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Chapter I: Introduction
A. Introduction to the Problem:

In the U.S., more than ofthird of adults are obeg&], and the estimated annual medical
cost of obesity is nearly $150 billigg]. Obesity escalates cardiovasculaeaseisks[3, 4],
which are associated with increased muscle sympathetre mctivity (MSNA), vascular
resistance, and blood pressure (BP) with concomitant reductiskelatal musclélood flow
[5-7]. Although exercise can restore vascular function and decrease cardiovascu|8f,riblkes
role of obesity on neurovascular responses to exercise remains poorly unddistcioahisms
driving attenuatetlood flow associated witlobesityare of particular interestmportant
guestions arisesuch as does attenuaitelood flow,persist with exerciser can exercise rescue
some or all of the involved responses?

During acute exercise leanindividuals, there is increased vascular conductance (e.g.
blood flow normalized to BP) in the exercising muselea resulof the interaction between
locally released vasoactive substancesatahuation ofympatheticallymediated
vasoconstrictiofi9, 10]. This phenomemn, t er med Af uncti onad sympat
blood flow is closely matched to meet the metabolic demands of the contracting muscles while
still maintaining BH9, 11]. In the recovery period following acute exercise, increasescular
conductance continues to persist, resulting in-pgstcise hypotension (PEH) that may last
several hoursThisresponse plays a role in lotgrm BP normalization following chronic
exercisg12-14]. In obese populations, it is likely that functional sympatholysis may be impaired
due to greater sympathetic vasoconstricfit® 16|, and reduced localasodilatory capacity of
bothsmall and large arterig&7-19]. This may result in insufficient bbd flow to exercising

musclesor alter its neurovascular coupling, contributing to an impaibgdyato sustain physical



activity [20, 21], and reduced work capacity in obese ad@®. The obesityrelated sustained
vasoconstricon and reducedasodilation may negatively impact the positive effects of exercise
on BP in obese adults. Importantly, obesitguced neurovascular dysregulation may increase
stress on the cardiovascular system, tivhen sustained over years, signifidgmmontributes to

the increased cardiovascular risk seen in obesity.

The impact of obesity on functional sympatholysis has surprisingly not been
systematicdy addressed. Furthermore, few studies hexaamined PEH in obesity and have
yielded conflicting reults[23, 24]. Therebre, the overalhim of our projet wasto investigate
whether obese adulkeould exhibit neurovascular dysregulation in response to acute exercise.
The first specific ainwasto determine if functional sympathoigswoulddiffer between obese
andleanadults. We hypothesiddghat obese adulisould have a lesser magnitude of functional
sympatholysis during acute exercise compavigd leanadults using lower body negative
pressure with and without handgrip exercise as the excitatory tasks. The second spewidis aim
to detemine if PEHwould differ between obese amehnadults. We hypothesidehat acute
exerciseinduced PEH (using central and brachial BP measuresld beabsent in obese adults,

butwould bepresent ineanadults following 60 min of moderate intensity tgg.



B. Significance and Relevance of the Research

The prevalence of obesity is at antathe high in the U.§1, 25]. Obesity is a major
contributor to the increaseisk of mortality from stroke and cardiovascular dise§3e26, 27].

The deleterious effect of obesity on the cardiovascular system is present even at a young age
[28]. The annual medical burden of obesity in the U.S. has risen to approximately 10% of all
medical spending, or ~$150 billion/yg&}. To dateour understanding of mechanismetated to
obesityinduced cardiovascular complications remains poorly understood. There is evolving
evidence that vascular function is altered in obese adults, attributable to enhanced sympathetic
nerve activity, enhanced vasoconstrictiand reduced vasodilatigtn5-18, 28]. Although

exercise is a recommended lifestyle behavior to combat olp2gjtyobesityinduced vascular
dysfunction may impair exercise blood flda/contracting skeletal musclaad the abity to

sustain physical activity, consistent with reduced work capatiéy observedh obesity[ 20,

21]. Additionally, impaired vasodilation and increased sympathetic vasoconstriction may
disproportionately increase BP during and/or after exef8de potentiating the risk of sudden
cardiovascular even{81].

This study will increase our understanding of the mechanisms of functional
sympatholysis and PEH, which will provide novel insighth® control of blood flow and BP
regulation, as well agxercise intolerance associated with obesity. This contribution is
significant because it is an important step in the process of understanding: (a) how exercise and
physical activity affect hemodynamic responses in obese adults, (b) why BP is elevated more
with sympathoexcitatorgtimuli in obese adults, and (c) whether obesijuced neurovascular
dysregulation is related to sympathetic overactivity, impaired vasodilatory capacity, or both.

Such understanding will advance the field and lead to subseaueehanistic studies, which will



ultimately improveour knowledge of cardiovascular disease risk in obesity. Specifically, future
studies will allow for the identification of potential therapeutic targets via exercise and/or
pharmacological interventisnwhichare tailored for obese populations thetlikely to prevent

or minimize the deleterious effects of obesity on blood flow and mesowoilar function

Importantly, this crossectional study will provide preliminary data to develop such mechanistic
studieshat may ultimately influenceustomtailored exercise training strategies that will

improveneurovascular coupling in obese adults.



Chapter II: Literature Review

Obesity and Cardiovascular DiseaseRisks

Obesedndividualsare at increased cardiovascular i8k26, 27]. The relative 8k of
mortality fromcardiovascular diseas@SVD) is increased by 29% in women and 34% in men
with each 5unit increment obody massndex (BMI) [32]. Importantly, abdominal obesity
appears to be an independeisk factor of incident CV[}33], pointing to the importance of fat
distribution on CVD riskin contrast, mdividuals with lower levels of visceral adiposity are also
at lower risk of CVD[34]. There are numerous adverse consequences of obesity on
cardiovascular healtl#]. Obesity induces alterations in cardiovascular and metabolic systems
that promote progre&s towards incident CVIP33, 35]. For instance, obesndividuals may
eventually develop conditions such as dyslipidemia, hypertension, insulin resistance, chronic
inflammation,andtype 2 diabetes, all afhich can directly and indirectly jeopardizeithe
cardiovasculastructure andunction[33, 35]. Thisis important to helpnaintaincardiovascular
homeostasiand to sustain physical activifg3, 35].

Of particular interest is thienpact ofobesity on exercise intoleranaad poor
cardiorespiratory fitness. Indeed, obewlividuals have lowelevels ofpeak aerobic capacity
(relative to body weightyompared witHheancounterpart$36]. Moreover, obese individuals
with low fitnesshave &b.7-fold higher rik for devebping type 2 diabetesomparedvith lean
individualswith high fithnesq 36]. Importantly,obese individuals with low fitness have a 3.1
times greaterelativerisk for allcause mortality (95% confidence interval,-3.8 relative risk)
compared witHeancounterpart$37]. Given that both obesity and cardiorespiratory fitness are
both independent predictors of C\|B8, 39, it is imperativeto understand potential

mechanisms undstihg exercise tolerance in obesity.



Indeedthe contribution of vascular dysfunction to exercise tolerancédeas identified
[40], highlightingthe importance of obeskHglated changes in peripheral circulation. Obesity
can induce adaptations in the small resistance and large elastic arteries that favor increased
vasoconsiction and decreased vasodilatiigl]. Such maladaptations can negativempact the
patterns of blood flow delivery to organs and tissgesipled with exaggerated B#0]. Along
this line,microvascular and macrovascuérdothelial dysfunctioarehallmark consequensef
obesity and contribute to peripheral vascular dysregulatonexercise intoleran¢él, 42].
Becausehe peripheral vasculature is an area that is particularly vulnerable to the harmful effects
of obesity, it is clinically important to understand the potential mecharfsmsontribute to
peripheralvascular dysfunction in obesitl is also important to recognize some of these

mechanisms may interact irdawnwardcycle to induce further insulb the vasculature.

Mechanisms of Vascular Dysfunction inObesity
Vascularlnjury

The healthy endothelium playsnamportant role in modulating vascular tcared
maintaining vascular homeostasiisough release of several vasoactive substances that can
induce vasodilation and vasoconstrict[d, 44]. Nitric oxide (NO) is the most important
modulator released from the endothelium that can induce Natsaa as well as prevent
atherosclerotiprocessef43, 44]. The endothelium also releasdker vasodilatorssuch as
bradykinin prostacyclin and endotheliurderived hyperpolarizing facte{EDHF)[43, 44].
Bradykinin can stimulate release of NO and prostacysioh contribute t@an inhibition of
platelet aggregation and stimulate fibrinolysis via productionsetig# plasminogen activa{el3,

44]. Prostacyclin can also assist NO in inhibiting platelet aggregpt®@4]. EDHF can induce



vascular smooth muscle cell hyperpolarization and subsequent vasodilation, even when NO and
prostacyclin are pharmacologically inhibiteth].

