourfindings represent a major advance aar understanding of the
physiologic regulation of Mdmactivity during exercise by identifying VEGK as an upstream
regulator of Serl66 phosphorylation. Our wadvealed a ovel exercisenduced VEGFA-
Mdm2-FoxO pathway that has the potential to control the angiogamcess in skeletal muscle.

This finding revisits the previouslgstablished relationship betwedidm2 and VEGFA,



suggesting that these 2 molecules interadt wé&chother in a complex and reciprocal manner in
the physiologiamilieu. This study provides a foundation for futuesearch to explore potential
clinical and therapeutiadvantages of modulating Mdm2 angiogenic functioohronic diseases

where skeletl muscle capillarity limitexercise capacity and affects disease prognosis.
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Figure legends

Figure 7.1Physical exercise stimulates VEG¥F expression and Mdm2 phosphorylation in
skeletal muscle. AD) Immunoblots (A,C) and densitometry aysds (B, D) for the {5erl66
Mdm2, Mdm2, and VEGHA in vastus lateralis muscle biopsy specimens fiawalthy human
subjects (A, B; n = 5 subjects) and in plantaris muscles from Sp2awkey rats (C, D; n = 12
animals per group)b-Actin was used as a loading control. Human biopsy specimens were
collected at respre-exercise (pre), immediately afterercise (post), and 2 h after exercise. Rat
muscles were collected from sedentary animals, immediately after exercise, orrekaftese.

Data are means SEM. *P 00.05; **P 00.001 vs. preexercise group, by-tvay ANOVA. E)
Correlation between VEGRA and pSerl66Mdm2 protein levels in rat plantaris muscle (n = 8

animals).

Figure 7.2VEGFA stimulates in vivo Mdm2 phosphorylah on Serl66 in response to 1 bout of
exercise. A) Immunoblots of VEGA in gastrocnemius muscles from WT mice and mice deficient
in VEGF-A expression in skeletal myofibers (mMVEGEb-Actin was useds a loading control.

B) The capillary:fiber ratio wadetermined after isolectin staining in gastrocnemius cross sections
from WT andmVEGF" mice. Data are meaasSEM (n = 7 WT and n = 9 mVEGFmice). ***P
00.001 WT vs. mVEGFE mice. C, E)ilmmunoblots for VEGFA (C) and pSer166Mdm2 and
Mdm2 (E) ingastrocnemius muscles from sedentary (Sed.) and exercised\(Exand mVEGF

" mice. D, F, G) Densitometry analyses for VEGRD), p-Ser166Mdm2 (F), and Mdm2 (G)
from (C, E).b-Actin wasused as a loading control. H) Ratio ofSpr166Mdm2 to Mdm2
guantfications obtained in (F, G). Data are meanSEM (n = 3 5mice/group); 2vay ANOVA

shows an overall effect of VEGA deletion on the protein expression of VEGF# P 00.05; p



Ser166Mdm2, #P O0.05; and the {Ser166Mdm2:Mdm?2 ratio, ##P 00.001. *P 00.05 and

** P (00.01, sedentary vs. exercise WT mice in each genotype.

Figure 7.3VEGF-A stimulates Mdm2 phosphorylation on Serl66 in ex vivo incubated muscle
specimens. A, B) Immunoblot (A) andensitometry analysis (B) of the§erl66Mdmz2 in
responsdo recombinant VEGHA stimulation (recVEGkEss, 0i 50 ng/ml) (n =4 specimens per
condition). PO0.001; *P0O0.01; **P 00.001; ***P 00.0001 vs. no rVEGHR; P 00.01 vs. 50
ng/ml VEGFA, by 1-way ANOVA. C, D) Immunoblot (C) and densitometry analysis (Dp-o
Serl66Mdm2 after stimulation with 10% sedentary exercised muscle homogenate in the
presence of KRN633 inhibitor (200 nM)Actin was used as a loading control. Resultswaeans

+ SEM (n = 6 specimens per condition). €M®.05 vs. sedentary homogsa stimulation, by 2

way ANOVA.

Figure 74 VEGFA stimulates Mdm2 phosphorylation on Serl66 in primary microvascular ECs.
A) Immunoblot and densitometnalysis of pSerl66Mdmz2 in rat SMECs stimulated in vitro
with increasing doses of recVEGE (07 100ng/ml). Meanst SEM arerepresentedb-Actin was

used as a loading control. B) Immunoblots and densitometry analyseSesflMdm?2 and
Mdm2 inprimary mouse SMECs and in human primary HAMECs and HDMECs stimulated with
recVEGRes (100 ng/ml). b-Actin was usedas a loading control. Data ameans+ SEM,
normalized to untreated condition within each group (n = 3 per grou)0*®5 vs.untreated, by

unpairedteStt udent 6 s t

Figure 7.5Nutlin-3a inhibits exercisethduced EC outgrowth in skeletal muscle. A) lllustration
of the 3D muscle exant assay. BRepresentative muscle explant. The intensity of EC staining
was measured between the red line (edge of the muscle biopsyieayellow line (the edge of

the migration front) represented by (b); (a) indicates the muscle biopsy (not inctudeel



guantification). The intensity of fluorescence estimates the quantity of migrated ECs. C)
Representative pictures of EC outgrovitbm sedentary and exercised rat plantaris specimens
embedded in collagen gel in the presence or absence of-RatlinuM). Endothelial cells were
detected by staining with TRITConjugated isolectiB4. D) Quantification of EC outgrowth.
Data aremeanst SEM (2 experiments, each with n = 4 specimens treated with 13atland n =

6 untreated). P = 0.0008:vzay ANOVA indicates an interaction between the effects of Ni3#in

and exercise stimulation. ***P0.001 vs. specimens from sedentary veithout Nutlin-3a, by

NewmanKeuls multiplecomparisons test.

Figure 7.6 Nutlin-3a inhibits VEGFA-induced EC migration in vitro. A) Representative
immunoblots and densitometry analysepmitein levels for Mdm2p)-Serl66Mdmz2, andb-actin

in HDMECs in response to stimulation with recVE&100 ng/ml).b-Actin was used as a
loading control. Data are meaAsSEM, normalized to untreated group (n = 3 for untreated and n
= 4 forrecVEGHgestreated). **PO0.01 vs. utreated. B) Representative pictures and data analysis
of the Boyden chamber migrati@ssay with HDMECs in response to recVE&sK100 ng/ml)
stimulation, with or without the Mdm2 functional inhibitor Nutda (10 uM). Data are means

SEM from 3 indepetlent experiments, each of them with 6 migration wells/condition, 4 cell
counts/well. Data for each condition are normalized to theedEGHRes, no-Nutlin-3a condition.
Both VEGF (PO0.0001) and NutlirBa treatment (®0.0001) had an overall effect, bywy
ANOVA and post hoc comparison. **P0.001 vs. all other condition§) Same as in (B) by
replacing recVEGHes by a stimulation with 10% FBS and 5% ECGS. Both VEGPOE0001)

and Nutlin3a treatment (PO 0.0001) had an overall effect;vzay ANOVA and post hoc
comparison. **P00.001 vs. nonstimulation in eache s pe ct i v e O&0OM mbinudtlin 0 n ;

3a stimulation vs. nutli3a stimulation.

AF



Figure 7.7Mdm2 phosphorylatioron Serl66 stimulates EC migration. A, B) Representative
immunoblots (A) and densitometgnalyses (B) for the protein expression level of Mdm2 in
HDMECSs overexpressing WiMdm2. Noninfected cells served as contrélg\ctin was used as

a loading control. Da are means SEM vs. noninfected (n = 5 experiments/cell line). **€P
0.001; #P O0.05 vs.S166DMdm2, by tway ANOVA. C) Representative immunoblots for the
protein level of pSerl66Mdm2 in HDMECs overexpressing-Serl66DMdm2. Noninfected
cells servd as controlsb-Actin was used as a loading control. D) Representative micrographs of
cellsdescribed in (A), after migration in the Boyden chamber assay in response to stimulation with
10% FBS+ 5% ECGS. E)Quantification of the migration shown in (B)ad are means SEM

from 2 independent experiments (n F64wells percondition). Noninfected, WAMdmz2, and
S166DMdm2; 4 cell counts/well. Onway ANOVA, significantly different from theno-
stimulation condition in each cell type. *00.001, vs. othecell types under similar stimulation

conditions. #° 00.05,###P 00.001, 1% FBS vs. 10%BS/ 5% EGGS.

Figure 7.8Phosphorylation on Serl&8hanced Mdm2 binding to FoxO1 leading to the down
regulation of FoxO target genes. Ajter immunoprecipitatior{IP) of FoxO1 in WFMdm2 and
S166DMdm2 HDMECs treated with MG132, levels of FoxO1 adm2 were measured by
immunoblot analysis in wholeell lysate (input) and in the IP products. Normal rabbit IgG was

used as control. The Mdm2;FoxO1 ratio expressaedaw values and as fold change in Mdm2

protein intensity between WWidm2 andS166DMdm2 HDMECSs is indicated. Data are means

SEM (n = 2 per group). P 00.05, WFMdm2 vs. S166EMdm2,byu npai r ed Stiudent 0 s
E) mRNA levels for p27 (B), TSR (C), sprouty2 (D), and VEGFA (E) in WT-Mdm2 and

S166DMdmZ2cells, relative to the HPRT housekeeping gene. F) VMBAFSP-1 ratio mRNA in



WT-Mdm2 and S166EMdm2 cells. B F) Data are means SEM (n = 6 per group). *P 00.01;

*** P00.001 WFMdm2 vs. SI66EMd m2, by unpaired Student 6s

Figure 7.9VEGFA stimulation affects FoxO target genes and the VEEGFSP-1 ratio in primary
human ECs. HDMECs wergimulated with recVEGEes (100 ng/ml) for 1, 3, and 6 h. mRNA
levels were measured for p27 (A), T8¥B), VEGFA (C), andVEGFA:TSP-1 ratio (D) relative
to HPRT housekeeping gene expression. Data are méal! (n = 3). Onavay ANOVA shows
an overall effecof VEGFA stimulation on the mRNA expression of p27 (P = 0.0039),-T$P
= 0.0099), VEGFA (P = 0.0109)and VEGFA/TSP-1 ratio (P = 0.0063). P ©0.05 and **P O

0.01 vs. nonstimulated (0).
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Figure 7.3
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Figure 74
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Figure 7.6
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Figure 7.7
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Scientific context

1 We have identified/EGFA as an important stimulator of Mdm2 phosphorylation
on its serine 166

1 This activation of Mdm2 enhances endothelial cell migration and increased
interactionbetween Mdmz2 and FoxOl1, resulting in the dewgulation of TSPL

1 Itis unclear which molecular signaling pathway(s) could be regulatif@F~A-

driven Mdm2 phosphorylation



1 On the surface of endothelial ceNE&EGF-A acts on its recepta&fEGFA receptor
2 (VEGFR2 [202], initiating a series of intracellular signaling cascades leading to
several presurvival and preangiogenic outcomg203]

1 Conveying thisVEGFA-dependent signaling are intracellular kinases that have
been shown to be activated (i.e. phosplated) by bothVEGFA and exercise

1 Previous research suggests that Akt, extracellular signal related kinases 1/2
(ERK1/2) and p90 ribosomal s6 kinase (p90RSK) can directly or indirectly induce
Mdmz2 phosphorylation on its serine 166, and that these kihasesbeen shown

to be responsive tdEGFA signaling and exercise

Research aims

1 Determine whiclkinase(s) are involved MEGFA-driven Mdm2 phosphorylation
in primary humarendothelial cells

1 Utilize a timecourse stimulation of recombinaMEGF-A (recVEGFA) protein in
primary human endothelial cells with and without kirapecific pharmacological

inhibitors
Summary of main findings:

1 Time-course stimulation of primary human endothelial cells witVE6F-A led
to increase&/ EGFR2 Mdm2, Akt, ERK1/2, angp90RSK phosphorylation

1 Following treatment withVEGFA protein, inhibition of Akt phosphorylation by
wortmannin treatment resulted in further Mdm2 phosphorylation

1 Pharmacological inhibition of ERK1/2 and p90RSK led to significant attenuation

of Mdm2 phosporylation in response MEGFA stimulation



1 VEGFA-driven Mdm2 phosphorylation on its serine 166 is dependent on the

ERK1/2p90RSK signaling pathway in human endothelial cells
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Abstract

Murine Double Minute2 (Mdm2) has been identified as an essential regulator of skeletal muscle
angiogenesis and the pamgiogenic activity of endotheliaklis. We have recently demonstrated
thatthe preangiogenic Vascular Endothelial Growth Faefgo(VEGF-A) is a potent upstream
regulator ofMdm2 phosphorylation on its Serine 166§pr166Mdm2), a protein modification
leading to an increase endothelialcell migration. Here, we investigated the kinase signaling
pathways that could beesponsible for mediating VEGK-dependent Mdm2 phosphorylation.
Incubation of primary humadermal microvascular endothelial cells with recombinant VEEGF
for 15 min led tdncreased phosphorylatidevels of VEGFreceptor2, Mdm2, Akt, Extracellular
SignatRegulated Kinase 1/2 (ERK1/2and p90 Ribosomal S6 Kinase (p90RSK) proteins. In
addition to being linked to VEGRA signaling, Akt,ERK1/2 and p90RSK have been shown to
potentially lead to Mdm2 phosphorylation. We therefore raxlyzed which of these kinases
could be responsible for VEG&-dependent Mdm2 phosphorylation &erine 166 by using
kinasespecific pharmacological inhibitors. Inhibition of ERK1/2 phosphorytatily UO126
entirely abrogated the response ofS@rl66Mdm2 to VEGFA treatment, while Akt
phosphorylationnhibition by wortmannin led to further elevations i¥Sprl66Mdm2. p9ORSK
has been identifieds a potential candidate downstream of ERK1/2 thatdcommduce Mdm?2
Serl66 phosphorylatiom.wo independent p90RSK inhibitors, FMK and-B1870, each led to
an entire loss of {erl66Mdm2 responsiveness to VEGk Taken together, our results
demonstrate that VEGR driven Mdm2 phosphorylatioron Serl66 isdependent on the
ERK1/2/p90RSK signaling pathway in primary humamdothelial cells, furthering our
understanding of the complex relationship between Mdm2 and VAG@¥F a physiological

context.