In contrast, injury to the endothelium causes the cell to release substances that favor
vasoconstriction and promotes gtsombotic and pratherosclerotic processgsg. endothelin,
angiotensin, vascular cell adhesion moleculsglectin)[43, 44]. The release of these
substances initiates several cascades of events that lead és@ucemdothelial permeability,
platelet aggregation, and smooth muscle cell proliferation and migfdpad]. Importantly,
endothelial dysfunctiors the earliest manifestation wascular dysfunctiordue to loss of NO
bioavailability and is associated with increased risk of G¥&).

Indeed, adothelial dysfunctioomayalsobe present in the obese populati@®]. Obese
individuals exhibit blunted vasodilation in response to an infusf an endotheliurdependent
vasodilator, acetylcholingtl]. Conversely, impaired endothelivdependent vasodilation is
reversedollowing vitamin C infusion, highlighting theole of oxidative stress in obesitglated
endothelial injury[41]. Usingconventionabrachialarteryflow-mediated dilation (FMD) to
noninvasively assess endothelial function, percent FMD (percentage of change in diameter
during maximal dilation from baseline diameter) is reportedly lower in young and healthy obese
adults compared with lean counterparts (average ag8*$@ars]47]. Similarly, common
femoralarteryFMD has been shown to be impaired in obese adults comparedneitie
matched lean group, without evidence of impa#adothelialindependent vasodilation
(determined using glycgr-trinitrate)[48]. This highlights the negative impact of obesity on
endothelial function in the leg, which plays a major role in human locomotion and exercise
capacity{49]. Importantly the degree of impaad endothelialependent vasodilation both the

brachial[50] andthe common femoral artef¥8] hasalsobeen shown to be invely related to



visceral obesity, further substantiating the negative effects obesity and fat mass have on
cardiovascular functiorin contrast to previous studig$l], other evidencsuppors preserved
endotheliuradependent vasodilatian response to an infusion of acetylcholing/oung,
otherwise healthy obese adylfd-54]. Furthermore, an inverse correlation between BMI and
impaired endotheliurdependent vasodilatory response to acetylchaelime abolished following
exclusion of participants who were older than 40 ygadk Taken together, such discrepant
findings suggest thandothelial dysfunction is not a common feature of obesity, but may
become apparent with a longer duration of obeaityancing ageandor presence of CVD

In addition to endothelialysfunction, arterial stiffness is another early sign of vascular
dysfunction that can predispose one to an increased CV[bbsk6]. In general, arterial
stiffness is largely determined by the structural adaption of the vascular wall, which results from
aloss of elastin relative to an increased collagament{57]. Interestingly, recergvidence has
demonstrated possible crosstalk betwesdothelial dysfunction and central aidé stiffening,
such thaany therapeutic tervention that improves endothelial function by enhancing NO
bioavailability also reduces central arterial stiffns8}. Moreover, systemic infusion of-N¢-
monomethylL-arginine (LNMMA) [59] andN®-nitro-L-arginine methyl ester {NAME) [60],
to inhibit endothelial NO synthase (eNQB&s been shown tnduce arterial stiffness healthy
normal volunteersBrachial artery FMD has also been positively correlated with arterial stiffness
[61]. Thesefindings areof clinical significance and point directly to NO as being a common
regulatorinvolved inboth vascular tam and large artery stiffnefs2].

Indeed obese individuals who exhibit endothelilgisfunctionalso have increased central
arterial stiffnes$63]. Moreover, increased arterial stiffness has been associated with visceral

adiposity, highlighting the role of regional fat distribution as a potential determinant of arterial



stiffness[64]. Compared witHeanand overweight individuals, obese individuals have greater
large artery stiffness, coupled with elevations in brachial, carotid, and aort@5BRSimilarly,
using magnetic resonance imaging to determine aortic stiffapgarentlyhealthy obese
individuals have higher aortic stiffness tHaanindividuals[66], whichwas positively

correlated with leptin concentrati¢66]. Convergly, obese individuals whonderwenia 12

week lifestyle modification program (aerobic exercise and dietary intervention) had reduced
arterial stiffness (determined by brackealkle pulse wave velocity) and plasma asymmetric
dimethylarginine ADMA ), whichis an endogenous inhibitor of NO synth&6@. Thissuggests
increased ADMA productiomay potentiallycontribute to obesityelated arterial stiffness.
Collectively,these studies have demonstrated the presence of endothelial dysfunction and arterial
stiffness in obesity. Importantly, endothelial dysfumctand arterial stiffening may act

synergistically to compromiseasodilatory capacitgand exercise toleran¢ég].

Sympathetic Overactivity

The sympathetic nervous system plays an important role in the regulation of
cardiovascular function, and sympathetic overactivity has been implicated in the development of
CVD [69, 70]. Indeed, obesity has been associated with elevated sympathetic nerve [@&tivity
15, 16]. In obese individualsympathetic nerve activitig increased in various organs/tissues to
drive thermogenesi® helprestore energy balance and stabibipely weight; however,
prolonged exposure typathetic overactivitynayeventually lead tthe development of
obesityinducedhypertension71].

For instancea modestveight gain of 5 kilogrambas been demonstratedincrease

MSNA and restingystolic BP ineanindividuals[15]. There isalsoa positive correlation



between plasma norepinephrine (NEglobal marker of sympathetic nerve activapdBP in

obese individuals with borderline hypertensj@g]. Conversely, the negative impact of obesity
on sympathetic nerve activation and the associated increase in BP hasvieesedollowing
caloric restriction and weight lo§82]. Interestingly,usingthe NE spillover technique, one study
reported elevatecenalNE spillover in normotensive obese individyalespite similar levels of
whole body NE spillovercompared witheancounterpart$73]. This finding demonstrates that
obesityinducedsympathetic overactivity may initially begenalized and that threympathetic
outflow is not uniform[73]. Along theselines, sympathetic overactivity has been associated with
subclinical organ damage in young normotensivese adultf2§].

Sympathoexcitatory tasks are important in uncovering further differences between obese
andleanindividuals and may vyield critical informatiotave baseline/resting comparisons.
Obeseindividualsmayexhibit exaggerated sympathetic nerve activity and BP responses to
sympathoexcitatory tasks, suchmasntal stress, cold pressor test, or static handgrip exgscise
6]. For example,n obese individuals \h borderline hypertensiohlE and BP responsiveness to
isometric handgrippecame less exaggerafetlowing dietinduced weight logsdemonstrating a
reduced level of sympathetic nerve actiitjlowing caloric restrictio{72]. These findings
indicate that sympathetic nerve activity may be elevated in obese individuals and may lead to
exaggerated pressor response when faced with sympathoexcitatofpt&skg]. Interestingly,
therewasalso an inverse relationship between MSNA and endothelial function in normotensive
obese individual§2g]. In obese individuals with metabobgndromgMetS), endothelial
function is improved following central sympathoinhibition with moxonidind], whichwould
indicatean interaction between sympathetic neagvity, NO bioavailabilityandvasodilatory

capacity.

10



Whether elevated sympathetic nerve activity raplead to enhanced sympathetic
vasoconstrictor activity in obese indiuals remains equivocalne study demonstrated that
despite enhanced MSN#ompared witheancounterpartsobese adults exhibited similar
magni tude of f or ear m -adersewid redepor blookabyi n r esponse
phentolaming75]. In contrast, dietnduced obesity has been demonstrated to enhance
sympathetic vasoconstrictor activity in rat mesenteric resistance af#gjiek these mesenteric
arteries, he enhanced sympathetic vasoconstrictor acthatye been shown tesult from(1)
increased sympathetperivascular nerve density within thiesistance arterie€) enhanced
synaptic release of and postsynaptic sensitivity/responsiveness to adrenergic and purinergic
vasoconstrictorsand(3) reduced postsynaptic sensitivity to vasatr neurotransmittens’6,

77]. Collectively, these studies suggest obesity may induce alterations at the level of resistance
arteries, resulting in increased sympathetic activity and vasoconstrictor responsiveness to
sympathetic activatiofi6, 77].

There are severahechanismshat may explainhanced sympatheti@rve activity in
obesity.Adiposity is an important modulator of sympathetic nerve activity, and visceral
adiposity is positively correlated with elevated MSNI&]. Moreover, any increase body
weight or pecent body fat is positively correlated with the associated increase in NISBA
Conversely, elevated MSNA is not related to subcutaneous adip&dityhighlighting the role
of fat distribution on obesitinduced sympathetic activatioBbesityrelated metabolic
conditions such as insulin resistaf@], type 2 diabete80], hypeleptinemia[81],
inflammatory cytokine$82], and dyslipidemid83] have also been shown as independent
contributors to enhanced sympathetic nerve actidityoveractivation of the reniangotensin

aldosterone system (RAAS) also contributes to the obeltyced sympathetic activatiom a

11



positive feedback loop fashigB4]. In obese individuals with obstructive sleep apnea, chronic
peripheral chemoreceptor stimulation induced by hypopaeneic episodes has been
demonstrated tmarkedly increaseympathetic nerve activify5, 86]. Chronic stress and
associated activation of the hypothalasituitary-adrenal axis levels have also been shown to
augment sympathetic nerve activity in obese individuf®y]. Finally, the arterial baroreflex,
which exerts a profound sympathoinhibitory effect on BP elevaj@fjsmay be impaired in
obese individuals and thusay contribute to obesityelated sympathetic overactivifg9]. Other
neural mechanisms that have been implicated in obedéted sympathetic overactivity include
increased activity of sympathetic neurons within the rostral ventrolateral medulla in the brain
(RVLM) [90] and impaired metaboreflex (a componengxércise pressor reflefd1]. Taken
together, obesity has adverse effects on cardiovascular and metabolic regulationsjayhich
contribute to the enhancement of sympathetic nerve activity and the assonjdé@dient of

vascular function.

ReninrAngiotensirAldosterone System

The RAAS plays a crucial role in maintaining water and electrolyte balance, as well as
BP[92]. The RAAS can be found in various tissues, including brain, pancreas, kidneys, heart
andadipose tissyavhich allowsit to exert both systemic and local effef@8]. The RAAS
components include angiotensin, renin, angiotensitvertingenzyme, and angiotensin
receptorgboth 1 and 2)93]. Angiotensin is one of the most potent vasoactive substances
produced by the RAAS~hich canultimatelyinduce vasoconstriction and reduce blood flow
[93]. While angiotensin is predominantly produced in the livdeanindividuals,theadipose

tissue appears to be anotlmaportant contributor to the increasing pool of angiotensin in obese
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individuals[92, 94]. In addition to the ability to produce angiotensin viardgm@nangiotensin
pathway adipose tissubasbeen shown to make angiotensin via cathepsins and chy@thshn
fact, both humaf96] and anima[97] studies have shown that obesity induces budisystemic
and adipose tissue overactivation of the RAAS cilian be reserved by lifestyle interventions
such as weight lo496]. Additionally, inflammation ofadipose tissue (both visceral and
perivascular) appears te lthe likely cause of the RAAS activation in obese individ[88k

Recently, the contribution of adipose tissue RAASBHesityinduced vascular
dysregulation has been extensively evaluated using afétighetin an angiotensin knockout
murine mode[99]. Despiteequivalent increases in weight gain and fat matsa high-fat diet,
only the wildtype mice exhibited a concomitant increas8i) comparedvith mice lacking the
angiotensinogen gene in the fat c¢89]. Furthermore, while there was no group difference in
plasma angiotensinogen protein concentration, the-tydd mice had incread@lasma
angiotensin lconcentrationsompared with the knockout mi¢@9]. These findings demonstrate
that the local dipose tissue RAAS may be involved in the obesituced hypertension vien
increased production of angiotensif98]. Most importantly, increased circulating angiotensin
Il concentrabnsmay induce arteriatiffness endothelial dysfunctiorand vascular insulin
resistancén obesity by inhibiting metabolic insulin signajimnd increasing the productioh
vasoconstrictorf100-102].

In addition, there is evidence to suggest that obese individuals may have an increase in
aldosteroneoncentration$103, whichis an important factor implicated in endothelial
dysfunction and augmented vascular smooth muscle rea¢i@4y. Specifically, aldosterone
can activate nicotinamide adenine dinucleotide phateoxidase, which subsequently leads to

increased production of reactive oxygen speaied reduced NO bioavailabilif%09.
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Conversely, deletion of mineralocorticoid recepi@so known as aldosterone receptdmsin

the endothelial cells has been shown to improve endothelial function in obeda0gjce

Similarly, when mineralocorticoid receptors have been removed from the vascular smooth cells
of mice, there is a reduction in the magnitudeagcular smooth muscle cell contraction and BP
elevation induced by an angiotensin Il infus[@@7]. Taken togetherthese findings have
demonstrated a potential crosstalk between aldosterone and angiotensin II, both of which can

induce vascular damage in obese individuatsinorease the CVIDsk.

Inflammation

Chronic inflammation is a hallmarke#éture associated with obesity and contributes to the
development of vascular dysfunction and increased CVJ13§. In obese individual
adipocyte expansion is a common process that occurs as a result of excess nutrigdOigjtake
As the adipocytes hypertrophy, there is a concomitant increase in macragfimggon into
the adipocytes, leading to local inflammat{d®9, 110. With obesity, there is an increased
production of pranflammatory cytokines, such as tumor necrosis faatpha C- reactive
protein,and interleukire [10§. Visceral adipose tissue is said to secrete morénfiammatory
cytokines than subcutaneous adipose tissue, and increased visceral adiposity is a common feature
of obesity[11]]. In obese individuals,grsistent stress within the adipose tesdue to excess
food consumption can lead to adipocyte apoptdisiss promoting furthemacrophage
infiltration, in an attempto eliminatethe apoptotic adipocytes, and greater release of pro
inflammatory cytokine$112. The release of these piaflammatorycytokines into the
circulation allovs these cytokinesventuallyto reach tk liver, stimulate hepatic inflammation,

andcontribute to furthesystemic inflammatiof11(Q.
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In the vasculaturggro-inflammatory cytokines can activate kinases that phosphorylate
serine residues of insulin receptor substrates 1 4663 When these serine residues are
phosphorylated, a downstream insulin signaling pathway becomes suppaasksedrowth
factor signaling pathway becomes promoted, ultimately promoting the initiation and
pathogenesis of vascular insulin resistgdd. In obesity,pro-inflammatory cytokines and the
associated oxidative stress are involirethe inhibtion of eNOS which leads to the reduced
NO bioavailabilityand impaired endothelial functi¢A0]. Pro-inflammatory cytokines caalso
induce increases wascular permdality, endothelial celadhesiormoleculesand thrombus
formation[40]. Futhermore, pranflammatory cytokines have been associated with impaired
capillary recruitment and diminished vasodilatory capacity within the small resistance arteries
[40]. Taken together, obe@dividuals may exhibit chronic low grade inflammation induced by
excess adiposity, which may lead to an impairment of vascular function, seen as reduced
vasodilation and increased vasoconstriction.

Collectively, it can be concluded from the informatiexplained above thakeess
adipositymayinduce vascular damage via several mechanisms including impaired endothelial
function, sympathetic overactivation, RAAS, and inflammation. These maladaptations may lead
to impaired vasodilatory capacity and iresed vasoconstriction in both small resistance and
large elastic arteries, which may contribute to impaired blood flow and BP regulation in response
to physical activity. Importantly, impaired peripheral vascular function may explain why obese

individualshave poor exercise tolerance.
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Neural and Local Vascular Control for the Cardiovascular and HemodynamicResponses

to Exercise

Appropriate adjustments tiie cardiovascular system are essential for the sustainment of
physical activity and exercig@13. Such adjustmentsia neural and localascular
mechanismsgnsure a sufficient delivery of blood flow enriched with oxygen and nutrignts to
and the removal of metabolic byproducts from the contracting skeletal mistBdn fact,
during exercig, skelettmuscle blood flowincreasesin an intensitydependent manndrom
resting values of-80 mLmin (perl00 gamsof tissug to 250-400 mL/min (per 100 grams of
tissue) with blood flow being greaten high oxidative tissue than low oxidative tis§dé3
114). The increase in skeletaiuscle blood flow during dynamic exercise is dependent on the
amount of muscle masnvolved and is a result of tir@eraction between vasodilation and
vasoconstriction, so that skeletal muscle blood flow is increased without comprising mean
arterial presure (MAP)[113 115 116. This concept has been denstrated bytudies that
examine the influence efuscle mass on skeletal blood flow and blood pressure adjustments
during dynamic exercigd 15117.