Introduction

The E3 ubiquitin ligase Murine Double Mind2e(Mdm?2) ismainly known for its role as
a negative regulator of the tumsuppressor p53. Interestingly, recent studies have shown that
Mdm2 could also be considered as a crucial regulator of angiogeresibe growth of blood
capillaries, under patholazal (cancer) [13] or physiological (exercise) {8] situationsWe have
recently demonstrated in vivo that Mdm2 expression level in raadesiétal muscle was indeed
indispensable both for the maintenanéestablished capillaries as well as for exeraiskiced
angiogenesis [4]. The level of Mdm2 activity has also signifidamtlications within the
endothelial cell, regulating cefiroliferation [7], migration [6,7] and tube formation [7], three

major cell activities required during the angiogenic pssce

The Vascular Endothelial Growth Fact@(VEGF-A) is a potenpro-angiogenic molecule
that similarly to Mdm2 has beatemonstrated to be required in the skeletal muscle for capillary
maintenance as well as exereisduced angiogenesis [8]. Mdnt2as ben identified as an
upstream regulator of VEGE expressiorthrough interactions with its downstream target hypoxia
induciblefactor1U(HIF-1U), awell-established transcription factor for VE@H9-11]. We have
recently revisited this MAm¥EGF-A relationship, providing novel evidence that in addition to
Mdm2 being arupstream regulator of VEGA expression, VEGA also acts as anpstream
regulator of Mdm2 phosphorylation on its Serine 16&166Mdm?2) [6]. This site of Mdm2
phosphorylation lies in #nuclear localization sequence of Mdm2, and promotes the translocation
of Mdm2 from the cytoplasm to the nucleus where it ice@ract with its downstream targets
[12].We have shown that orsengle bout of exercise leads to a significant increase inrtiteip
expression levels of VEGR and pSerl66Mdm2 in both rodenand human skeletal muscle,

however this responseas impaired irmyofibre-specific VEGFA knockout mice [6]. Using an



in vitro approach to explore this relationship specifically in endatheells, we demonstrated that
recombinant VEGHA (recVEGFA) protein indeed stimulates Mdm2 phosphorylation on Ser166,
a modification that enhances the migratory activity of primary hueradothelial cells [6]. The
importance of this phosphorylatisrte in stimulating endothelial cell migration was confirmed by
generating an endothelial cell line expressing a phespheetic form of p-Serl66Mdm2 [6].
Interestingly, the stimulatory effecf recVEGFA on cell migration was lost when treating the
cellswith the Mdm2 antagonist NuthBa, indicating that Mdm2 activitig required for the pro

angiogenic activity of human endothelgalls in response to VEGA.

Here, we aimed to identify the kinase(s) involved in VE&Rediatedphosphorylation
of Mdm2 on ®r166 in primary humamicrovascular endothelial cells. We focused on the main
kinasespreviously shown in the literature to be activated by VEG§ignaling and exercise that

have also been identified as upstreaagulators of Mdm2 phosphorylation on S8l

Materials and methods

Cell culture Primary human dermal microvascular endothelial (¢IBMECSs) were purchased
from ScienCell Research Laboratori@sat. no. 2000; Carlsbad, CA, USA). The cells were
maintained, apreviously described [6], in ECM (tano. 1001) supplemented wii FBS (cat.
no. 0025), 1% endothelial cell growth supplem@€GS; cat. no. 1052), and antibiotic solution
containing 100 U/mpenicillin and 100 mg/ml streptomycin (cat. no. 0503; all friéarenCell).
For VEGFA stimulation time-course experiment§DMECs were starved overnight with ECM
containing 1% FB®efore stimulation with recombinant human VEGK#10020; Peprotech,
Rocky Hill, NJ, USA) for the indicated lengths of time. Fararmacological kinase inhibitor

experimets, cells were starveavernight then préreated for 1 h with wortmannin (#9951; Cell



Signaling Technology), UO126 (#9903; Cell Signaling TechnoloBy)D1870 (BML-EI407-
0001; Enzo Life Sciences, Farmingdale, NOSA), or FMK (#1848; Axon MedChem, Reston

VA, USA), respectivelybefore stimulation with recombinant human VE&FRFor 5 min.

Western blottinglmmunoblotting was carried out on protein extracts from prirhargan dermal
microvascular endothelial cells as previouwsdgcribed [6]. Denatured satep (20 mg/well) were
subjected t&DSPAGE (sodium dodecyl sulfate polyacrylamide gel electrophorasdplotted
onto nitrocellulose (Whatman, BA95, Sigmddrich, Oakville, Ontario, Canada) membranes.
Quiality of thetransfer was confirmed by Ponceauef staining. After blockingvith 5% fatfree
milk at room temperature for 45 min, the blatere probed overnight at’@ with primary
antibodies against thiellowing proteins: pSerl66Mdm2 (#3521), Akt (#9272), pser4-Akt
(#4058), ERK1/2 (#4695),-phr202/Tyr204ERK1/2 (#4370), RSK1/2/3 (#9355),-per380
P9ORSK (#9335),{Tyr1175VEGFR?2 (#3770) ant/b-tubulin (#2148) were from Cell Signaling
Technology (Beverly,MA, USA)Mdm2 clone SMP14 (s865) andb-actin(sc47778) were from
Santa Cruz BiotechnolggSanta CruzCA, USA). After incubation with the secondary antibodies
HRP-linked anttmouse antibody (cat. no. P0260; Dako, Carpinté&ia, USA) or HRRlinked
antirabbit antibody (#7074; Cell Signalingproteins were visualized with enhanced
chemilumirescence (Milliporedn Imaging Station 4000 MM Pro (Carestream He&tichester,
NY, USA) or on Xray film (CL-XPosure Film; prod. n®4090; Thermo Scientific, Rockford, IL,

USA). Blots were analyzedith Carestream software.

Statistical analysisStatigical analyses were performed withahd 2way ANOVAswith Prism5
(GraphPad, San Diego, CA, USA). For &nd 2way ANOVAs, NewmanKeuls multiple
comparison and Bonferropbst hoc tests were used, respectivel(d@?05 was considered t®

statisticallysignificant.



Results and discussion

The VEGFreceptor 2 (VEGFR2) is key to initiate VEG%dependentintracellular
signaling pathways [13]. Tyr1175 is a may#GFA-dependent autophosphorylation site present
on VEGFR2 that initiates a variety of cellularocesses includingascular permeability, cell
survival and proliferation [14]. Therefone, order to identify the kinase(s) that could link VEGF
A to p-Serl66Mdm2, we first ensured in our culture of primary huntgmmal microvascular
endothelial cellsytHDMECSs) that timecoursestimulation with human recombinant VEG¥
(recVEGFA) led toincreased VEGFR2 phosphorylation at Tyr11Fg(8.1A and B,0.05 + 0.02
at 0 minvs. 1.99 £ 0.13 at 5 min3968% increase)l.77 = 0.24 at 10 mint3514%); and 1.45 +

0.03 at 15 mir(+2866%); tway ANOVA; P00.0001).

As expected, recVEGR concomitantly stimulated Mdmphosphorylation at Serl66
throughout the 15 min timeourse withincreases of respectiveii22% at 5 min;+112% at 10
min, and+135% at 15 min in VEGHA-stimulated cells versus the untreatets Fig. 8.1C and
D; 0.64 £ 0.07 at 0 min vs. 1.42 + 0.115anin; 1.35 + 0.05 at 10 min; and 1.50 £ 0.05 at 15 min;

1-way ANOVA; P 00.0001), while total Mdm2 protein levels remainethltered Eig. 8.1C).

Phosphatidylinositol kinase (PI3K) activatio is well establishe@s part of VEGFA
signaling [15], and the PI3K downstreaanget Akt has been widely reported, predominantly in a
cancercontext, to induce Mdm2 phosphorylation on Serl66-186 Thus,we investigated
whether VEGFA treatment of HDMIEs couldnduce Akt phosphorylation on Ser473, as it is this
residue on Aktthat has shown to induce Mdr#kt association and promotddm2 nuclear
localization [19]. Here, VEGHA led to a significantime-course increase in Akt phosphorylation
(Fig. 8.E and F;0.12 £ 0.05 at O min vs. 0.93 £ 0.12 at 5 mti{8%); 0.81 + 0.09 a0 min

(+600%); and 0.78 + 0.07 at 15 mi#w577%); tway ANOVA; P 00.001). The extracellular



signatregulated kinase 1/2 (ERK1/3re also known as downstream targets of the VEGF
A/VEGFR2signaling pathway [14]. Others have suggested that ERK1/2 ptayidan important
role in the induction of {5erl66Mdmz2 inresponse to various environmental and growth factors
[20]. Previous studies have shown that VE&Ftimulates the phosphdagion of ERK1/2 at
Thr202/Tyr204 [21e23], and that this sidé ERK1/2 activation could play a role in Mdm2
phosphorylation orser166 [20]. Here, we show that ERK1/2 phosphorylatiorha202/Tyr204

is strongly induced by VEGRA treatment irHDMECs (ig. 8.1G and H; 0.62 + 0.07 at O min vs.
1.55 + 0.09 at 5 mif+152%); 1.49 + 0.02 at 10 min142%); and 1.41 + 0.11 at 15 n{inl 28%);
1-way ANOVA; P O 0.0001). While ERK1/2 iphosphorylated by VEGR, and has been
suggested to induce-$erl66Mdmz2, there $ no available evidence for a direct interactadn
ERK1/2 and Mdm2. Therefore, the p90 ribosomal S6 kiffp88RSK) could be an intriguing
candidate for mediating VEGA directed Mdm2 phosphorylation. p90RSK lies downstream of
ERK1/2 signaling [24], hasden shown to be activated by VE®Fin cultured rat cardiac
myocytes and fibroblasts [25] and has bseggested to induceerl66Mdm2 in vitro [26,27].
Severaphosphorylation sites have been identified on p90RSK and atheng phosphorylation

of serire 380 plays a key role in mediatip§ORSK activation [24]. In the present study, we found
that p90RSKphosphorylated on Ser380 is significantly elevated throughoutvViB&FA
treatment periodHig. 8.1 and J; 0.08 + 0.01 at 0 min k64 £ 0.06 at 5 mi{+2084%); 1.30 +

0.01 at 10 min€1635%); and).79 + 0.09 at 15 mint50%); way ANOVA; PO0.0001).

To determine which of these kinases identified to respondEBFA treatment in our
human endothelial cells could be involvedVEGFA-dependent Mdm2 phosphorylation on its
Serl66, wencubated HDMECs with or without recVEGAin the presencer absence of kinase

specific pharmacological inhibitors. As an irreversilf3K inhibitor, wortmannin is well



established as an inhibitof Akt phosphorylation [28]. In our study, we observeobmplete loss
of Akt phosphorylation in response to wortman treatment independently of recVEG¥
stimulation Fig. 8.2A and B;1 + 0.09, untreated vs. 6.98 + 0.54, with recVE&SF = 0 with
wortmannin; and 0 £ 0 with wortmannin and recVE&S: Interestingly,such inhibition of Akt
activity led to a further indction of p-Serl66Mdm2, both with and without the addition of
recVEGFA (Fig. 8.2A and C; 1 + 0.07, untreated vs. 2.66 = 0.15, with recVEAGE.92 + 0.09,
with wortmannin; and 3.18 £ 0.12, with wortmanmind recVEGFA). One hypothesis for such
an unexpeted resultould be that the increased Mdm2 phosphorylation observexjonse to
wortmannin treatment could be a result of furthRK1/2 signaling activation due to the inhibition
of a parallel Akipathway. Although not significant, we indeed obseiwd@% increase ERK1/2
phosphorylation on Thr202/Tyr204 in wortmanrieated HDMECs independent of VEG¥
while VEGFA treatment led to a similar level of ERK1/2 phosphorylation withaitidout the
presence of wortmannin (1 + 0.06, untreated?vik6+ 0.33, with recVEGFA; 1.46 = 0.20, with
wortmannin; and.04 = 0.36, with wortmannin and recVE&¥. In line with ourobservation,
Malmlof et al. [20] have shown that the PI3K inhibitdf294002 significantly induces-Ber166
Mdmz2 while concomitantlyncreasing the level of ERK1/2 phosphorylation on Tyr20dapatic
cancer cells. Next, we investigated whether ERK1/2 cooéd responsible for Mdm2
phosphorylation in response to recVEGIRAIDMECSs. The pharmacological inhibitor UO126 is
a highlyselectivanhibitor of both MEK 1 and 2, therefore disrupting MEKd@pendent ERK1/2
phosphorylation [29]. UO126 at the concentratmn20 pM led to a partial but significant
inhibition of ERK1/2phosphorylation on Thr202/Tyr204 in response to recVEAGFeatmenin
HDMECs (Fig. 8.D and E; 1 = 0.05, untreated \is98 + 0.22, with recVEGHA; 0.14 + 0.06,

with UO126; and0.87 %= 0.23, with UO126 and recVEGY]. This partial inhibition ofp-



Thr202/Tyr204ERK1/2 entirely abrogated the response-&gqr166Mdm2 to rec\NEGFA (Fig.
8.2D and F; 1 £ 0.04, untreated %34 + 0.32, with recVEGH,; 0.72 £ 0.19, with UO126; and
0.96 + 0.26, with UO126 and recVEGY). These results identifigRK1/2 activation as essential
for VEGF-A-induced Mdm2 phosphorylatiam its Ser166. Athe use of a PI3K inhibitor showed
a further elevation in {Serl66Mdmz2, and that the MEK1/2 inhibitasignificantly attenuated
Mdm2 phosphorylation in responsereaVEGFA, we narrowed our investigation downstream of
ERK1/2 signaling. p90RSK represents strong candidate for this ERK1&tfect on Mdm?2.
pP90RSK is phosphorylated by ERK1/2 at itgg@minal kinase domain, thus activating the N
terminal kinasedomain and allowing p90RSK to subsequently phosphorylatdoiistream
targets [30]. We thereforeypothesized that p90RSIK the main direct kinase involved in the
VEGF-A/ERK1/2 signalingpathway responsible for Mdm2 phosphorylation on Ser166. In order
to provide robust evidence of the role of pP9ORSK in phosphoryl&tag?2 in response to VEGF
A, we used two separaggharmacological inhibitors that bind to mutually exclusive domains
the p9ORSK protein. FMK has been shown to be an irrevers8l®&SK inhibitor that binds to
the Gterminal kinase domain of theotein [30]. As previously demonstraigedSer166Mdm2 is
elevated following recVEGHA stimulation, however this effect entirely lost in the presence of
FMK (Fig. 8.3A and B; 1 £ 0.05, untreatacs. 1.64 + 0.09, with recVEGK; 0.65 £ 0.13, with
FMK; and0.64 £ 0.12, with FMK and recVEGKR). Conversely to FMK, BID187@ a p90RSK
inhibitor that instead binds to the-tdrminal kinase domain of p90RSK [30]. As with FMK
treatment, BID1870 was found to prevent VEGA-driven Mdm2 phosphorylation irthe
HDMECSs Fig. 8.3 and D; 1 £ 0.11, untreated. 2.3 + 0.41, withecVEGFA; 0.99 + 0.16, with

BI-D1870; and 0.84 £ 0.13, with BID18&n0d recVEGFA).