For instance, when strenuous arm exerciseierimposed upon leg exerciks blood
flow and oxygen uptakbecome reduced, whereas MAP is maintaifgtd], suggesting an
increase in vasoconstricti@amd vascular resistance in the exercising tegsevent a fall in
MAP, while facilitatingblood flow redistributionWhile peak values of cardiac outgard
oxygen uptakare achieved during combined arm anddggrcise, skeletahuscleblood flow is
reduced to both upper and lower extremitlas to increased sympathetic vasoconstriction
during high intensity exercid&17). This isnecessaryo avoid a dramatic drop in BP due to high

levels of vasodilatiofil17]. Thus, it is clear that during exercise, it is important to have a
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balance betweesympathetiozasoconstriction and vasodilation so that vascular conductance,
skeletal muscle blood flow, and BP are atgdso match oxygen delivery to the increased
metabolic demand of the exercising skeletal mugdl&g 118. Converselyaninsufficient
matching of blood flow delivery and denthfrom the skeletal musctontributes to exercise
intolerance, coupled withnexaggerated pressor response, andindyce incident

cardiovascular eventsspeciallyin populations at high risjQ].

Neural Mechanismsof Circulation

The autonomic nervous systeésncomprised of the symaghetic and parasympathetic
arms, both of which plag key role irmatching thecardiovasculaand hemodynamic
adjustmentsluringexerciseo meet the increased metabolic demand oitk&tal muscles
[119. Such adjustments include a tonic reduction in the parasympathetic nevityg Hut leads
to increasedheart rate (HR), cardiac contractility, stroke volyared cardiac outpyt19. A
simultaneous increase sympathg&c nerve activity to the heacbntributes to increasddR and
cardiac contractilitywhereas an increase in sympathetically mediated vasoconstrictton in
norrexercising muscles and visceral organs, such as splanchnic blogddluwbutes to the
redistribution of blood flow towards the active skeletal muscles in an exercise intensity
dependent manng¢t1l9. The key neuramnechanismévolved in the cardiovascular and
hemodynamic adjustments to exercise incloeletral command, exercise pressor reflex, arterial

baroreflex, and cardiopulmonary baroref[@49 120 .
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Central Command

I nitially termed as Acorti cal[l2l12f,athis at i on o

concept describes the descending sigralsed forward mechanismriginaing from the higher
brain centers (the cerebral cortex and/or subcortical nabkkgipctivates the cardiovascular
responses to exercifE2(q, with limited evidence suggesting its involvement in feedback
mechanisms as wdll23 124]. The role of central command in mediating cardiovascular
responsessuch asncreases in HR, BRnd MSNAto exercise has been demonstrated in several
studies using neuromuscular blockagelectrical stimulation, andvenhypnosig 120, 125127].
Forexample the influence of central command on the cardiovascular and hemodynamic
responses can be studied usamgnfusionof tubocuare[126. One study demonstratéhat
tubocuareenhanceshe exercisenduced increase in BP, without affecting the increase in heart
rate[126. The results from this study suggest that central command has minimal influence on
HR, butthat it is responsible fdhe increase iBP, likely via changes in peripheral vascular
resistanceto match the increasing metabolic demand at the onset of exdr2ge

Interestingly, central command can also be activated without concomitant parallel motor
activation[124, 127], and the magnitude of cardiovascular responses to exercise can also be
altered by changing perceived levels of effort during constant muscular force prodL2ion
When subjects are instructed to imagine an uphill grade on a constant cycling load, HR and BP
become elevated e same direction as the regional cerebral blood flow, showing simultaneous
activation of specific brain regions and cardiovascular responses necessary to meet the perceived
metabolic demand4.27. Conversely, an imagined downhill grade reduces regional cerebral

blood flow, but does not concomitantly reduce HR or BP, suggesting that cardiovascular
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responses are required to sustain the actual nietaleeds despite decrease in effort sense
[127.

While central commanthodulatedHR and BP responses during light exercise intensities,
it appears tanfluence increases MSNA only duringhigher exercise intensiti¢&25.
Specifically,neuromuscular blockade with curanegmentshe increase in MSNAuring
isometric handgrip exercise only at 75% of maadinoluntarycontraction (MVC)[125.

However, MSNA does not increase when exercisirp% or 50% of MVC and is not affected
by the neuromuscular blockade, suggesting that central command influences MSNA responses
only at high exercise intensity, but not at mild or moderate exercise intgl&gy

With regards to obesityvidence fromanimal research has demonstradedaltered
regulation of sympathetic outflow stemming from the brain ref@@128 129. Specifically,
augmented activity of the sympathetic neurons within the R\dnllelevations in resting BP
have been reported in obese SpraDa&ley ratg90], obese Zucker rafd29, and in Long
Evan rat412§. In these studies, the augmented activity of the sympathetic neurons within the
RVLM were attributed to (1d)educedyabaaminobutyric acid (GABAMediatednhibition of
the RVLM[90, 129, (2)increasedngiotensin receptoesponsivenedd29, (3) enhanced
leptin receptor activatiofiL28, and (4) increased responsiveness to glutaimiheced
activation of the RVLM13(. Taken togethemnimal studies support the notion of exaggerated
sympathetic outflovdriven bya central mechanism inbesity howeverittle is known if
obesityaltersinfluences from central commaimtirest and during exercisehumans, but data

supportincreasedMSNA and BP in human during perturbatipaach as mental stregs.
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Exercise Pressor Reflex

The ercise pressor reflex is a feedback mechanism thatreddalatescardiovascular
adjustments to exerci$#31, 137. Skeletal muscle afferents, which contain bothmedally
and metabolically sensitive fibers, providéeedback mechasm to the higher brain in response
to mechanical (deformation induced by pressure or stretch) and metabolic (metabolites released
within the contracting muscles) stim{ili3Z. The mechanically sensitive fibers are comprised of
thinly myelinated group Il affemt neurons, whereas the metabolically sensitive fibers contain
unmyelinated group IV neurof$32. Thesegroup IIl afferentsare thought to respond at the
immediate onset of muscle daaction in response to stretch, with the first impulse séharge
being as quiclas 200 millisecondgl33. The rate of discharge from these group 1l afferéais
been shown tocrease in response to tetanic contractions as peak tension develops and
decrease as the contracting muscles start to fdtii8e Additionally, their rate of discharge
can be synchronized with the changing rate and muscular contrgi@dninterestingly, group
[l afferents have also been shown to respond to metabolic byproducts from muscular
contractions including bradykinin, potassium, arachidonic acid, a thromboxanangtic,
lactic acid, histamineand serotonifil32, suggesting that these afferents might possess the
ability to respond to both chemical and mechanical $timu

Unlike the group 1l afferents, the group IV afferedtsnot respondmmediately at the
onsetof muscular contractions, as theguire a sufficient amount of time for metabolites to be
produced and to accumuldte32, with latencies of approximately¥ second§133. These
group IV afferents are said to be more responsive to a static muscular contraction only when
muscles are under perfused, but are less responsive when muscles are normally[fa88used

The goup IV afferents are stimulated by similar metabolic factors as the group Il afferents, and
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these factors include, but are not limited to, bradykinin, potassium, lactic acid, arachidonic acid,
prostaglandin E a thromboxane A2 mimetic, histamine, andgarin[1327. Evidencealso
suggests that adenosine may stimulate the group IV aff¢e3@s however, this theory has
been challenged by work jaclean et alf137] who demonstratedhatan infusion of adenosine
into a femoral artery does not further increase MSNA response when it is trapped in the leg by
cuff occlusion However, wherhe cuff is released, MSNA becomes elevated, suggesting that
adenosine acts on centraéchanismrather thara peripheral mechanism to cause an increase in
MSNA [137]. In addition to sensitivity to chemical stimule group IV afferents may also be
slightly sensitive to mechanical stress, as it has been shown to fire one or two impulses at the
onset of muscular contracti¢h34]. Thus, it can beoncludedhat bothgroup 11l and group 1V
skeletalmuscleafferentsare responsive to both mechanical and chemical stimuli and contribute
to theexercise pressaeflex

The important role of the exercise pressor reflex in cardiovascular adjustments to exercise
has been demonstrated by an early work fAdam and Smir{131]]. In this seminal study,
circulatory arrest was induced usiagarm cuff, which were inflated above systatemediately
before cessation of muscular contracsifit3l]. As a result, BP measured in an grost
exerciseemains elevated, whereas BP falls immediately following cuff re[dadg The work
from this seminal study has led to several subsequent studies that examine how components of
exercise pressor reflex, together in isolation, influence the cardiovasauadjustments to
exercisd138141]. When te influence frontheexercise pressor refleg minimized using
epidural anesthesia (Lidocaine or Bupivacaine injected &) 3the increases in HR and BP
during electricallystimulaed musculacontraction become attenuafd®g. Thisdemonstrates

that this feedback responseginates from the contracting muschesl is necessary for the
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cardiovascular adjustments to dynamierexse[138. It should be noted, however, that the use

of lidocainemay also attenuate the discharge of motor neressjting inincreased central

command to matain the same forcasbefore drugnfusion[132. Regardless of involvement

of central command, the cardiovascular responses are still substantially attenuated with lidocaine
injection[13§).