It is well documented that VEGK mRNA and protein expressioare increased in
response to one single and intense bouéxarcise in human skeletatuscle [31] and that
interstitial VEGFA protein levels remain significantly elevated during and follonexgrcise
[32]. Alongside the welllescribed increase in VEGAK, we have recently shown that a similar
exercise regimen also strongihgreased {5er’l66-Mdm?2 protein levels in both rodent and human
skeletal muscle tissue, and that increases in these two pra@iessignificantly and positively
correlated [6]. Furthermorgyumerous studies have shown increases in ERK1/2 and p90RSK
phosphorylation in rdent and human skeletal muscle tissueesponse to a variety of acute
resistance and endurance exerpisgocols [3337]. Although these findings were obtained at the
whole muscle level, VEGHRA is a potentmyokine that when releasdém the muscle file in
response to an acute bout of exerciseiotaract with VEGFR2 present on endothelial cells. As
our currentfindings strongly suggest, this initiation of VE@¥signaling in theendothelial cell
can lead to the phosphorylation of ERK1/2 @a®@RSK, sbsequently triggering an elevation in
p-Serl66Mdm2 levels. These results identify an intracellular signaling pathwaydtzativated
by VEGFA signaling and regulates Mdm2 phosphorylatiomprimary human endothelial cells.
Taken together witlpreviouswork from our laboratory that demonstrated VE&FRs apotent
upstream regulator of Mdm2 phosphorylation in endotheéls [6], these findings unveil an-in
depth understanding of thatracellular mechanisms regulating the complex-gmgiogenic

VEGFA/Mdm?2 relationship.
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Figure legends

Figure 8.1 Recombinant VEGHA treatment stimulates phosphorylation VEGFreceptof2,
Mdmz2, Akt, ERK, and p90RSK proteins in primary human endothelial ¢eltaunoblotting and
densitometry analysis were performed on cell lysates of primary human dermal microvascular
endothelial cells (HDMECSs) collected after O (untreatéd)10 orl5 min of incubation with
recombinant human VEGA (recVEGFA) (100 ng/ml). (A,B) Representative immunoblots and
densitometry analysis for -YEGFR2 (Tyrll75). (C,D)Representative immunoblots and
densitometry analysis for-perl66Mdm2 and Mdm2protein expression. (E,F) Representative
immunoblots and densitometry analysis feAkt (Ser473) and Akt protein expression. (G,H)
Representative immunoblots and densitometry analysis 46RK1/2 (Thr202/Tyr204) and
ERK1/2. (1,J) Representative immunotd@nddensitometry analysis forpOORSK (Ser380) and
RSK1/2/3 protein expression. In-J b-actin orb-tubulin were used as loading controls. Data
are means = SEM (a 3 sampleger condition). .way ANOVA and NewmasKeuls multiple
comparison post hdest indicate ***P 00.001 vs. 0 minAP 00.01 for 5 min vs. 10 min, 5 min

vs. 15 min, 10 min vsl5 min.

Figure 8.2The MEK1/2 inhibitor UO126 attenuates VE@Finduced Mdm2 phosphorylation on
Serl66 in primary human endothelial cells. Immunoblotting densitometryanalysis were
performed on cell lysates of HDMECs collected after treatment with or without recAMHGE0
ng/ml) in the presence or absence of the PI3K inhibitor wortmafinpiM) or the MEK1/2
inhibitor UO126 (20uM), respectively. (AC) Representative immunoblots and densitometry
analysis for pAkt (Ser473), Akt, pSerl66Mdm2 and Mdm2 inresponse to recVEGA and
wortmannin treatment. ({B) Representative immunoblots and densitometry analysis -for p

ERK1/2 (Thr202/Tyr204), ERK1/2,-Berl®-Mdm2 andMdm?2 in response to recVEGA and



UO126 treatment. In A, b-actin orUb-tubulin was used as loading controls. Data are means +
SEM (n= 2 samples per condition, repeate@imdependent experiments}wzry ANOVA and
Bonferroni post hoc tesisdicate; in B, *** P 00.001 vs. all other conditions; in C, *P 00.001
vs. untreated within each respectoandition, AP 00.01 vs. no inhibitor conditions; in E, **B
0.001 and * 00.05 vs. each respective untreated gréup©0.01 vs. no intbitor conditions; in

F, *** P 00.001 vsuntreatedAP 00.001 vs. VEGFA treated in the no inhibitor condition.

Figure 8.3The p90RSK inhibitors FMK and HD1870 ablate the response eSprl66Mdm?2 to
VEGFA stimulation in primary human endothelialllse Immunoblotting anddensitometry
analysis were performed on cell lysates of HDMECs collected after treatment with or without
recVEGFA (100 ng/ml) in the presence or absence of the p90RBiKitors FMK (25uM) or
BI-D1870 (10uM), respectively. (A,B)Representative immunoblots and densitometry analysis
for p-Serl66Mdm2 and Mdm2 in response to recVE®@Fand FMK treatment. (C,D)
Representative immunoblots and densitometry analysis {8erp66Mdm2 and Mdm2 in
response to recVEGK and BFD1870 treatmein In A-D, b-actin or Ub-tubulin were used as
loading controls. Data are means + SEM-=(& samples per condition, repeated in 3 independent
experiments). avay ANOVA and Bonferroni post hdests indicate ***P 00.001 vs. untreated;

** P (00.01 vs. uneated AP 00.01 vs. VEGFA treated in the no inhibitor condition.
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Hyperglycemia strongly correlates with skeletal muscle capillary regression and is
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Scientific context

9 Our laboratory has previously shown that Mdm2 protein is significantly reduced in
Zucker diabetic fatty (ZDF) rats, a model of typeliabetes

1 Other studies suggest thgpe ldiabeteqT1D) leads to capillary regression and
the alteration okey angieadaptive molecules in the skeletal mugadi0,187]

1 [I'have demonstrated that Mdm2 levels are decreased in streptozathaedl 1D
in rats, corresponding with skeletal muscle capillary regregsem appendix for

academic research paper 5 [J)80



1 Itis yet to be determined how TiiBduced alterations in Mdm2 could potentially
lead to shifts in the angiogenic balance as explained by changes in key- Mdm2
dependent targets, FoxO1, FSRndVEGFA

1 Previous studies investigating muscle capillariggpe 1diabetes havexclusively
utilized rodent models in which T1D is induced through systemic streptozotocin
injection

Research aims

1 Determine whether hyperglycemia resulting from spontaneous T1D development
in BioBreeding (BB) diabetic rats leadsgkeletal muscle capillary regression

1 Investigate whether T1D leads to maladaptive expression of Mdm2 and its key
targetsVEGFA, FoxO1, and TSR in the skeletal muscle of diabetic animals

1 Compare between soleus and plantaris, two metabolically distieletakmuscles

Summary of main findings:

91 TID resulted in significant capillary regression in both the soleus and plantaris
muscles

9 This capillary impairment was significantly correlated with the level of glycemic
control in diabetic animals

1 Mdm2 protein wa found to be decreased in the diabetic muscle, corresponding
with increased FoxO1 and TSPprotein levels

1 Despite no change or even eleva¥#tGFA protein, theEGFA/TSR.1 ratio and

VEGFR2protein levels were significantly less in the diabetic animals



9 Significant correlations were observed between changes in blood glucose and
Mdm2, TSR1, VEGFR2and the capillaro-fiber ratio

1 Alterations in Mdm2 and TSP were inversely and significantly correlated
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Abstract

Type 1 diabetes (T1D) is an autoimmune disease that causes a loss in insuling@rddattan

have deleterious effects on skeletal muscle and its microvasculature. Studies that have investigated
alterations in skeletal muscle capillarization in T1D are limited and mainly based on the toxin
model of streptozotocimjection in rodents. OGr laboratory has recently identified Murine Double
Minute-2 (Mdm2) as a master regulator of skeletal muscle capillarization by controlling expression
levels of two key molecular actors of the angutaptive process: the pamgiogenic Vascular
EndothelialGrowth FactorA (VEGF-A) and the antangiogenic Thrombospondih(TSR1). The

effect of T1D on these key regulators of muscle capillarization are unclear. Here, we show for the
first time that the diabetiproneBioBreeding (DPBB) rata rodent model chutoimmune T1D,
undergoes capillary regression and altered protein expression of keyadagibve regulators in

both plantaris and soleus skeletal muscles. We demonstrate that Mdm2 protein levels are
significantly decreased in the skeletal muscle®BBB rats, coinciding with elevated protein
levels of TSP1 and its transcription factor Forkhead Box O1 (FoxO1). Significant capillary
regression was observed in T1D rats to similar extents in the soleus and plantaris muscles.
Interestingly, manipulating bém glucose control in these animals, by using insulin implants, was
significantly and positively correlated with the loss of capillaries, the reduction in Mdm2
expression, and with the elevations in TEPVEGFA protein levels were unaltered or even
increased in diabetic animals, however we observed significantly less VEGF regeptor
abundance. Furthermore, the VE@HF TSP-1 ratio, a good indicator of the skeletal muscle angio
adaptive environment, was significantly decreased in T1D muscle. Altogetheesails suggest

that the MdmZFoxOXTSR 1 signaling pathway plays an important role in arrgigulation of the

skeletal muscle in the pathophysiological context of T1D.



Introduction

Type 1 diabetes (T1D3$ an autoimmune disease that results in the destm ofpancreatic
b-cellsand theloss ofendogenougsulin production leading tohyperglycemiaand reliance on
exogenous insulin administration [1Even with exogenous insulin therapy, control is often
imperfect in T1D, with extensive lifetime exposure t@érglycemia. Control is particularly poor
in youth and young adults and there appears to be a legacy effect of poor control on clinical
complications later in life [2]. Hyperglycemia is a major #faktor for endothelial cell
dysfunction, both directly ahindirectly [1]. Consequently, T1i3 associated with a number of
microvascular complicatioraffecting our smallest blood vessels, the capillaries. We and others
have previously observed in rodent models of T1D a loss of capillaries in skeletal mygcle [3
The skeletal muscligssue is paramount for a variety of functions ranging from locomotion to the
metabolic regulation of glycemia. Indeed, skeletaiscle is the major site of glucose uptake in
the postprandialstate inhealthyhumans accounting fo- 8 0 % of t h e -nmedateg 6 s
glucose disposal [SWith muscular exercise, the rate of glucose uptake into muscle increases up
to 50fold [6,7]. Since capillaries are responsible for the delivery of oxygen and nutrients to
skeletal myofibers, theapillary network appears as a key determinant of overall muscle
functionality and it is crucial that the equipment in capillaries perfectly matches the metabolic
needs of active myofibers. For endogenous (i.e. pancreatic) or exogenous (i.e. via negdf or p
insulin to promote glucose uptake into muscle, it must first distribute among the muscle capillaries,
pass the endothelial barrier and diffuse though the interstitial space and bind with its receptor on
the myocyte. A failure to deliver insulin to tharget location (i.e. muscle) is now regarded as
another reason for reduced insulin sensitivity [8], but the role of the capillaries in this process in

T1D is not completely understood.



With a remarkable plasticity, the capillary network can grow, regres simply keep
maintained in order to adapt to the myofibers' needs. Such skeletal muscladaggiation is
tightly regulated by a dynamic balance between anal antiangiogenic molecules [9]. We have
previously identified the E3 ubiquitin ligase Mue Double Minute2 (Mdm?2) as indispensable
for skeletal muscle capillary maintenance, physiological capillary growth (i.e. angiogenesis) and
the preangiogenic activity of endothelial cells (i.e. cell migration)-[iZ]. We have also shown
that Mdm2 coud be considered a master regulator of skeletal muscle-adgtation as it can
modulate both sides of the angidaptive balance, most notably, through the regulation of the pro
angiogenic Vascular Endothelial Growth Faefor (VEGFA) and the antangiognic
Thrombospondifl (TSR1) [10,12]. In the context of diabetes, our laboratory has recently shown
that Mdm2 protein levels were significantly lowered in skeletal muscles of type 1 and 2 diabetic

animals, coinciding with muscle capillary regression [#,10

Several studies suggest altered muscle capillarization and microvascular function in
humans living with T1D. It has been observed, using human and animal models, that T1D prevents
exercise trainingnduced angiogenesis [13], unmatched capillary pesfusiongside myofiber
hypertrophy in response to exercise training [14], an enlargement of the capillary basement
membrane hindering perfusion and vascular elasticity [15]retheted peripheral skeletal muscle
perfusion both at rest and after ischefi@]. Furthermore, diabetes has been shown to intipair
development of coronary collateral vesg&lg. Although very limited in number, previous studies
that have investigated the impact of TID on skeletal muscle molecular-asgiation have
exclusivey utilized chemicallynduced diabetes through streptozotocin (STZ) injection in
rodents. STZ is a highly toxic alkylating agent that leads to hyperglycemia by accumulating in

pancreati®-cells through the glucose transpor®efGLUT-2) causing DNA alkylaon andb-cell



death [18,19]. The onset of overt hyperglycemia is rapid, occurring in as little-a2 A@&urs
following STZ injection [18,20]. The systemic administration of STZ therefore represents an easy
and costeffective diabetesnducing approachhat is similar to the severe insulinopenia that occurs

in untreated T1D. However, it raises questions regarding the toxicity of the substance in other
tissues [21]. Indeed, the uptake of STZ by GLPJE not specific to pancreatiecells, therefore
beingpotentially toxic to other tissues and organs, such as the kidney and liver, potentially leading
to confounding experimental results [18,21,22]. In cell culture and in vivo, STZ directly causes
muscle protein ubiquitination, cell cycle arrest and redue#gpoliferation rates, independent of

its impact on glycemia [23]. Alternatively, BioBreeding (BB) diabetic rats spontaneously develop
T1D between 5®0 days of age, around the time of puberty, and present characteristics that closely
resemble those of uman patients with T1D, including exogenous insulin dependency,
hyperglycemiapolydipsia,polyuria, and ketoacidosj24-28]. As is the case with human T1D
patients, the onset of diabetes in the BB rat is characterized by the infiltration of immume cells
the islets of Langerhans (insulitis) [28preceding overt diabetes by two to three weeks.
Subsequentlyh-cells of the pancreas are selectively destroyed resulting in a severe type 1 diabetic
phenotype. BB diabetic rats are classified as either diapetiice (DPBB) or diabeticesistant
(DRBB), the latter serving as a control group that have the sameetiabsteptible genes but do

not spontaneously develop T1D in vifede conditions. In comparing the timeline of diabetes
onset between BB rats and Sirdluction, the BB rat represents a chronic pathological state
compared to the rapid development of ditabenduced by STZ he selection athe BB rat model

for our investigations relevant since the skeletal muscle #@sdassociatednicrovasculature
undergo considerabigrowth and development during the age of onset in the B&nadyelikely

impactedby the level of glycemic control achiev§h].



To date, it is still unclear how, and to which extent, T1D could affect the microcirculation
in skeletal muscle, especially in terms of capillarization. Here, we sought to determine whether
capillary regresion occurs in skeletal muscles from diabetic prone BB rats in order to more closely
mimic the installation of type 1 diabetes seen in humans. We aimed to identify potential diabetes
induced alterations in key angiegulatory molecules such as Mdm2, VE&GRnd TSP1. To our
knowledge, this is the first study to investigate skeletal muscle-aegidation in the BB diabetic
rat. Understandingleleteriousadaptations that occur in skeletal muscle as a restiLDfis of

great importance for both the tream and prevention of diabetassociated vascular pathology.

Materials and methods

Animal model This studywas approved by the York University Animal Care Committee and was
conducted in accordance witlie Canadian Council for Animal Care Guidelindsimals were
bred at Sunnybrook Research Institute, Toronto, Canada, courtesy of Dr. Philippe Poussier
(protocol #520. BioBreeding diabeteprone PDPBB) rats and agenatched diabetegsistant
(DRBB) rats (n = 20 & 22 respectively) were housed under teriyereontrolled conditions in

a 12hour lightdark cycle withad libitumaccess to a standard rodent chow diet and WaRBB
animals typically become diabetic (blood glucose [BA@BmMM) at a young age (i.e. between 50
& 90 days post birth) and requimesulin treatment to surviv@ur blood glucose threshold for the
determination of diabetes is in line with standard guidelines [g@r diabetes was established,
the animalsblood sugar was maintained betweer2D2nMto simulate the fair to poor glyoec
control that is generally observed in youth living with the disease [31] by ssingutaneous
insulin pellets (Linchen Geada) for a period of two weekBriefly, under inhaled isoflurane
anesthetic a 0.5cm subcutaneous incision, just below thewasknade and half to a full insulin

pellet was implanted (LinShin, Canada Inc., Toronto, Ontario, Canada), with a full pellet releasing



about 2U of insulin/24hours for up to 40 days. The incision wound was closed and treated with
topical antibiotics and pa cream (Flamazine, Smith & Nephew Canada) prior to being placed

back in their cage.

Glucose measuremem/hole blood glucose levels were measutlady using an AlphaTRAK2
glucose meter (Abbott Diabetes Care Inc., Alameda CA) from a sterile saphenoldeeel.

Blood glucose values reported here were recorded just prior to skeletal muscle harvest.

Skeletal muscle tissue isolatiowo weeks after insulin pellet implantatioanimals were
anaesthetizedith inhaled isofluraneSoleus and plantaris musslwereremoved weighted and
immediately flash frozen in liquid nitrogdprotein measurementsy frozen in liquid nitrogen

cooled isopentane for histology. All samples were statéd 0 eu@t)l analysis.

Muscle capillarization analysisTransverse 10um cryosections were obtained from thebedig

of plantaris and soleus muscles from DRBB and DPBB rats using a cryostatk&tQagl eica
CM1860 as previously described [10].a@illaries were visualized after a brief fixation of
cryosections in cold acetone followed by incubation wBHromao4-chloro-3-indolyl
phosphate/nitro blue tetrazolium (FAST BCIP/NBT; cat. no. BEB5BAB; SigmaAldrich,
Oakville, ON, Canada) for 45 mites at 37°Cto stain for alkaline phosphatase activity
Microscope slides were mounted whfectaMount (cat. no. ¥$501; Vector Laboratories Inc.,
Burlingame, CA, USA)Images were acquired onArcturus PixCell Il inverted microsope (serial
no. 0573; Arturus Engineering, Mountain View, CAISA) at x10 magnificatiomnd @ptured
using QCapturesoftware.For each muscle, the capillary-fiber ratio was determined after
counting capillaries and myofibers in 6 independent images of a muscle cross Baedause the

plantaris muscle is not homogeneous in its filype composition, counting areas were chosen so



they cover all the muscle cross secti@apillary-to-fiber ratio iscalculated by dividing the number

of capillaries in each imadey the number ofmyofibers

Western blottingimmunoblotting was carried out on protein extracts from the plantaris and soleus
muscles obtained from DRBB and DPBB rats, respectively, as previously described [10,11].
Protein concentrations for each sample were determipgdebbcinchoninic acidBCA) assay

and denatured samplesO(Bg/sampl¢ were subjected t&§DSPAGE (sodium dodecyl sulfate
polyacrylamide gel electrophores#s)d blotted onto nitrocellulose membrafd@hatman, BA95,
SigmaAldrich, Oakville, Ontario, Caada). Quality of théransfer was confirmed by Ponceau S
red staining. After blockingvith 5% fatfree milk at room temperature for 45 min, the blotse
probed overnight at £ with the followingprimary antibodiesantibody against Mdm2 was a rron
commaecial supernatant from the hybridoma (clone 2Ad@yviously described i[82]); antibody
against FoxO1 was fro@ell SignalingTechnology(clone C29H4, #288@everly,MA, USA);
antibody against TSE was from Invitrogen (clone A6.1, #MAB3398 Burlington, ON,Canad
antibody against VEGHA was from Millipore (clone VG1, #08117,Etobicoke, ON, Canada);
anti bodi adin@sala’iigasdtVEGFRZclone D8, #5€393163) was fron$anta Cruz
Biotechnology(Santa CruzCA, USA). After incubation withsecondary antibodies HRPked
antrmouse (#0260; Dako, Carpinteri&gA, USA) or HRP-linked antirabbit antibody (#7074,

Cell Signaling) proteins were visualized with enhanced chemiluminescence (Milliporejrag X

film (CL-XPosure Film, #34090Thermo Scientific, Rockford, IL, USA). Blots were analyzed

with Carestream software.

Statistical analysisStatistical analyses were performed using Prism5 softv@iaphPad, San
Diego, CA, USA) Unpaired, twetailed ttests were performed for blood glucosepittary-to-

fiber ratio, and all western blot analys€arrelationanalyses between variables were performed



with nonparametri@-tailed Pearson correlation with determination of Pearson rzafd00.05

was considered to be statistically significant.
Results

Type 1 diabetes leads to hyperglycemia and skeletal muscle capillary regre&sion
expected, DPBB rats spontaneously develop type 1 diabetes (T1D), reflected by significantly
higher blood glucose levels (+259%) measured at the time of muscle ioolleompared to
DRBB animals (Fig 9.1A; BER, 6.58 + 0.17 vs. DPBB rats, 23.64 + 1.39 mmoRl® 0. 00 1) .
T1D leads to capillary regression in both plantarl$%) and soleusZ1%) muscles of DPBB
rats as evidenced by measuring the capitasfber ratio (Fig 9.1B; DRBB, 1.68 + 0.039 vs.
DPBB, 1.43 + 0.049 in plantaris; DRBB, 1.90 + 0.045 vsBBP1.52 + 0.063 in soleu® O
0.001). The level of skeletal muscle capillarization had a significant inverse correlation with blood
glucose levels in both muscles analyzed (Fig 9.1G(.327,P < 0.05 in plantaris; r =0.479,P

< 0.01 in soleus), sggsting that hyperglycemia is a strong predictor of capillary regression.

Type 1 diabetes results in lowered Mdm2 and increaseehagtogenic FoxO1 and TSP
1 protein levels in skeletal musckes DPBB rats displayed a significant reduction in the number
of skeletal muscle capillaries, with the severity of impairment related at least in part to the level of
glucose control, we next aimed to determine which key aragjalatory factors could be involved
in the observedregression of capillariesDiabetic CPBB rats had a significantly reduced
expression of Mdm2 protein in both the plantari®©fo) and soleus15%) muscles (Fig 9.2A;
DRBB, 0.77 = 0.05 vs. DPBB, 0.62 + 0.04 arbitrary units in plantaris; DRBB, 0.74 £+ 0.04 vs.
DPBB, 0.63 + 0.02 arbitrary uniis soleus;P < 0.05). Alongside decreased levels of Mdm2
protein in diabetic muscles, DPBB rats had ~80% more FoxO1 protein in the plantaris muscle

compared to controls (Fig 9.1B; DRBB, 1.07 + 0.09 vs. DPBB, 1.92 + 0.3 arbitrary Rrits;



0.05). Althoughnot statistically significant, diabetic animals also tended to express more (~20%)
FoxO1 protein in the soleus then what was observed in the control rodents (Fig 9.1B; DRBB, 1.12
+ 0.06 vs. DPBB, 1.31 £ 0.09 arbitrary unigss 0.075). Concomitant with éhdecrease in Mdm2
andthe increase in FoxO1 expressidisR1 protein expression was drastically higher in skeletal
muscles from diabetic DPBB rats compared to control rats (+172% and +67% in plantaris and
soleus muscle, respectively) (Fig 9.1C; DRBB20t30.04 vs. DPBB, 0.88 + 0.1 arbitrary units in

plantaris, P <0.01; DRBB, 0.91 £ 0.15 vs. DPBB, 1.51 + 0.13 arbitrary units in soleus, P < 0.001).

Hyperglycaemia is correlated with decreases in Mdm2 and elevations 1 p&Rein
expressionCorrelationanalyses were performed between blood glucose level, Mdm2, antl TSP
protein expression in plantaris and soleus muscles from DPBB and DRBB rats. Interestingly, in
the plantaris muscle, blood glucose levels were inversely correlated with Mdm2 protegsexpre
(Fig 9.3A; r =-0.312,P < 0.05). A similar finding was observed in the soleus muscle, although
this relationship was on the boarder of statistical significance (Fig 9.34).863,P = 0.054). In
both the soleus and plantaris muscle, blood glueasse found to be positively correlated with
TSR1 protein levels (Fig 9.3B; r = 0.55P,< 0.001 in plantaris; r = 0.48P, < 0.01 in soleus).
Furthermore, in both muscles, Mdm2 and TSProtein expression were significantly, and

inversely, correlated (§i9.3C; r =0.335,P < 0.05 in plantaris; r =0.424,P < 0.01 in soleus).

The VEGFA/TSR1 ratio is drastically reduced in skeletal muscles of type 1 diabetic
animals Interestingly, DPBB rats show no change (soleus) or even an increase (plantaris) in
VEGFA protein expression level compared to rthabetic animals (Fig 9.4A; DRBB, 0.37 £
0.02 vs. DPBB, 0.48 + 0.04 arbitrary units in plantd?is; 0.05; DRBB, 1.14 + 0.04 vs. DPBB,

1.12 + 0.04 arbitrary units in solel®= 0.68). We have previously deged the VEGFA/TSP-

1 ratio as a good indicator of the angidaptive balance in rodent and human skeletal muscles



[9,10,12,33]. Here, and despite either no alteration (soleus) or even an increase (plantaris) in
VEGF-A protein expression, the VEGKTSP-1 ratio was strongly reduced in the plantars (
52%) and soleus{1%) muscles of type 1 diabetic rats compared tedabetic animals (Fig

9.4B; DRBB, 1.52 + 0.2 vs. DPBB, 0.74 £ 0.15 in plantd?is,0.01; DRBB, 2.92 + 0.9 vs. DPBB,

0.87 £ 0.09 in soleyy P < 0.05).

VEGF recepto2 protein levels are decreased in type 1 diabetic mustlthe soleus, a
significant decrease32%) in Vascular Endothelial Growth Factor recef#dWVEGFR?2) protein
level was observed in DPBB rats compared to DRBB contfads9.5A; DRBB, 0.35 + 0.03 vs.
DPBB, 0.24 + 0.02 arbitrary unit® < 0.01). Although not statistically significant, VEGFR2
protein expression was reduced by ~30% in the plantaris of (Fig 9.5A; DRBB, 0.16 = 0.02 vs.
DPBB, 0.11 + 0.01 arbitrary unit® = 0.06). Interestingly, a significant and inverse correlation
was found between VEGFR2 protein and blood glucose levels in the soleus (Fig 9-BBt27+
P < 0.01), while a neasignificant correlation was also found in the plantaris (Fig 9.5B0r307,

P =0.051).

Discussion

We showed here for the first time using the BioBreeding rodent model of T1D that in
skeletal muscles from T1D rats poor blood glucose control is associated with capillary regression
and alterations in protein expression of kegiaesegulatory molecules. We performed our
investigation in two muscles with distinct contractile and metabolic phenotypes: ttifalst
and predominantly glycolytic plantaris and the shovitch oxidative soleus. As summarized in
Figure 9.6, we propesthat T1D led to similar levels of capillary regression in both muscle types
likely as a result of decreased Mdm2 and VEGFR2 levels, and elevated FoxO1 ahgbsns.