Interestindy, one study examinettie role ofthe metaboreflex on cardiovascular
responses to exercise via arterial cuff occlusion before cessation of static contradtiens of
guadriceps femoris in combination with blockade of central comifi8t. Repotedly, HR and
BP, which normally decrease after exercise, becsuhstantiallyelevated with arterial cuff
occlusion, an effect that is seen both with and without neuromuscular bld&iB8eT his
suggestshatthe exercise pressor refldgpecifically the metabosensitive componeglike
central command, is of importance and may be redundant in fa8#%eMoreover the use of
arterial cuff occlusion ttrap metabolites within the previously contracting muscles has been
shown to maintain approximately ~85% of the exeraiskeiced increases in BP and MSNA, and
this response is intensityependentl14?. In contrasto the results fronthe metaboreflex
studies, ae stdy performeckither sustained passive stretchiratriceps suragvia dorsiflexion
of foot) for oneminuteon subjects in an attempt to isolate the mechanoreflex contrikiatidR
and BP respons¢&4(. Passive stretch ameasedHRbut not BP, suggesting that these
mechanosensitive afferents may contribute dmlhe initial increase in HR at the onset of
muscle contraction without affecting BP4(. When passive streteéh performed during
parasynpathetic blockade usirglycopyrrolate, cardiac acceleration becomes blunted,
suggesting that passive stretch may activate a specific group of mechanosensitive afferents that

selectively inhibitcardiac parasympathetic nerve actiyity#1]. Despite theefindings, it is clear
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that both components dieexercise pessor reflex participate in tlrardiovascular adjustments
in response to exercise.

With regards to obesity, few studies/banvestigated the role of exercise pressor reflex
in modulating cardiovascular adjustments to perturbafiergl, 143 144]. In normotensive
obese women, involuntary contractions induced by wholdy vibrationhave been shown to
elicit exaggerated BP response, suggestimgugmented mechanoreflgk43. Another study
demonstrated a smaller increase in MSNA dupagtexercise ischemig normotensive obese
women compared with lean women, suggedtiinginishedmusclemetaboreflef6]. However,
the diminished muscle metaboreflex was improved followiegght loss induced by caloric
restriction with and without exercise training, with obese women demonstrating similar increases
in MSNA during postexercise ischemia compared with lean worfg4). In contrast, young
obese adults did not exhibit any alteration in MSNA or BP responses to mechanoreflex (static
handgrip) and metaboreflex activation (pesercise ischemiajlespite the presence of MetS
[144). As such, these discrepant findingskmat difficult to conclude that obesiper sealters

exercise pressor reflex and thus warrant additional investigations into this topic.

Arterial Baroreflex

Located in the carotid ariesand aorta, the arterial baroreceptors play a key rae in
negativefeedbackmeclanism by evoking rapidardiovascular adjustments in response to-beat
to-beat changes in BBy alternatingsympathetic nerve activignd vascular tone at rest and
during exercisé€Figure 1)[145148. Impulses fronthecarotid arterial baroreceptors are
transmitted to the bher brain via a branch of glossopharyngeal néals® called the Hering

nerve) whereasmpulses from the aortic baroreceptors travelthi@vagus nervesnd converge
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within the nucleus tractus solitarious (NTS) of the medulla oblonpet&148. Within the
NTS, theseneural signals will be iegrated antranslated, and result in alterations of
sympathetic and parasympathetic neagvationto thetarget organs (i.e. heart and blood
vessels)in order to ensure appropriate cardiovascular and hemodynamic adjustments to exercise
[145.

During exercise, arterial baroreceptors regulate BP bytiregén order to operate at a
higher prevailing BP during exercise in an intensigpendent mann¢t45148. Inputs from
central command, the exercise pressor reflex, and the cardiopulmditexyrmiuence the
exerciseinduced resetting of arterial baroreflgdd5-148. In humans, the arterial baroreflex can
be studied using indirect techniques: the Oxford technique and the variable pressure neck collar
[145. The Oxford technique stimulates the carotid and aortic baroreceptors by arterial infusion
of pharmacologic agents, phenylephrine and nitroprusside, to raise and lower BP, respectively
[145. In contrast, the variable pressure neck collar technique mechanically manipulates the
carotid baroreceprs to induce hypotension (via neck pressure) and hypertension (via neck
suction)[145, 149. No matter the technique, a baroreflex stimuksponse curve can be
generated and all ows for a greater wunderstand
during stimulatiorf145, 149. The commonly studied sigmodal curves are: the cacatidiac
(carotid barorefleHR) and the carotidasomotor (carotid baroreflanean arterial pressure)
reflex function curves, both of which demonstrate HR and mean arterial pressure changes in
respons to neck pressure and neck sucfibfs 149 . Additionally, a diastolic BP and MSNA

curve has also been utilized to demonstrate the arterial baroreflex control of MSA
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Figure 1. Arterial Baroreflex Control of Blood Pressure. The arterial baroreceptors respo
to stretchinducedby increased blood pressure. The neural impulses travel from these af
to provide an excitatory input to the nucleus tractus solitarious (NTS) within the mg
oblongata Barosensitive NTS neurons stimulate the interneurons in the caudal ven#io
medulla (CLVM), resulting in an inhibition of sympathoexcitatory neurons within the rg
ventrolateral medulla (RVLM). When the sympathoexcitatory neuionthe RVLM are
excited, they induce more release of norepinephrine (NE), increasing sytigpathee activity
(SNA) and total peripheral resistance (TPR). In addition, barosensitive NTS neuron
neural input directly to a group of vagal preganglionic neurons housed within the ventrg
portion of the nucleus ambiguus (NA). Thesevagalgrangl i oni ¢ neur o
ganglion neurons and induce changes in heart rate (HR), stroke volume (SV), and cardia
(CO). The changes in HR, SV, and TPR lead to alterations in mean arterial pressure (N
rest and during perturbatis (e.g. exercise). Adapted from Benarroch EE. The art

baroreflex: functional organization and involvement in neurologic diséeseology.71(21):
17331738, 2008.
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Based onhe baroreflex stimulusesponseurves (carotidto HR or mean arterial
pressure)there is a vertical upward shift and a lateral rightward shift on the response arm to
higher operating pressur@sgure 2) essentially allowing the baroreflex to operate functionally
at the prevailing exerciseduced increase in BR45, 15]]. In fact, this resetting of both the
carotidcardiac and the cardia@somotor reflex function curves can be present until 100% of
peak aerobic capacity, demonstratihgt the resetting imtensitydependent157.

Additionally, one study investigatdww the arteial baroreflex contr@d MSNA by assessing the
relationship between spontaneous variationfd 8NA anddiastolic blood pressuifd5Q. From
rest to steadgtate dynamic exercige0% of peak aerobic capadityhere isa continuais
rightward shift inthearterial baroreflex control of MSNA, which occurs around the exercise
induced increases in BP and MSI’6(]. Moreover, the resetting of the baroreflex function
curves occur without a change in sensiiduring dynamic exercigdd 50 152 as well as

during isometric exercigd53. Additionally, previous studies have demonstrated that the
carotid baroreflexegulates BRrimarily by modulaing changes in totalascular conductance at
rest and during exerci$&54]. It should be noted, however, that approximately 25% of the BP
changes mediated by the carotid at aeestittributed to changes in cardiac outfli4], whereas
during exercisegchanges in MSNA are mediated tne baoreflex in order to ultimately regulate
the total vascular conductande&(. Collectively, these studies have demonstrated the
importance of arterial baroreflex in medmgicardiovascular adjustments via alterations in
cardiac outpuaind total vascular conductaraerest andiuring exercise.