While the direction and general trend of alteration in aiagiaptive molecules wdsund to be



similar between the plantaris and soleus muscle, the magnitude of change differed, especially for
FoxO1, TSPL, and VEGFR2. This could be explained by phenotypic differences in contractile
and metabolic properties of the respective muscle®ngally leading to muscle typspecific
regulation of the measured proteins. Nonetheless, despite these differences, the appreciable end
result of capillary loss was comparable between the soleus and plantaris. Remarkably, alterations
in Mdm2 expressioand the VEGFA/TSP-1 ratio were also very similar between the two muscles

with the ratio reflecting a shift of the anegalaptive balance towards an asigiogenic
environment in muscles from T1D animals. This is in line with our previous work demargstrati

that Mdm2 is a central regulator of skeletal muscle aadaptation and that such a complex
biological process must be studied with an integrative approach taking into consideration-both pro

and antiangiogenic signals [10,12,33].

It is well documered that T1D leads to an array of microvascuédated pathologies
including retinopathy, neuropathy and nephropathy [34]. These three most common diabetic
comorbidities typically arise through pagliycemic regulation leading to endothelial degeneration
or (paradoxically) hypewascularization, alterations in vascular permeability, and changes in
blood pressure [1]. Howeverewy little research exists examining the molecular actors regulating
skeletal muscle microvasculature in type 1 diabetes. In additiose limited existing studies were
based on STZ injection as a means to induce diabetes in rodent models. STZ treatment leads to the
rapi d dest r uc tcelloand sobsequemrt hypergyaemia, but abtso can promote direct
damage to other orgamnd tissues including skeletal muscle [23]. Alternatively, BB rats represent
a chronic condition with the onset of diabetes occurring pathophysiologically as a result of
spontaneous autoimmumnee di at ed dest r uc-tellsogmilap o the deaser eat i «

progression in humans. In consequence, -Bitliced diabetes may representeasonable but



somewhat flawednodel for the investigation of new insulin formulations and transplantation
experiments, while the use of BB rats could be more appropriatederstanding the underlying
mechanisms of Tlinediated alterations including those affecting skeletal muscle -angio
adaptation [21]. In our study, the onset of T1D in the BB rat model indeed led to significant
capillary regression in the skeletal musdsue (within a one to two weeks period), characterized

by a true loss of existing capillaries as evidenced by the decreased cdpifiagr ratio.
Conversely to capillary density, which can be affected by capillary loss but also by any change in
the ske of myofibers, the capillasyp-fiber ratio represents the gold standard for assessing true
muscle angiogenesis or capillary regression. Here, we observed that the level of dysglycaemia (~2
3 fold higher values than normal despite exogenous insulinpiyjengere significantly correlated

with alterations in the capillasip-fiber ratio.

We next aimed to explore key angidaptive molecular pathways that could be involved
in such T1DBinduced capillary regressiorOur laboratory hagecently identified Mdmz2 as
essential fothe maintenance and plasticity skeletal muscle microvasculature. Ipianeering
study using transgenic mioexpressing abou0% less Mdm2 comparei their wild-type
littermates Mdm2 deficiency resulted in a 20% reductionskeletalmuscle capillarizatiomnd
fully blunted the exercisanduced angiogenic response [10]e also showed that Mdm2 and its
human analog Hdm2 were strongly associated with the level of skeletal muscle capillarization and
endothelial markers in both rodentgdehumans [10,11]. The mechanisms through which reduced
Mdm2 | evels can | ead to capillary regression
regul at or O-adapfive halareaffectingboth pre and antrangiogenic factors (i.e.
VEGFA and TSRP1). VEGFA is the most widely studied prangiogenic factor, promoting

endothelial cell survival, proliferation, and migration [1238. Through the use of transgenic



animal models where VEGA had been deleted specifically in myofibers, we and sthave

shown that VEGFA deficiency leads to significant capillary regression in skeletal muscle tissue
[12,38].1t has beersuggested that Mdm2 could stabilidgpoxiaInducible Factorl U (-1HJ )F

a transcription factor for VEGRA, thereby promoting VEGHA expressior{39-42]. Aside from

the HIF1UVEGF-A pathway, we have also shown that Mdm2 can directly bind to and negatively
regulate the activity of the transcription factor FoxO1 and thus the expression of its downstream
target TSP1, a potent antangobgenic factor in skeletal muscle [10,12,43,4d{erestingly it has

also beerdemonstrated that overexpression of Fox@®ndothelial cellded to a decrease in
VEGFA mRNA levels suggesting FoxiQcouldregulatenot only TSP1, but ratheboth sides of

angicadaptive balanc@.e. VEGFA and TSP1) [45].

In the context of diabetesie have previously reported that Mdm2 protein expression was
altered in skeletal muscle from Zucker Diabetic Fatty (ZDF) rats, a common model of obesity and
type 2 diabetesnl ZDF plantaris muscles, Mdm2 was significantly lowered and a concomitant
increase in FoxO1 protein levels was observed [10]. More recently, we reported a significant
decrease iMdm2 proein levels in both the tibialis anteriand soleus muscled STZ-treated
type 1 diabetic rats [4]. In the present study, we observed a decreased Mdm2 protein level in both
soleus and plantaris muscles of DPBB rats. Taken together, our laboratory has investigated three
separate models of diabetes (including both typeditygwme 2) in which skeletal muscle capillary
regression has occurred. In each model, a significant reduction in Mdm2 protein levels was
detected. The observed reductions in Mdm2 could potentially explain the loss of capillaries in type

1 diabetic animalshrough Mdm2dependent regulation of VEGE, FoxO1 and TSH.

It is of vital importance to take into account both sides of the samipptive balance when

attempting to appreciate the overall effect of physiological and pathological stimuli on the skeletal



muscle microvasculaturds an important prangiogenic myokine, VEGHA binds to receptors,

and VEGFR2 plays a key role in mediating at the intracellular level the ME@B-angiogenic

signal [46].A previous study fronKivela and colleaguef3] demonstated thatT1D induction by

STZ injection significantlydecreased mRNA levels of VEGKkand VEGFR2n the mouse calf
muscle complex (gastrocnemius, soleus and plantdnisjaccordance with VEGA mRNA
expression, VEGHA protein levels were significantly\wer at both 3 and 5 weeks followitige

onset of diabetesSimilar to their findings, we show here reductions in VEGFR2 protein
expression in diabetic muscles. However, in our study \WBG¥fotein levels remained either
unchanged (soleus) or even elevdf@dntaris) in DPBB ratKivela et al. [3] also show that TSP

1 mRNA wassignificantly higher in diabetic mice compared to healthy contrglst did not
measure TSR at the protein leveHere, we show that T1D leads to significant elevations in both
FoxO1 and TSFL protein expression, and that Mdm2 and TIS#otein expression (the respective
start and end point of the MdriEbxOLTSP1 signaling axis) were significantly and inversely
correlated. We have recently established that the VEG# TSR1 ratiois a good indication of

the overall angiogenic environment [9,10,12,33]. In both soleus and plantaris, this ratio was
dramatically decreased regardless of VE&Rrotein levels, reflecting an ardingiogenic
microenvironment in the skeletal muscle tissmeaddition, previous studies demonstrated that
TSR1 can negatively regulate VEGFR2 through inhibition of VE&#Eependent VEGFR2
phosphorylation and activation in microvascular endothelial cells [47,48]. Based on these findings,
an intriguing hypothesigould be made that the observed elevations in-T3Right inhibit
VEGFR2 sensitivity to VEGHA in diabetic muscles, concomitantly with an already diminished
VEGFR2 protein abundance. Further investigation would be needed to elucidate this potentially

novd regulatory relationship in T1D.



Our findings that some capillary regression occurred in T1D rats despite unchanged or
increased VEGIA expression levels is not surprising. Using hindlimb unloading as a well
established rodent model for muscle atrophg,demonstrated that plantaris and soleus muscles,
despite similar levels of myofiber atrophy, had entirely different andaptive responses [33]. In
the plantaris, where capillarization was maintained, VE2GEvels were found to be increased.

In contras, capillary regression occurred in the soleus muscle despite no decrease HAEEIGF
concomitantly to a strong increase in TSBnd reduction in VEGFRZaken together, it appears
that antiangiogenic factors (i.e. TSP are equally important, if n@hore influential, than their

pro-angiogenic counterparts in regulating skeletal muscle sadpptation to physiological as

well as pathological conditions such as type 1 and type 2 diabetes.

Interestingly, when focusing only on diabetic DPBB rats, theetation analyses
performed between blood glucose, capiltmfiber ratio, Mdm2, TSPL and VEGFR2 indicate
that the DPBB rats that had lower blood glucose (i.e. 20 mmol/L) had similar magnitudes of angio
adaptive alterations as the DPBB rats with higiésod glucose levels. This suggests that even
the lowerend of hyperglycemia level in our model could be sufficient to initiate a shift in the
angicadaptive balance leading to capillary loss in the muscle. The notion of such a hyperglycemic
0t hr efsriclmahgdsbat the molecular level leading to capillary regression is intriguing, and

definitely warrants future research.

Here, we identified a novel relationship whereby the magnitude of capillary regression in
skeletal muscle may be predicted by theeleof glycemic control in type 1 diabetes. This
relationship between muscle capillarization and blood glucose level is of importance since reduced
capillarization may exacerbate poor glycemic regulation in patients with diabetes, as capillaries

are essemrl for insulin delivery and provision of glucose for uptake by myofibers. The loss of



capillaries in response to diabetic dysglycemia may be preceded by pathological alterations in
angioregulatory factors that are sensitive to glucose control, in plntigldm2 whose expression

level is also directly correlated to blood glucose levels. We have previously demonstrated that
Mdm2 is at the fork between pengiogenic VEGFA and antiangiogenic TSH signals. Our
present results suggest that Mdf@O1XTSR1 signaling may represent a strong molecular
determinant of this pathological adaptation of capillary regression in type 1 diabetic skeletal
muscle. Our findings provide merit for future studies investigating the Mdm2 signaling axis as

related to capillaryegulation in the skeletal muscle of humans living with type 1 diabetes.
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Figure legends

Figure 9.1 Type 1 diabetes in BB diabetprone rats results in hyperglycemia and decreased
skeletal muscle capillarizatioA) Blood glucose levels (mmol/L) in diabetessistant DRBB)
and-prone DPBB) rats (n = 20 animals per group). The dashed line corresponding to 15mM blood
glucose depicts the threshold where animals were considered diabetic. B) Top: Capillary staining
in skeletal muscle crossections frorDRBB and DPBB rat plantaris and soleususcles (Scale

bar = 100um; x10 view). Bottom: Determination of the capilieryiber ratio. Data are means +

SEM (n = 2022 animals per group). Unpaired tiailed ttests indicate *PO 0. OMRBB v s .
rats. C) Correlation analysis between blood gluerskcapillaryto-fiber ratio in the animals used

in A-B. Blue circles and red squares represent data poin_BB andDPBB rats, respectively.

Figure 9.2 Type 1 diabetes alters protein expression levels of Mdm2, FoxO1 anrd TSRt

skeletal musclefepresentative immunoblots and densitometry analyses of protein expression are
shown for Murine Double Minut2 (Mdm2) (A), Forkhead Box O1(FoxO1l1) (B), and
Thrombospondifl (TSR1) (C) in plantaris and soleus muscles from type 1 diabeticD&BE)

and teir controls DRBB) .-actimn was used as a loading control. Data are means + SEM {(n = 20

22 animals per group). Unpaired tiailed ttests indicate *P O 0. OA ,0 .*0*POand *

0.05 vsDRBB rats.

Figure 9.3 Blood glucose levels are strongly coateld with Mdm2 and TSR protein expression
in skeletal muscleCorrelation analysidetweenblood glucose and Mdm2 protein (A), blood
glucose and TSR protein (B),andbetween Mdm2 and TSP skeletal muscle protein levels (C)
in the plantaris and solensuscles of BB ratggespectively (n = 442 animals)Blue circles and

red squares represent data pointOfBBB andDPBB rats, respectively.



Figure 9.4 The ratio between TSP and VEGFA protein levels, and not VEGK alone, is a
strong reflection of qallary regression in skeletal muscles from diabetic animéds.
Representative immunoblots and densitometry analys®&EGFA protein expression and (B)
the ratio ofVEGFA/TSP-1 protein expression in plantaris and soleus muscles Dr8BB and
DPBBrats r e s p eactin was @dedyas a lbading control. Data are means + SEM (22 20

animals per group). Unpaired twailed ttests indicate *PO 0. ORO a®.d05 vs. resi s

Figure 9.5 VEGF receptof protein expression is decreased inatetlmuscles of type 1 diabetic

animals and is inversely correlated with blood glucose leyA)sRepresentative immunoblots

and densitometry analyses YEGF receptor2 (VEGFR2) protein expression in plantarisdan

soleus muscles from DRB&#hd DPBBrats.b-actin was used as a loading control. Data are means

+ SEM (n = 2622 animals per group). Unpaired ttailed ttests indicate*PO 0. 01 vs. r es
rats. (B) Correlation analysis between blood glucose \@aGFR2 protein expression in the

plantaris andgoleus muscles of BB rats, respectively (n = 41 aninlsg circles and red squares

represent data points fBIRBB andDPBB rats, respectively.

Figure 9.6 The BB rat model of type 1 diabetes results in hyperglycemia, skeletal muscle capillary
regressn, and altered angiadaptive signalinglype 1 diabetes in BB diabetggone ras results

in significant elevation of blood glucose levels. This chronic hyperglycemicisthiees angio
adaptive alterations observable at the tissue level such as ryapligessiondapillary-to-fiber

ratio, C/F)as well as at the molecular level with changetheangicadaptive signaling. Mdm2
serves as a negative regulator of FoxO1, therefore in the diabetiad@tgrregulation of Mdm?2

could leado elevated FoO1 and its transcriptional target T8Pa critical antiangiogenic factor

in skeletal muscle tissu¥ EGFA howeveris not lowered in the skeletal muscle of diabetic

animalswhereagheexpression oits recepto2 (VEGHR?2) is significantly reducednterestingly,



several significant correlations were found between some of these parameters (blood glucose level,

capillaries, molecular markers) measured individually.
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10. DISCUSSION

The role of Mdm2 in the angiogenic process is very complex, suggesting that Mdm2 may
represent a novel O&émaster regul at or Gadapfive sever .
balance (FoxO1HIF-1 U, p53). These i n-taedraatiangiogenicdactas f e c t
(VEGF-A, TSR1), and the interplay between Mdm2 targets further highlights the complexity of
the Mdm2dependent angiogenic proce&efer tofigure 10.1for a schematic represamg the

variousidentifiedinteractions between Mdm2 and its downstream targets.