Evidence from animd[155 and human[88] studies have demonstrated that the arterial
baroreflex may be altered in obesity. For instance, the range at which the arterial baroreflex can

induce changes isympathetic nerve activity, BP, and HR become significantly depressed in

26



obese Zucker rat§155. Nevertheless, the arterial baroreflex maintained the ability to reset
upwards and rightwards to operate at a higher prevailing BP during somatic afferent nerve
stimulation[155. In normotensive obese humans, an improved arterial baroreflex control of HR
and MSNA in response to changes in BP induced by infusion to phenylephrine and nitroprusside
has been demonstrated following weight loss induced by caloric restfit&6n In this study,

weight loss was also accompanied by overall reductions in resting MSNA, BP, and plasma NE
concentrations in obese humgth56. Additionally, aerobic exercise training has also been

shown to improve resting baroreflex sensitivity in obese indiviqu&lg. Taken together, any
impairment in arterial baroreflex induced by obesity may be reversible following weight loss and

exercise training.
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Figure 2. The Resetting of Baroreflex diring Exercise. The resetting of the caroti
baroreflexheart rate (left) and the carotid baroreflaean arterial pressure (right) cury,
occurs during exercise (EX) in an intensitgpendent manner without any change in sensiti
(gain). The operating point is the blb pressure point before stimulus. The centering p
indicates the point of equal depressor and pressor response to a given blood pressure,
from Fadel PEt al Human investigation into the arterial and cardiopulmonary barorefl
during dynamiexercise Ex Physiol97(1): 3650, 2012.
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Cardiopulmonary Baroreflex

The cardiopulmonary baroreceptors amreclat ed wi t hin the wall s
ventricles, coronary and pulmonary artergasjthe great veinsgndare sensitivéo mechanical
stretch[120, 158. This stretch isnduced by fluctuatinsin central blood volume andgssure
andcanrespond to thesiguctuations by altering sympathetic nerve actiyit0, 15§. Limited
evidence suggestlatthe cardiopulmonary receptopay apivotalrole in the cardiovascular
and hemodynamic adjustmis viachanges in MSNAred BP[12(. Specifically,during an
onset of mildintensity dynamic exercise imaipright positionthe cardbpulmonary
baroreceptorbecome activated arekert annhibitory influence, resulting in a reduction in
MSNA compared with prexercise valug¢l59. In this study, e reduction in MSNA is likely
the result ofncreased venous return upon muscle pump activatthichleads tancreased
central venous volume and pressure, thereby activating the cardiopulmonary baroreceptors and
their inhibitory influencd159. Conversely, when exase wa performed in the supine position,
MSNA did notfurtherdecrease during exercise, likely because the central blaome and
cardiac filling werealready elevated in this positiamd that the ardiopulmonary baroreceptors
wereloadedand thus inaivated[159. Along this line,an unloading of the cardiopulmonary
baroreceptors usirigwer body negative pressufeBNP, -5 mmHg)hasalsobeen shown to
remove such inhibitin (or inactivate the cardiopulmonary baroreceptars) reflexively
provokegreater increases in the vasoconstrictor and pressure responses to b@&icl€d)].

Evidence suggestbatthe cardiopulmonary baroreflex resettisgpresentiuring
exercisgFigure 3) such that it will reset to the new operatirgy that is associated with
changes in cardiac filling volume and pressure during exdrtis. In addition to influencing

the prevailing exercise Behanges in central blood volurhave been shown to contribute to the
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resetting othearterial barorefle162. For instance, an addition of leg cycling to arm cragk
has been shown to lower BP below that of arm cracking alone, causing the carotid baroreflex
vasomotor curve to change its operating point to a lower BP[I&6dl. The resetting of the
carotid baroreflevasomoto curve is likely due to increases in central blood volume and venous
return (due to muscle pump activati¢ap3, thus suggesting an interaction between
cardiopulmonary baroreflex and arterial barorefl@allectivdy, the cardiopulmonary baroreflex
can exert an important modulatory effect on the cardiovascular adjustments to exercise.
Conversely, exaggerated sympathetic nerve activity and pressor responses duringmagrcise
occur ifthe cardiopulmonary baroreflex becomes impaif&64]. This can happedirectly via
diminished inhibitory neural inputs to the sympathetic control centers and indirectly via its
interaction with the arterial barorefl¢x64).

Limited evidence is available regarding how obesity may alter the cardiopulmonary
baroreflex[165. In rats, higkfat dietinduced obesity caused subsequent increases in renal
sympathetic nerve activity compared with rats fed on a normalk6ét. Duringa
cadiopulmonary baroreceptor challenge, induced by saline infusion to cause volume expansion,
reductions in renal sympathetic nerve activity were only observed in normabé#s)( but not
in obese rats, suggesting depressed cardiopulmonary baroreflérriytéy. Interestingly,
subjecting obese rats to renal denervation improved cardiopulmonary baroreflex responsiveness
during volume expansion challenge, indicating that derangadhl signals from the kidneys
may contribute to dysregulated cardiopulmonary baroreflex in obedd 6a8lsWhether such

derangement exists in human obesity remains pomidgrstood
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Figure 3. The Influence of the Cardiopulmonary Baroreflex on the Resetting of the
Carotid Arterial Baroreflex during Exercise. The resetting of the cardiopulmonar
baroreflex is influenced by central blood volume. Central blood volume can be increa
changing from upright to supine position andrimreasing pedaling frequency, which enhan
muscle pump. This results in a lower magnitude of blood pressure elevation and the
baroreflex resetting during cycling exercise. Adapted from Oget & Cardiopulmonary
baroreflex is reset during dgmic exerciseJ Appl Physiol100(1): 5159, 2006.
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Local Vascular Control of Circulation

During dynamic &ercise,an increase isympathetic nerve activity causes the blood
vesselsn the norexercising skeletal mules and the visceral orgatssconstrict, whereas this
sympathetic vasoconstrictios attenuated in the exercising skeletal mugdés 119. The
attenuation of theympathetioczasoconstrictiolby muscle contractiois aphenomenon termed
ffunctional sympatholysi§ 166. Functional sympatholysis is a critical component allowing for
proper delivery of blood flow to the exercising tissues and requires carefully balanced actions of
vasodilation and vasoconstriction.

Indeed, the blunting of sympathetic vasoconstriction igelated to the mechanical
effects of muscle contractiqrer sg[167], but is rathemediated, in part, by locally released
vasoactive substances, which contribute to the diminuticth@fvasoconstrictor responsiveness
t o-adténergic receptor activatif®, 119. Forinstance, one study demonstrated that adding
forearm isometric exercise to reflexively increagmpathetiovasoconstriction didiot alter
blood flow delivery to the exercising leg muscldsspite significant increases in MSN269.

In humans, the blunting of sympatheti@socmstriction has been shown to involveth post
junction a i- a © d-adténergic receptof469.

Evidence fromanimalstudies suggesthat exercise intensity appears to play a role in the
act i vad kborenergi¢ receptofd70-174. For instancelk-adrenergic recepts within
the arterioles ofat skeletal muscle are more sensitive to attenuation by metabolites released
during moderate intensity exercise, whereas the blyntim-adrebergic receptors tends to
occur as exercise intensity increagE&]. Similarly, studies using dogs have demonstrated that
Ui-adrenergic reqeor responsiveness attenuateanly during high intensity exercise, whereas

U-adrenergic receptaesponsiveness Munted at mild exercisgl 73 174. To datejt remains
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unclear whether exercise intensity also plays a role inahie & v a ti/i Addrenargicn U
humans. Regardless, i i s e v i d ¢ dhdrenetyiaeceptbrs drehinvdliVed in modulating
thevascular responses to exercise.

While functiona sympatholysis erves as a protective mechanism to entwanatching
of blood flow deliveryand metabolic needs of tkentracting skeletal muscles, this influence is
incompletd9, 119. This is becausa level of sympathetigasoconstriction is needed in order to
maintain exercise BRespecially during intense exercise that involves large muscle d@®ups
119. Additionally, using positron emission tomography to monitor tisspecific blood flow,

i nhi b-adrenengiy re¢éptors via afusion of phentolamine has been shown to increase
blood flow to inactive muscles withihe exercising legas well as to the neexercising leg
[179. Theredistribution of blood flovtowards the noctive tissuess also accompanied by
reductions in oxygen extraction within the exercising leg, demonstrating the importance of
sympathetic vasoconstrictor tone in the regulation of exercise hypdremjaThus functional
sympatholysis igritical for the maintenance and sustaent of physical activityespecially
becaus@émpaired functional sympatholysis may lead to malperfusion, exaggerated pressor

response, and diminished exercise capd6ity

Putative Mediators of Functional Sympatholysis

To date, several studies have attempoeelucidate potentialasodilatorymediatorgor
exercise hyperemjavhich include, but are not limited tNO, prostaglandins, lactate,
temperature, pH, hydrogemipoxygen, potassiunkDHF, adenosingand adenosine

triphosphate (ATP)176. Despite a number of mediatoteere is no consensus available as to
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which onemayexertthe strongessympatholytic effectbut some evidence points to N ATP
asbeing potentily sympatholytid177-183.

Evidence suggests that NO may play a role in the attenuation of sympathetic
vasoconstrictin, because antagonizitgD synthasgusing LNAME, has been shown to
enhance sympathetic vasoconstriction induced by lumbarssymp et i ¢ nerve sti mul
contracting hind limi§179. In rats, NOappears to attenuasgmpathetic vasoconstriction via
ATP-sensitive potassium @p) channel§179. In spontaneously hypertensive rats, exercise
training (3 months of voluntary wheel runninighs been shown to reverse an impaired functional
sympatholysis through a N@ependent mechanisfh84). Furthermorehuman and mouse
studies of Duchenne muscular dyging havedemonstrate impaired functional sympatholysis
whena neuronal isoform of NO syntha@eNOS)is absenbr reduced177, 17§. This suggests
that the binding of NO to nNOS may, in part, medthteattenuation ofygnpathetic
vasoconstrictiofil77, 17§. Similarly, another study demonstrdtifat both selective nNOS (S
methykL-thiocitrulline) and norselective NO synthase {NAME) blockades diminisbdthe
attenuation of sympathetic vasoconstriction (induced via lumbar) during exercise in healthy rats
[185.

In contrast to the previous stud{ds7-179 184, one study suggestithat NO is not
fully responsible for functional sympatholy$ik86. Specifically, inhibition of NO synthase with
L-NAME abolishel thebluntingo f i-adfenergic receptor responsiessto phenylephrine
duringheavy exercise, buidinot alterthebluntingo f >-adlenergi receptor responsiveness to
clonidine( 4Zadrenergic receptor agonigt)dogs[186. Specifically, it has been shown thé®©
synthase inhibition using int@rterialinfusionsof eitherL-NMMA , or L-NAME, decreases

femoral blood flow at rest by 50%, but has omiynimal effects of the magnitude icrease in
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femoralbloodflow during exercis¢187). While it may be tempting to completely rule dND,
there may b@ compensatory mechanigimat involves EDHF, which is produced by cytochrome
P450 2C9 (CYP 2C9and has been shown to induce hyperemia independently of NO and
prostaglanding188. Along this line,simultaneous inhibitiof NO synthasdvia L-NMMA)
andcytochrome P450 2C9 (CYP 208a sulfaphenazolaeduces femoral blood flow by 16%,
whereas blood flow is unaffead during blockade of NO synthase CYP 2CPalone[189. This
suggestshat one mediator becomes responsible for vasodilation when the other becomes
compromised to ensure maintenance of skeletal muscle blood flow d¢i3&ty

The importance of NO and prostaglandins in regulating skeletal musole fixdav has
beenfurther confirmed withreductions in leg blood flo33%)and leg vascular conductanee (
36%) following double blockade with-INMMA and indanethacin (prostaglandin antagonist)
[19Q. Interestingly, no further reductions in leg blood flow and leg vascular conduate@nee
seen wheNO, prostaglandins, and EDHF (tgtrathylammonium chlorigeare simultaneously
blocked[190. This suggestthat EDHFmight not banvolved in the compensatory mechanism
during reduced bioavailability of N@nd prostaglandins, whereas NO and prostaglandins appear
to play a crucial role in exercise hyperefii(. Collectively, these studiedemonstratéhat
NO serves an important role in functional sympatholysis by acting syneadjistvith other
mediators, such as prostaglandins.

In addition to NOATP (whose haHife is only <1 seconfl191]) has also been proposed
as aotherputative mediator of functional sympatholygl80-182. An intra-arterial infusion of
ATP into the femoral artery has been shown to attenuateythpathetically mediated
vasoconstrictiomnduced by tyramine infusion (which is useceimke the releasef NE from

thesympatletic nerveendings in the exercising lefl82. Similarly, during handgrip exercise,
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ATP infusionhadb e e n s h o wn ;-hdeererigit mediated vasoeonsWiction (via
phenylegrine infusion) by11% antd h gadrérergicmediated vasoconstriction (via
dexmedetomidine infusion) B8%[197. The ympatholytic effect othe circulatingATP

likely occurs withinthe vascular endothelium, as ATBnnot readily cross the endothelium into
the interstitium{193. Moreover,extraluminal ATP can induce vasoconstriction when bound to
theligand-gatedP2X purinergic receptorthat can be found on thascular smooth muscle
[194). Additionally, ATP binding toG-proteincoupled P2Ypurinergic receptors on the vascular
endothelium cagausevasodilation, possibly via release of EDHF, NO, and prostaglaptid®s
196 . Interestingly, it appears that the sympatholytic effects of ATP in the skelatale
vasculature are inducdxyy ATP itself and not by its dephosphorylated metabolites including
adenosine, adenosine monophospbaMP), and adenosine diphosphfi®7].

Sources of ATP include sympathetic nerves, endothelial cells, skeletal muscle cells, and
red blood cells; however, the observed increase in plasma ATP during exercise is likekgdrom
bloodcells[19§. Indeed, ed blood cells caproduce ATP via glycolysis and can release ATP in
response to mechanical deformatias well as to reductions in oxygen and[Aid0 181]. In
both humans and rat@gdenylyl cyclase andyclic AMP (cCAMP) havebeen shown tinduce
increased activity afhe cystic fibrosis transmembrane conductance regyl@erR), by acting
through a cAMPdependent protein kinase, which leads to a subsequent release of ATP from the
red blood cell§199. Once ATP is released, ATP can induce vasodilation via several
mechanismsWhile studies have shown that ATP acts as a vasodiet@ctions of EDHF, NO,
and prostaglandind 95 196, one study suggesbnly minimal contributions of NO and
prostaglandins on ATediated vasodilatiof200. Specifically, combined inhibition of eNOS

(L-NMMA) and cyclooxygenaggetorolag does not have any effect on the vasodilatory
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response to intrarterial ATP infusion in humans which the vasodilatory response was
determined using forearm venous occlusion plethysmogi&tity. However, in the same study,
when the vasdilatory response to ATP infusievasdetermined by Doppler ultrasound, the
combined blockade redutéhe vasodilatory response to low dose ATR2#26 and high dose
ATP by-25%][200. This suggests modest role of NO and prostaglandarsl thatATP may
induce vasodilation via endothafi-independent pathway20(.

Along this line,one study has demonstrated that Aiducesvasodilation largely via the
activation ofsodiumpotassium ATPase pursfNa+/K+ATPa®) and inwardly rectifying
potassium (kKg) channels in humarj201]]. In this study, combined inhibition of Na+/K+
ATPasepumps(via ouabain infusion) andKchannels (via barium chloride infusio@ducel
the vasodilatory effect ATP by approximately 56% on average, suggesting that ATP mediates
vasodilation primarily by inducing vascular hyperpolarization upgcKannels activation
[207]]. Interesingly, although botlthe Na+/K+ATPasepumpand Kr channelsmaycontribute
to the attenuation of sympathetic vasoconstricii], one stuly reporedthatcombined
blockades of Na+/K4ATPase pumps andiichannelsi o n ot a-adgemesio medibtdd
vasoconstriction (via phenylephrine infusion) during muscle contraj2i@®. Collectively,
these studies have demonstrated that an attenuation of sympathetic vasoconstriction during
exercise likely results from complex local mechanisms that can interact and compensate for one
another to ensure the matching of blood flow deliterthe increased metabolic demands of

muscles.
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Functional Sympatholysis in High Disease Risk Populations

The topic of functional sympatholysis has been investigated in several populations at high
cardiovascular disease risk, because impaired functional sympatholysis can contribute to
malperfusion, exaggerated BP response, and exercise intolg@hnoehypertension, the ability
to blunt the sympathetic vasoconstriction in an active tausecomes impaired, but such
impairment can be improved by antioxidant supplementation, suggesting the role of oxidative
stressn modulating the ability of locally released vasoactive mediators to blunt sympathetic
vasoconstrictiofi203. Similarly, oxidative stress has also been implicated in impaired
functional sympatholysis in an animal model of heart failuagradition that is also reversed by
infusion of L-arginine or a superoxide scavenger, tempiotiron[204].