Ser166 ®(+)
Mdm?2
: e

(=) ) (+)

FoxOl J pS3 HIF-1a

~ 1)

ORI

(+)
TSP-1 VEGF-A

)

Anti-angiogenic Signal . Pro-angiogenic Signal

Figure 10.1 Schematic diagram of the complex regulatory functions of Mdm2 in the skeletal
muscleand endothelial cetingioadaptive balance including the reciprocdatienship between
Mdm2 andVEGF-A, (+) indicates stimulatory and) (indicates inhibitory effects The Il ett er
in a green circle represents a phosphorylated protein.




It has been the scope of my dissertation research to ascertain the physiologioél role
Mdm2 in regulating the skeletal muscle microvasculature. Ongoing clinical trials investigating
drugs that block the interaction between Mdm2 and p53 in order to restore p53 function in cancer
cells is intriguing. Although Mdm2 is overexpressed in somease states (i.e. cancer), its basal
expression levelgpears to be important in other contexis. in order to prevent muscle capillary
regression in type 1 diabetes) and is essential for other healthy and physiological processes (the
growth of musclecapillaries in response to exercise). My research highlights the necessity of
understanding the role of Mdm2 in healthy tissues such as the skeletal muscle, asévithre]
anticancer treatments could have devastating effects to the microvasculdhisdigsue. It is of
great importance to understand both pathological and physiological functions of Mdm2 in order to
optimize existing pharmaceutical interventions and prevent unwanted deleterious effects in non

targeted tissues.

My research took the igue approach of investigating the gangiogenic function of
Mdm2 in skeletal mude and in endothelial cells atdistinct levels; 1) identifying signalling
pathways and mechanisms of Mdm2 activatipstream of MdmZ22) investigating what happens
to Mdn itself(i.e. protein abundance and paistnslational modifications) in responsest@rcise
training and an acute boof exercise,3) elucidating the prangiogenic effecdownstream of
Mdm2in regard to molecular targets and the functional implicationendothelial cellsand 4)
investigating theclinical relevanceof the Mdm2 protein in the context of type 1 diabetes
Upstream of Mdm2, we have identifiedEGFA as a potent regulator of-Perl66Mdm2,
uncovering a key prangiogenic relationship beegn Mdm2 anEGF-A in both primary human
endothelial cells and in human skeletal muscle tissue as a whole. MediatingEBIS-A

dependent Mdm2 activation is the ERKP20RSK signalling cascade, which was found to be



indispensable foYEGFA-driven Mdm2phosphorylation in human endothelial cells. Both acute
bouts and the accumulation of exercise bouts (training) dedlterations in the activity or
abundance of Mdm2 in rodent and human skeletal muscle tissue. We have shown that concomitant
with elevated/EGF-A protein expression, Mdm2 is phosphorylated on its serine 166 in response
to an acute bout of exercise. In addition, MdmRich ispredominantly studied as an oncoprotein,

is significantly upregulated in response to the physiological stimulus ofisgéraining in human
skeletal muscle, translating findings from our laboratory previously obtained in rodents.
Downstream of Mdm2 activatiomy research demonstrates that Serl66 phosphorylation o
Mdm2 enhances endothelial cell migration and promotdsn®FoxO1 bindingand supressed
TSP1 expressionuncovering a novel prangiogenic signalling pathway in endothelial cells.
Finally, we haveidentified Mdm2 as a potentially important regulator of the skeletal muscle
microvasculature in the context of detes, as Mdm2 protein levels are lowered corresponding to
elevations in FoxO1 and TSP alongside significant capillary regression in type 1 diabetic

animals.

Throughout my research, | have consistently shown that Mdm2 may exert its pro
angiogenic effectdy modulating the MdmEoxO1XTSR1 signaling axis. While we and others
have described Mdm2 as a key regulator of VEEGEXpression75,147%149], taken togethemy
research strongly suggests that the-angiogenic side of the regulatory balance may lbeem
influentialin exertingMdm2downstreampr@a n gi 0 g e n i @cagemit resedrch papddd i
| show that while VEGFA strongly stimulated the phosphorylation of Mdm2, thereby promoting
Mdm2 activity, it was an increased interaction with FoxO1l andegurent downregulation of
FoxO1 transcriptional activity toward hallmark target genes, namelylT 8#t led to enhanced

endothelial cell migration. Interestingly, in cells that overexpressed the phosptesicform of



Mdm2 (S166DMdm2), TSR1 mRNA leves were significantly reduced along with suppressed
VEGF-A expression. Despite the reduction in VE&Fthe VEGFA/TSP-1 ratio wasmuch
greater in cells overexpressing SDEBIdmM2 due to the larger relative reductam TSR 1. While
VEGF-A appears to be assential driving force behind Mdm2 activation, signaling downstream
of Mdm2 appears to be the limiting functional step in the pathway, as the Mdm2 antagonist nutlin
3a entirely prevented the VEGFinduced cell migration. The Mdm2oxO1-TSR 1 axis appears

to be thisunctional link.Similarly, results observed nacademic research pape64 s how t hat
the context of type 1 diabetes, F&Rrotein levels are significantly elevated concomitant with
decreasedMdm2 abundance and capillary regression in thescie of diabetidats. VEGFA
protein however wereither unaltered (soleus) or significantly higher (plantaris) in diabetic muscle
despite the observed loss in capillaries. In both the soleus and plantaris, theAYESFFL ratio

wasa better reflectionf capillary loss, as this ratio wdsamatically reduced in diabetic animals,
againdue to the relativalterations in TSH. Overall, the available literature indeed suggests that
skeletal muscle capillary regression is mooerelated withincreased TSR levels as opposed to
reductions in VEGFA [64,72] Taken together, my research contributes novel evidence supporting
the imporant role of anttangiogenic factors in the regulation of the skeletal muscle

microvasculature



11. FUTURE RESEARCH

Given he complex nature of Mdm2 interaction with angabaptive molecules, it is very
likely that other angiogenic regulators are controlled by Mdm2 in skeletal muscle tissue and in
endothelial cells. Broadening the scope of potential Mdm2 dependent angi@gois tould be
achieved by performing a Tagman réale qPCR arrays. These arrays measure the expression
level of >40 genes involved in angiogenesis, measured in duplicate. Modulating Mdm2 abundance
and activity would allow direct comparison of the exgsien level of several angiogenic regulators
measurable by the array that could be affected by Mdm2 status and activation. To investigate
Mdm2 regulation in whole skeletal muscle tissue, arrays could be performed on muscles from
Mdm2PU"9®® transgenic nde that are Mdm2 deficiefit5]. In primary human endothelial cells,
S166DMdm2 infected cells could be compared to control andMdm2 overexpressing cells
(seeacademic research papel).2Changes detected in the array can be confirmed by regular

Tagman §CR (and at the protein level by western blot).

My researchsignificantly contributd to the understanding of both the upstream
mechanisms of Mdm2 phosphorylation, and how this activation affects the functionality of
endothelial cellsAlternatively, the ptentially preangiogenic role of Mdmz2 in theayofiberhas
not yet been identifiedt is understood that the skeletal muscle is an endocrine {264h and
myofibers can be considered tltiep o we r p | the praductiore dnd reldase of several
angiogenic factors that are essential for the health of the capillary network, such asA/EGF
Indeed, thempactof myofiberderived VEGFA for the maintenance of muscle capillaries and for
exerciseinduced angiogenesi® occurhas been reviewed earlier in ghdissertatiorf93-96].
Furthermore, preliminary data from our laboratory shows that cultured muscle cells express TSP

1 mRNA, and secrete TSP protein into culture medi@ata not shown)dentifying the myofiber



as a source of SP1 productionand releae.We have already demonstrated that Mdm2 has the
ability to regulate both VEGHR and TSP1 expression at the level of whole skeletal muscle tissue
and in endothelial cells, yet have not elucidated this relationship specifically in myocytes.
Therefore, a intriguing research project would be to investigate Mdm2 regulation of VEGF
and TSP1 production and release fromesétal myocytes by manipulating Mdm2 activity and
expression with the Mdm2 antagonist nutBa or transfecting cells with Mdm2 siRNAn
addition, wehaveidentified VEGFA as an upstream regulator 65er166Mdmz2 in endothelial

cells, however it is not yet known the upstream stimuli responsible for Mdm2 phosphorylation in

skeletal muscle cells.

As outlined in the literature review semti exercise represents a complex environmental
stimulus, in which multiple factors could play a role in the observed increasgenlp6Mdm?2
protein levels. Mechanical forces such as shear stress and tissue stretch along with localized
hypoxia could allserve as pr@angiogenic signals leading to alterations in the aagiaptive
balance, and have the ability to stimulate signaling pathways involved in the promotien of p
Serl66Mdm2.Indeed, ny research clearly shows that Mdm2 acutely senses exercisdustjras
can be appreciated by the increased phosphorylation of Mdm2 in response to an acute bout of
exercisan both rodent and human skeletal muscle tiggaoademic research papey. By utilizing
cell culture models, we can mimic and isolate the efééotach exerciseelated stressor by
exposing cultured endothelial cells and/or myocytes to hypoxic incubation, hydrogen peroxide
(oxidative stress), static stretch (Flexcell strain unit), or shear stress (parallel plate flow chambers).
Following each rggective treatment,-Serl66Mdmz2 levels could be measured to evaluate which
specific exercisenduced stress could be most important for regulating Mdm2 activity.

Furthermore, and in combination witbtentialfutureresearch outlined in the previous paea,



VEGFA and TSP1 production and secretion from myocytes in response to the various stimuli
could be measured. The role of Mdm2 in regulating VEBG&nd TSP1 production could be
appreciated by prereating cells with nutlirBa or transfection of MAM&RNA prior to exposure

of the exerciseelated stressor.

The wellestablished Mdm2 downstream targets p53,-HIB , and FoxO1l have
implicated in the regulation of mitochondrial content in various cell types (i.e. cancer cells, skeletal
myocytes,and endothelial cells). Namely, it has been shown that p53 plays an important role in
the exercisenduced activation of mitochondrial synthesis in skeletal muscle §i286¢ and that
an acute bout of exercise significantly induces translocation pbBBgrotein to the mitochondria
[206]. HIF-1 U, conversely, appears to suppress mitod
to hypoxia (an event which stabilizesHIFU) | eads to decreased mitocl
muscle fibreg207]. Furthernore, Mason andlohnsorj208] found that while wilétype mice had
an increased oxidative capacity, musgtecific HIFL U knoc ko u't mi ce had al
this adaptation without undergoing an exercise training program. Finally, FoxO1 may also play an
important role in the metabolic regulation of endothelial cells, as a recent stidyhgym et al.

[209] shows that forced expression of FoxO1l in endothelial cells reduces glycolysis and
mitochondrial respirationJsing anin vivo model of Mdm2 deficiency75], our laboratory has

shown that Mdm?2 " °?nfiée who express 60% less Mdm2 than vijides have an elevated HIF

10 protein | evel in their skeletal muscl e. Th
vascularization at rest, potentially léagl to a hypoxic environment and HIFU upr egul at i
Furthermore, the Mdm2 deficient mice had significantly elevated FoxO1 protein levels and
expression of the FoxO1 transcriptional target ISHhese elevations in FHEU and Fox O1

could be a direct retuof Mdm2 deficiency, and may potentially be a contributing factor to



lowered mitochondrial content. To date, it is not known whether Mdm2 could regulate
mitochondrial biogenesis and respiration through interactions with its downstream targets. As
previowsly stated, results from our laboratory show that increasing activation of Mdm2 in
endothelial cells leads to an elevated binding between Mdm2 and FoxO1, and not between Mdm2
and p53 or HIFL Uacademic research paper).2The role of Mdm2 in skeletal muscl
mitochondrial content and respirationvivo could be assessed in Mdit2" °? rffice, while the

role of Mdm2 in endothelial and myocyte mitochondrial regulaitiovitro could be investigated

by treating primary human endothelial cells and myotubes imitreasing concentrations of
nutlin-3a or by transfection with Mdm2 siRNA. Whether the MdRcXO1 relationship could

lead to increases in mitochondrial respiration in endothelial cells would be a novel finding in the

field of Mdm2 research.



12. CLOSING STATEMENT

It is common knowledge that exercise leads to nunsetmalth benefits, and that by
exercising we can be o Oneerynoporant detemminantobtipiseend o r
result is adaptation of the skeletal muscle tissue. Howthemuscldgissuewould simply not be
able to function properly without tightly orchestrated alterations to its vascullthes been my
passionas a researcher to eluciddtee molecular mechanisms that govern this adaptation to
exercise.Just prior tothe beginning of my graduate studies, the pioneering study from our
laboratory that identified Mdm2 as an essential regulator of skeletal muscle capillarization had
been published75]. This research article truly paved the way and plotted the courgsayfor

research endeavours.

Our laboratory is one of the few investigating the physiological function of Mdm2. When
| began graduate studies in 2012, very little research existed examining the role of Mdm2 outside
the context of cancer therapivhile investigting Mdm2 function in cancer is a promising field
of research tihas been a great experience being able to contribute to the accumulation of evidence
for a physiological role of Mdm2 in healthy tissues such as the skeletal misthe timeof
writing this dissertatiomur laboratory has solidified Mdm2 as an essential regulator of the muscle
microvasculature through several research publications and scientific collaborativense
dissected the prangiogenic role of Mdm2 in response to exercisaimgi, as well as in response
to individual acute bouts of exercise. Our laboratoryilmgdemented an integrative approach to
the study of Mdm2 angtoegulation, and | haveontributed to the identification afovel
interactionsand signalling pathways imlving Mdm2 and other angiadaptivemolecules in
rodent and human skeletal muscle and in primary human endothelial ceédlgioAally, my

researchhasgeneratd findingsthatmaycontribute in the long term to improvitigetreatment of



diseasesuch agype 1 diabetethat affect the muscle vasculatui@ken together, gndoctoral
researclprovidesan important contribution to the field of muscle biology and exercise physiology,
and improvesour understanding of the molecular mechanisragulating microvascular
adaptability ofskeletal muscle to physical exercifiehas been a privilege to immerse myself in

the detailed investigation of skeletal muscle capillary plasticity in health and disease.
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Abstract

Type-1 diabetes mellitus (T1D) causes impairments within the skeletal musolevasculature.
Both regular exercise and prazosin have ta®wn to improve skeletal muscle capillarization
and metabolism ihealthy rats through distinct angiogenic mechanisms. The aim stillig was

to evaluate the independent and additive effects lintary exercise and prazosin treatment on
capillary-to-fiber ratio (C:F) instreptozotocin (STZ)reated diabetic rats. STZ (65 mg/kg) was
intraperitoneallyadministered to male SpragDawley rats § = 36) to induce diabetes, with
healthy, nondiabeticeslentary ratsn(= 10) ascontrols. The STZreated rats were then divided
into sedentary (SED)r exercising (EX; 24 access to running wheels) groups and theher
subdivided into prazosin (Praz) or water (H20) treatngeotips: nondiabetiS8ED-H20, STZ-
SED-H20, STZEX-H20, STZSED-Praz, and STZEX-Praz. After 3 wk, untreated diabetes
significantlyreduced the C:F in tibialis anterior (TA) and soleus muscléserSTZSED-H20
animals (bothP < 0.05). Voluntary exercise armtazosin treatment indepestly resulted in a
normalization of C:Fwithin the TA (1.86+ 0.12 and 2.04 0.03 vs 1.71 0.09,P < 0.05) and the
soleus (2.3& 0.07 and 2.6& 0.14 vs 2.13 0.12,P < 0.05). The combined STEX-Praz group
resulted in the highe§t:F within the TA (226+ 0.07,P < 0.05). Voluntary exerciseolume was
negatively correlated with fed blood glucose leets= -0.7015,P < 0.01) and, when combined
with prazosin, causeturther enhanced nonfasted glucose< 0.01). Exercise and prazosin
reduced circulang nonesterified fatty acids more than either stimaliosmie P < 0.05). These
results suggest that the distinct stimulatioargiogenesis, with both regular exercise and prazosin
treatmentcauses a cooperative improvement in the microvascular conmiisassociated with

T1D.



Introduction

Type-1 diabetes mellitug¢T1D) is a chronic autoimmurdisease targeting the pancreatic
b-cells resulting in little tmo insulin production and hyperglycemia (8). Despite exogensusn
therapy, individuals withdiabetes have amcreased risk for lon¢erm microvascular and
macrovasculacomplications, which can significantly impact theiorbidity and mortality (7, 10).
T1D is also associated witmpaired angiogenesis in skeletal muscle (1, 38).derseraly held
that hyperglycemia itself, or some metabdlyproduct of hyperglycemia, induces remodeling of
capillarieswithin the skeletal muscle, resulting in a lower capilarfiber ratio (C:F) and

ultimately affecting regiondiemodynamic regulation (26).

New capillary growth within the skeletal muscle occursaxiating capillaries through two
morphologically different, andeparately inducible, forms of physiological angiogenesined
sprouting or nonsprouting angiogenesis (13). Dhewth of newcapillaries in response to
exercising muscle is lighly regulated process (16), which is stimulated by increfsedional
hyperemia and shear stress (19), mechanical stadtehe tissue in addition to increases in
metabolic demand, aeduced oxygenadlivery (12). These signals modulate theression and
activity of proangiogenic and angiostatic factovghich act together to regulate sprouting

angiogenesi§l 3).

In addition to insulin therapy, regular exercise is an establistathgement strategyrfo
T1D, improving glucose uptakand insulin sensitivity within skeletal muscle (15). Additional
health benefits include increased cardiorespiratory fitneeproved endothelial function,
increased vascular healtind quality of life (6, 15). Regular endince exercise increasaeeletal
muscle capillarization in healthy individugd2). However, the effects of endurance training on

changes ircapillarization in diabetic animals and patients are contradi¢@®y 27, 29, 44).



Vascular function has beeha@vn toimprove with physical activity in both animal models of
diabetes (27) and in patients with T1D (6), but thegerations were unable to fully restore the

diabetesnduceddefects (14, 33).

Prazosin, anUl-adrenergic antagonist, increases skeletalscle capillarization via a
vascular endothelial growtfactor (VEGF) and endothelial nitric oxide synthadependent
pathway (eNOS) (5, 45). These two mechanismhsaction for prazosin ultimately cause
longitudinal splitting of existing capillaries (46)which is distinct from theangiogenic, or
sprouting, mechanisms that are observed wibrcise. Prazosin has been used in many rodent
studies (39, 47) to selectively increase skeletal muscle C:F, but iyét® be used as an agent
to stimulate angigenesis in aranimal model of T1D. Chronic treatment with prazosin in
streptozotocin (STZinduced diabetic rats reduces elevation®lood pressure and cholesterol
levels and improvesardiac function (18), but its effect in muscle is unknowthenSTZmodel.

In humans with type 2 diabetes, prazosithances hepatic function (11, 34), improves insulin
sensitivity,and lowers lipid levels (21, 32), in additiondecreasing blood pressure (11, 21, 32,

34).

The aim of this study was to evaluate the indéleah andcombined effects of exercise
and prazosin administration skeletal muscle capillary content in the Siiiduced rodentodel

of T1D.
Methods

This study was carried out in accordance with the recommendatiting Canadian Council for
Animal Careguidelines and waepproved by the York University Animal Care Committee (2013

5). The Guide for the Care and Use of Laboratory Anim@th ed.,2011) was followed.



Animals.Adult, male Spragu®awley rats (Charles River Laboratoriesitial mass of
2251 250 g,n = 46) were individually house@ights on 12h cycle: lights off 1zh cycle) after 1
wk of acclimatizationto room temperature (223°C)} and humidity (5060%)-controlled

facilities.

Experimental designA timeline of the experimental protoc shown inFig. 14.1 All
animals had access to voluntary running whesld wk. Each exercising animal was placed into
rodent cages witB4-h access to a running wheel (Harvard Apparatus), while sedemtemals
were housed in standard cages. Runrisgance was assessddily. Seven days after wheel
assignment, a single injection $fTZ (65 mg/kg) was administered to induce diabetes. Animals
werealso provided with sugar water (20% sucrose) to assist with diadetelopment, and any
exercising anirals had their wheels removedernight to further promote diabetes induction. Two
days aftediabetes inducement, animals were divided into one of five growpstiabetieSED-
H20O (control), STZSED-H20, and STZX-H20, all given regular drinking water; dnSTZ
SED-Praz and STZEX-Praz, all given drinking water containing prazosin hydrochloride (5
mg/kg; P7791; Sigmdaldrich). Five days after diabetes induction, aflimals had their food
reduced to 30% of their total body weighingorove glycemia in thdiabetic animals. Body mass,
fed bloodglucose, food intake, and fluid consumption were measured daigatdr rodent and

any changes in the r ondmtorteds ® heal th were noted

Blood glucose, nonesterified fatty acid, and corticosterone sampliogd glucose values
were measured with a glucometer (AIphRAK; Abbott Laboratories) and [d of blood from the
tip of the tail.Blood samples were collected from each animal via saphenou®ramnesterified
fatty acid (NEFA kit, HR Series NEFAR; W&o Chemicals) and corticosterone (MP

Biomedical) concentration measuremenmsiays 1(basal) and2 Glucose area under the curve



(AUC) was measured r el atdaywléglutose vaua and thenetiarea | 0 s

was used to account for the lerng inblood glucose observed in both exercising groups.

Capillary-to fiber analysis.Skeletal muscle, tibialis anterior (TAgnd soleus, from
euthanized animals, was embedded in tissue fregmdjum, frozen in liquid nitrogen, and
cryosectioned (I:um thick). TA and soleus sections (40On thick) were fixed with 3.7%
paraformaldehydeébefore being stained with fluorescein isothiocyartaejugatedGriffonia
simplicifolia isolectin B4 (1:100; Vector LaboratorieSections were viewed using a Zeiss M200
inverted microscopwith a X20 objective and images were captured using Metamanphing
software. Capillarto-fiber counts were averaged from fite seven independent fields of view

per animal by a blinded observand ~45 fibers/image were counted.

Western blottinglmmunoblotting was carried out on protein extrdoten rat soleus or
TA muscles as previously described @)ozen muscle (280 mg) was mixed at 4°C with RIPA
buffer. Foreach sample, protein extracts were prepared using two staiatbsde beads (Retsch,
Fisher Scientific, Montreal, Canada) in Retsch MM400 tissue lyser (30 pulses/s; Retsch, Haan,
Germany).Denatured samples (30g/well) were subjected to SBISAGE andblotted onto
nitrocellulose membranes. After blocking with 5&tfree milk at room temperature for 45 min,
the blots were probealvernight at 4°C with primary antibodies against the following protémns:
actin (se47778; Santa Cruz Biotechnology, Santa Cruz, @#)rine double minut2 (Mdmz2;
noncommercial clone 2A1(2, 39,40), VEGF (clone V@&L; 05 1117; Millipore, Etobicoke, ON,
Canada),or TSR1 (clone A6.1; M$421-P0O; Invitrogen, Burlington, ONCanada). After
incubation with secondary antibody (cat. no. PO2B8ko, Carpinteria, CA), proteins were

visualized wih chemiluminescenc@Millipore) on Imaging Station 4000MM Pro (Carestream



Health, Rochester, NY) or on-tay film (CL-XPosure Film; prod. nd4090; Thermo Scientific,

Rockford, IL). Blots were analyzed witbarestream software.

Statistical analysisAll data are represented as mear&E, with acriterion of P < 0.05
and P < 0.01 and were assessed as stated usiogvay ANOVAs as a means of statistical
significance. Individuad i f f er ences were calcul ated using

StaSoft). At-test was also used to compare values for nondiadedSTZtreated rats.

Results

Capillary-to-fiber content.The effect of STAnduced diabetesn the skeletal muscle
microvasculature was evaluatasing the C:F, expressed relative to finember to account for
diabetegelated muscle atrophy. There was obvious capillargfaction in the TA of the STFZ
SED-H20 group when comparesith the nondiabetic, control groufig. 14.2 A andAd P <
0.001), which was paralleled within the soleuthefSTZ-SED-H20 animalsfig. 14.3 AandAQ

P < 0.001).

Within the TA, C:F for both the STFBED-Praz and theSTZ-EX-H20 groups were
significantly higher from the STFEED-H20 group Fig. 14.2 BandBg P <0.001), although they
were not significantly dierent from each other. This suggettat individually, both prazosin and
exercise were capable iofiproving the diabetemduced loss of capillaries toward tlwdiserved
in nondiabetic control rats. The STX-Praz animalfiad significantly higher C:Ficomparison
with the STZ-EX-H20 and STZSED-Praz animalsK < 0.001), signifyingthat cotreatment
exerted an additive effect on angiogenedis. also observed an increase in C:F within the soleus
of the STZSED-Praz animalsK < 0.01) and the STEX-Prazanimals Fig. 14.3 B andBg P <

0.05); however, exercise wanable to improve the diabetesluced rarefaction independently.



Circulating glucose concentrationdyperglycemia was evidet all STZtreated animals
(Fig. 14.40). When analyzed as AUCfrom day 11onward (the date of prazosin initiatioth)ere
was a significant main effect of both exercise and praztsiimprove daily fed glucose
concentrations, with the mosavorable response occurring in the SEX-Praz group Kig.

14.4A4 P < 0.0)), suggesting that the cotreatment produceahtbst beneficial result.

Running distance.Daily running distance was graphed ielation to prazosin
administration [Fig. 14.57) and no differencevas found between the average running distance in
the twoexercising groupsKig. 14.8). A significant negative correlationas observed between
individual mean blood glucose concentratiansl cumulative running distance$=(-0.70; Fig.

14.5C, P < 0.01).

Corticosterone and NEFAsSTZ-induced diabetes affectethe concentrations of
circulating corticosterone and NEFABefore prazosin administration, corticosterone and NEFA
concentrations were not different across the -8€Atmentgroup, so these data were pooled
(initial basal,Fig. 14.6 A and B). All STZ-treated animals developed significantly elevated
corticosterone concentratiorisig. 14.6A, P < 0.001) athe end of the treatment period, and only
the prazosin grouphowed significantly decreased valuégy( 14.6A§ P < 0.05). There was a
significant effet of voluntary exercise, prazosamd their combination, to improve NEFA values

(Fig. 14.84 P < 0.05).

Mdm2, VEGFA, and TSPL. VEGFA and TSP1, key pre andantiangiogenic molecules
in skeletal muscle, are influenclegd Mdm2, and these three markeasé been used tonderstand
the changes observed in skeletal muscle C:Both the TA and soleus muscles, Sif@ated rats
had significantlydecreased Mdm2 protein content vs. nondiabetiqlFégs 14.7 A, A B, andBqg

P <0.05). Within the TA, Mdm2rotein content was lowest in the SBED-H20 group butvas



only significantly lower than the STEED-Praz group(Fig. 14. A0, P > 0.05). Soleus Mdm2
protein content was netgnificantly modified in the four different treatment grodpiy. 14.1B0).

Therewas no significant effect of STZ treatmegmtazosin, or exercise on VEG¥kprotein content
within eitherthe TA or soleus muscleEif). 14.8 A, A§ Ao, B, B§ andBo, P > 0.05). There was
also no significant effect of STZ treatmeptazosin, or exerogsson TSPL protein content within

either theTA or soleus muscles-{g. 14.9 A, A§ A0, B, B andBo, P > 0.05).

Discussion

Using a combined therapeutic approach, we have showmxtpasure to 19 days of combined
voluntary exercise angrazosin treatmeéncaused improved skeletal muscle vascularization,
through enhanced C:F within the TA muscle andgoamalization of the C:F within the soleus
muscle of STAreatedrats. Acutely, prazosin administration is not knowimprove glycemia in
diabetes; howevemwe found that prazosimduced skeletal muscle capillarization, which was
independenof voluntary exercise, was associated with improvemieant®nfasted (fed) glucose
concentrations. When combin&dth voluntary exercise, prazosin treatment causeditional
improvements in fed glucose concentrations encllating lipid levels, thereby suggesting that
the two treatmentsan act in an additive fashion to improve muscle capillarizatmohmetabolism

in this animal model of T1D. To oknowledge, thiss the first time that these two therapeutic
modalities have been combined in an animal model (healfisease) and suggests that there is
likely an additive effect oboth prazosin and exercise on angiogenesis and metabestige in

diabetes.

It is well established that endurance exercise prommuegscapillary growth (22) in both
animals and healthjzumans (35); however, literature regarding the effecex@rcise on the

pathological effects of T1D within thekeletal muscle vasculature is inconclus{28, 44). In



healthy rats, exercise training causes increased VEBRNA and protein content, which
stimulates further enhancememsmuscle capillarization (16). When examinadSTZ-induced
diabetic mice, treadmill endurance trainings unable to impre quadriceps femoris cress
sectionalfiber area or C:F after 5 wk of exercise training (27). Insiudy, uncontrolled STZ
induced diabetes caused significaapillary rarefaction, a decrease in the number of capillaries
in an area of tissue, in bothetMA (Fig. 14.2 AandAd andsoleus muscles=(g. 14.3 AandA9,
which is consistent withrevious studies (28, 41). When given access to voluatangise wheels,
STZ-induced diabetic rats showed a significiactrease in C:F in the TAY(g. 14.2 BandB9 and

a slight, but not significant, tendency to increase C:F insibleus Fig. 14.3 B and B9 when
compared with sedenta8fT Z-treated rats. The exercise modality in our studywehmtary wheel
running and this might have elicited differemuscle recruitment between the TA vs. soleus
muscles(25), although there was no difference in volume of exetm$e&een treatment groups
(Fig. 14.5 A andB). Additionally, angiogenic potential appears to be inversely proportiorthkto
original capillariy, i.e., it is easier to induce in fastuscle than slow or cardiac muscle (12),

another possiblexplanation for the muscle tyspecific differences observad capillarity.

The enhancement of skeletal muscle capillarization, throwgisprouting angicnesis
with prazosin treatment, results am increase in capillarity in glycolytic and oxidative skeletal
muscles in healthy rats (3, 9, 47). However, to our knowlettiige study is the first to illustrate
the beneficial effects qgirazosin on skeletal uscle capillary rarefaction in SFiiduceddiabetic
rats. We observed a normalization of C:Bath TA and soleus muscles of sedentary,-8€Ated
rats astheir C:F values were equivalent to those measured ioah&ol group. When coupled
with wheel running, there was aadditive effect on the angiogenic response, specifically in the

TA. It is worth noting that the skeletal muscle angiogenekgerved within both the TA and



soleus (the normalizatiomccurred amidst significantly elevated circulatimgticosterondevels
(Fig. 14.6 AandA9, a hormone that has been linkedcapillary rarefaction (42). In addition to
the fact that bothreatment modalities result in distinct forms of angiogendésese are data
suggesting that the combination of Hgolume, low-intensity exercise, like voluntary wheel
running, actuallyelicits a more rapid angioadaptive response than what is obsdteeteadmill

exercise training (35).

Exercise is a widely recognized strategy for improghgemia in diabete), as regular
exercise leads to thenprovement of whole body glucose and lipid metabolism emttanced
skeletal muscle glucose disposal (17) and inssdimsitivity (23, 24). We observed a significant
effect of voluntaryexercise to improve fed glucosencentrations in th8TZ-treated rats, and this
result was amplified when the animalere coadministered prazosifig. 14.4 AandA9. These
improvements in blood glucose, regardless of prazosin administrateye, also correlated to
running distancéFig. 14.5%C), suggesting that higher running volumes caused betteylbedse
concentrations. In our study, sedentary SiAduceddiabetic rats treated with prazosin also
showed improved fedlucose values throughout the experimental protocol, an unexidaat
interesting observation, given the inconsistent findotgprazosin treatment in various models of
hyperglycemig4, 18, 31). As prazosin is not known to acutely lower blglndose levels, our
results highlight the importance of skeletaliscle capillary content on glucose homeostasis and
demonstratéhat increased capillarization likely enhances insséinsitivity and glucose disposal,

an observation recently seenhealthy rats (3).

The angiogenic response is controlled by a dynamic baldsbeeen ant and
proangiogenic factors (36). VEG&k and TSR-1 are key proand antiangiogenic molecules (30,

37). Interestingly, we have recently brought evidence that thetiguitin ligase Mdm2 could be



a central regulator of skeletaluscle angiogenesipartly by regulating VEGA and TSP1

expression (2, 40).

Our current results show, for the first time, that Siéatedrats had a significant decrease
in Mdm2 protein levels imoth the TA and soleus muscles, as summarizédginl4.1@®. This
reducton in Mdm2 could explain the lowered skeletaliscle capillarization in both muscles in
sedentary diabeticats, as Mdm2 protein levels have been shown to be clostdied to
endothelial content within the skeletal mus¢#). It was previously observethat both
capillarizationand Mdm2 protein levels were significantly lower imadel of type2 diabetes and
in skeletal muscles frorducker diabetic fatty (ZDF) rats (40). Further results demonstthtad
voluntary running efficiently restored both tinegpaired skeletal muscle capillarization and Mdm?2
proteinlevels within the ZDF rats. In contrast to these findingsviblantary exercise stimulus
applied within our current studgid not rescue the observed decrease in Mdm2 protein in the
diabetic animks (Fig. 14.1®) and suggests that the physiologiedponse of Mdm2 to exercise

could be lost in uncontrolled,1D muscle.

No significant alterations in TSP or VEGFA protein levels in response to diabetes
induction, prazosin treatmerdy voluntary &ercise were observed in either the TAsoleus
muscles. Moreover, VEGF receptor expressiosoileus and TA muscle were unchanged by STZ
treatmentor by exercise or prazosin treatment (data not shdtimgla et al. (27) have shown
that STZinduced diabtic mice had lower VEGH protein levels at 3 and 5 whostdiabetes
induction and a concomitant increase in T5&xpression. In that study, while exercise served to
delay thereduction in VEGFA levels, it was not sufficient to attenudtee elevationn TSR1
MRNA. The C:F is increased aarly as 14 days of treadmill running in rodent skeletascle

(43); therefore, we hypothesize that alterationgHGFA and TSP1 protein levels could have



occurred at ararlier time point to stimulate the growth @apillaries.While VEGFA protein
could have been elevated before theasured time point to induce the angiogenic process, the
trend for TSPL protein levels could indicate the stoppinglawing down of capillary growth, as
the balance betweawyxygenand nutrient supply and demand had been achigvéte skeletal

muscle.

In summary, the significant improvement to fed glucosacentration observed after
cotreatment with voluntaryexercise and prazosin administration could be the result of
enhancemestin insulin sensitivity and lipid metabolisnmcreased skeletal muscle glucose
disposal, and possibiynproved diffusion conditions for glucose in the musclahasresult of
heightened skeletal muscle angiogenesis. Theselts suggest that the combioa of both
voluntary exerciseand prazosin administration could lead to a cooperatiygrovement in
peripheral vascular complicatiotisked to T1D and may perhaps prevent future complications

through the augmentation of skeletal muscle capillarizaiahglycemia status.
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Figure legends

Figure ¥.1 Schematic of the experimental design. Basgbhenous vein measurement for
corticosterone andonesterified fatty acid (NEFA) concentrations occuwadiay 1before the
provision of voluntaryunning wheels. Streptozotocin (STZ) was administereday 7, prazosin
on day 1land onday 14animals had their food reduced to 30% of their tbtady weight to
improve glycemia in the diabetamimals. Animals were euthanized day 32(endpoint) with a

final saphenous vein sample. TltPpe 1 diabetes.

Figure 14.2 Capillaryto-fiber ratio (C:F) in the tibialis anterior in nondiabetic and Sieated
rats A andA9 and after 20 days of voluntary exercise and prazosireatmentB andBg. All
values are means SE ( = 3i5 per group). SED, sedentary; EXxercise; Praz, prazosin.
***Sjgnificantly different fromnondiabetic groupR < 0.05). Different letters (a, b, and c) indicate
a significant difference (main effect treatment and activity) between grBup8.001),following

two-way ANOVA (post hoc tst).

Figure 14.3C:F in the soleus of nondiabetic and Stf@ated ratsA andAd and after 20 days of
voluntary exercise and prazosin cotreatméhaiid Bd. All valuesare means SE (W = 5 per
group). ***Significantly different from nondiabetic group & 0.001). Different letters (a, b, and
c) indicate a significant differencdenain effect of treatment) between groups<(0.05), using a

two-way ANOVA (post hoc test).

Figure 14.4Blood glucose values across the experimeimeline (A) and expresseabarea under
the curve (AUCAQ. AUC valuesare calculated frorday 11(prazosin administration)ntil day
32 (end point). A maireffect of both prazosirP(< 0.01) and exercis@® < 0.01) to improve daily

glucoseconcentrations was found, with the catreent(STZ-EX-Praz) producing the most



significant improvement. All values ameanst SE ( = 6i 10 per group). Differenietters (a, b,
and c) indicate a significawlifference (main effect treatment and activibgtween groups?(<

0.05), followingtwo-way ANOVA (post hoc test).

Figure 14.5Voluntary running distances over tirfg® and the total mean value®) (vere graphed
from the initiation of the cotreatment (prazoaimministration). Running distance was negatively
correlated to mean blood glucasencentratior{C) (> =-0.7015,P < 0.01). All values are means

+ SE (1 = 6i 10).

Figure 14.6 Corticosterone and NEFA in nondiabetic and Sieatedrats @A andB) and after 20
days of voluntargxercise and prazosin cotreatmei @nd B9. Black andwhite bar represents
combined basal value before Sirjection. All values are meanis SE f = 6/ 10 per group).
***Sjgnificantly different from nondiabetic groudP(< 0.001). Different letters (a and b) indicate
a significantdifference (main effect treatnt/activity for corticosteronand activity for NEFA)

between groups (alt < 0.05),following two-way ANOVA (post hoc test).

Figure 14.7 Skeletal muscle murine double miniéMdm?2) protein levels are decreased in STZ

induced T1DA: murine double minie-2 (Mdm2) protein in contrginondiabetic) and STeated

rat tibialis anterior (TA) muscle&d Mdm?2 protein in nondiabetic and STi#ated rat TA muscle.

*P 00.01 following unpaireds t u d étast ahalysisAd: Mdm2 protein in the TA muscles of
salentary, prazosHreated sedentary, exercised, or exercised and prazeated STAreated

rats. Different letters indicate significant differen&( 0.05 following tweway ANOVA. B:

Mdm2 protein in nondiabetic and S¥i#&ated rat soleus muscl&i Mdm2 protein in nondiabetic

and STZtreated rat soleus muscleP©0 . 05 f ol | owi n g tteshgnalysisBé:d St ud
Mdm2 protein in the soleumuscles of sedentary, prazosieated sedentary, exercised, or

exercised and prazosireated STAreatedrats. All data are meaisSE (= 6 per group). Same



letter (a) indicates no significant differences were found between groups followingayo

ANOVA.

Figure 14.8 STZinduced diabetes does not alter skeletal muscle vascular endothelial growth
factor (VEGF) protein levelsA: VEGF protein in control (nondiabetiend STZtreated rat TA
muscles.A@ VEGF protein in nondiabetic and STi®ated rat TA muscle. No significant

di fference f ol | owtiestanalysinAp: /EGFebteirSim thedTémuscl@ssof
sedentary, prazosimeated sedentary, exercised, or exercised and prazeated STAreated
rats.B: VEGF protein in nondiabetic and STZeated rat soleus musclé&a VEGF protein in
nondiabetic and ST-Heated rat soleus muscle. No sigeaht differencefollowing unpaired

St u d é¢tast anaysisBo: VEGF protein in the soleus muscles of sedentary, prazesited
sedentary, exercised, or exercised praxosintreated STAreated rats. All data are meahSE

(n =6 per group). Sametters indicate no significant differences between groups following two

way ANOVA.

Figure 14.9 STZinduced diabetes does not alter skeletal muscle thrombospbr(diSR1)
protein levelsA: TSR 1 protein in control (nondiabetic) and STi@atedTA muscles. AG TSR 1
protein in nondiabetic and STiZeated rat TA muscle. No significant difference following
unpai r edtts3ttanatygsAd DS&1 protein in the TA muscles of sedentary, prazosin
treated sedentary, exercised, or exercised and prazeated STAreated ratsB: TSR1 protein

in nondiabeticand STZtreated rat soleus muscld®d TSR1 protein in nondiabetic and STZ
treated rat soleus muscl e. No s i g mntestfanatysisn t
Bo: TSR1 protein in thesoleus muscles of sedentary, prazdsdated sedentary, exercised, or
exercised and prazosireated STZAreated ratsAll data are means SE (=6 per group). Same

letters indicate no significant differences between groups followingntsoANOVA.



Figure 14.10 Summary of the effects of prazosin and exergigkin the TA skeletal muscle of
STZ-treated ratsA: STZ treatment causes increased fed blood glucose lealelgtions in
corticosterone (Cort), NEFA, arttecreased insulin (Ins) content. Withire TA, STZtreatment
decreased C:F and Mdm2 protein contehile both VEGF and TSR were unaffected: STZ
treatedrats were exposed to either prazosin treatmesitintary exercise, or a combination of
both. Individually,prazosin and voluntary exése increased C:F ardkcreased both NEFA and
fed blood glucose concentratiorBrazosin treatment increased Mdm2 proteamtent while
VEGF and TSPL were unaffected. Voluntargxercise caused no alterations to angiogenic
proteins. The combination of p@&n with voluntaryexercise resulted in the most improved fed
blood glucoseoncentrations and C:F. Both Cort and NE€#hcentrations were unaffected and

there were no alterations angiogenic proteins.



Figure 141

Protocol
T1D induction
STZ injection Diet restriction
Voluntary running Prazosin (30%)
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Figure 14.2