In addition to oxidative stress, impairéahctional sympatholysis in hypertensive
individuals appears to be modulated angiotensirdependent increasen sympathetic
vasoconstriction, a condition that isveesedfollowing treatment with angiotensin receptor
blocker irbesartaf205. Furthermore,n estrogerdeficient postmenopausal women, tidesnal
oestradiol replacement therapy has been shown to improve functional sympatholysis, suggesting
the potential role of estrogen in modutatsympathetiozasoconstrictiomnd why pre
menopausal womesre protectefrom vascular dysregulatidr20§. Interestingly, functional
sympatholysis is not impaired in patients with type 2 diabetes who have intact endothelium
dependent vasodilatory resposse acetylcholine infusiof207]. Thissuggests the presence of
impaired endothelial function mdpe requisite formpairedfunctional sympatholysisiaken
together, these studies suggest that functional sympatholysis is a complex phenomenon that
involves several mechanisms whose alterations may require treatments specific to the disease

state and causes of increasympathet vasoconstriction.
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Obesity andMuscle Blood Flow

Previouswork has evaluated skeletal muscle blood flow in the upper and lower limbs of
obese individuals using stragauge venous plethysmografy6, 41, 208217,
ultrasonography18, 51, 213220, and Doppler flowmetrj221]. At rest, skeletal muscle blood
flow in theforearmof obese individuals hdseen reported to be lowps, 7], or similar[51, 209,
211,212 214, 215 217, 221], or highel{18, 216, whencompared witheancounterparts.
Furthermore, compared with obese indixats with MetS, restinéprearmblood flow appears to
be similar[216 or lower[51, 217] in obese individuals without MetS. These findings suggest
that the presence of MetS malyer metabolic demand or blood flow distributiorr@sting
forearm blood flow in obese individualdowever, estingfemoralblood flow has been
demonstrated to be lowg213 or similar[215 22( in obese individuals compared witan
counterparts. Additionally, obese individuals have lower resting calf blood flow thi@amlo
individuals[208. Such discrepancies in findings of resting upper and lower limb blood flow are
likely attributable tadifferences in mechanisms controlling skeletal muscle blood[fk24,
different methods of blood flow determinati@s well as different ages across various studies. In
those with impairment of resting blood flow, regardless of upper or lower limb, factors such as
endotheliurAdependent and independent vasodilatory dysfunction, oxidative stress, sympathetic
nerve activy, and endothelil have been shown as potential culprits that contribute to the
impairment5, 41, 209 22(.

Despite an abundance of evidence concerning resting skeletal muscle blodtdtew,
are aimited number of studies thaavecomprehensively evaluated skeletal muscle blood flow
during exercise in obese individuals, and the results have been eqié/déaP13 215 216,

218 22(. In essence, although obese individuals exhibit impaired rapid onset of exercise
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induced vasodilation in an exeseiintensitydependent mann¢i8], steadystate exercise
skeletal muscle blood flow and vasodilatory capacity appears to be[@¥3:220, similar[6,
215 217, or highef{21€ in obese individuals compared widancounterparts. It should be
noted again that these discrepancies may be due to differences in age groups, mbtbods of
flow measurement, and selection of uppersudower limb. The presence of MetS may further
increase exercise blood flow compared with obesity glahd, dthough a similar magnitude of
exercise blood flow has also been reported in obese individuals with or withouf21€S
Despite discrepant findings, it is important to note that impairment of exémdiseed increass

in skeletal blood flow magompromisehe ability to sustain physical activity and may increase
risk for sudden cardiovascular events in individuals at high cardiovasculasuitkas obese
individuals[9].

As previously mentioned, preserved functional sympatholysis is an important
component of blood flow regulation dag exercise and allows for the normal matching of blood
flow to the increased metabolic demand even in the face of increased sympathetic
vasoconstrictor influencd9]. To date, studies on functional sympatholysis in obesity are scarce,
with two known studésconductedn obese individuals with MetR19 or overweight
individuals with type 2 diabetd207]. In obese individuals with MetS, there is increased
vasoconstri ct oradrenergiprecepsoi stimalatiers cupledwititUhigher resting
MSNA, compared witheancounterpart$219. Forearm blood flow and vascular conductance
are well maintained during exercise despite increased sympathetic vasoconstrictor influence,
indicating preserved functional sympatholyf€49. Similarly, overweight individuals with type
2 diabetes exhib# lack of impair@ functional sympatholysis in the leg, which is attributed to

maintained endothelial functid207]. Despite their findings, it remains inconclusive whether
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functional sympatholysis is preserved or impaired in obese individuals who laclCoirt

This is an importantipce of information, as an early detection of neurovascular abnormality

may offer not only insight into the disease progression, but also a potential therapeutic target for
interventionsThis warrants the need for future studies to explore atgpic in healthy obese

individuals.
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PostExercise Hypotension (PEH)

An acute bout of aerobic exercise has been shown tbakcistained reduction in blood
pressure (BP) following exercise catenthat can lashearly 2 hourgn normotensive
individuals ormore than 12 houig hypertensive individualJsa phenme non t er med HApoOs
exercise hypotension (PE®)12, 13, 223. There are two ways to represent PEHhi@
literature, with some studies looking at BP reductions frorregezcise values during2 hours
postexercisq224, 225 and other studies comparing-Bdur ambulatory BP oapre-exercise
day witha postexercise day226, 227]. It should be noted that reductions in averagé&@dr
ambulatory BRaretypically driven by the large reductions in BP a few hours following exercise
[22§.

PEH hasheen described as a persistelevationin vascular conductance that is not
offset by anincreasean cardiac outpufl2, 223. In brief, there is an increase in venous pooling
during passive recovepostexerciseas a result of an @vall increase in vasodilation that is not
limited to sites otthe previously exercised musclesupled with an absence of muscle pump
action[12]. Thevenous poolingnd pasma volume losdue tosweating contributes teclines
in central venous pressure and cardiac filling preqdifie Despite thelecreasem central
venous pressure and cardiac filling pressstreke volumeemains normatiue toa lower
afterload which occurs simultaneously withcreased cardiac contractiliand rateall of which
resuls in anincreasd cardiac outputluring exercise recovefi2]. It should be noted that both
forearm and leg vascular conductance generally increase in parallel with systemic vascular
conductance, suggesting that vasodilation is not restricted to the sites efséeletal muscles
[229. Additionally, mechaisms of PEHnay vary depending on populations studied; for

instancegndurance trained men do not exhibit an increase irgx@stise systemic vascular
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conductance and their cardiac output is often decreaseexarsisgd23(. L. Hill (1897)was
amongthe first to have documentéide BP reductions during thiegst 90 min following a 400

yard dash231]. Subsequent to this study.,. Fitzgerald(1981) reporteda reduction in labile
hypertension followin@5 minof joggingat 70% of VQpeak Which therhas sparked many
subsequent studies in PERBZ. Both central (i.eneura) and local mechanisms have been
suggested to be involved in PERB, 233, such that PEH results from an integrative interactions
of reductions in sympathetic nerve activity, reduced sympathetic vascular transcaratidocal

vasodilatory influencegl3)].

Mechanisms of PosExercise Hypotension
Central Mechanism®f PostExercise Hypotension

Thereis a plethora of evidence supporting the rola oéntral mechanism in mediating
PEH, but it is currently unresolved as to which specific receptor or site of interaction plays the
most importantole in PEH.To date, he primary central mechanism in matilhg PEH has
focused upon neural inputs from the skeletal muscle affemedt®aroreceptoiato theNTS
within the medulla oblongaf@33. Within the NTS, glutarateis the primary excitatory
neurotransmittethat mediates fast synaptic transmission when bound to the ionotropic glutamate
receptors, whereas GABA is the inhibitory neurotransmikiat mediates fast inhibitory
transmission upon binding onto GARAeceptorg233. When theNTS neurons within the
caudal ventral lateral medulla\ACM) become excited, thgyrovidetonicinhibitory
(GABAergic) inputs into theympathetic neurons within ti&/LM, whichplaysa major role in
modulaing the sympathetic prganglionic outputs in the intermedial lateral cell column in the

spinal cord233. Blockade of th&sABAa receptors in the RVLMias been shown tocrease
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theresting activity of sympathetic neurons within the RVLwhich then augments overall
sympathetic nerve activity and arterial BF34, 235. Essentially, the magnitude ofrepathetic
neural activityis an integrative result of a balance between the excitatory and inhitdtaryo
and from the NT$236. To put this into perspectivelevated BRactivaes thebaroreceptors
which augmers the firing activity of the NTS, resulting in increased GABAergic neuronal
activity within theCVLM, deaeased firing activity of the RVLManda reduction in
sympathetic nerve activif233. The end result is seduction in BH233.

Given that the NTS is the first central site that receives and integrates neural signals and
facilitates cardiovascular adjustments, it is likely that th&MTay also be implicated in PEH
(Figure 4)[233. Specifically,the thinly myelinated and unmyelinated (groups Il and 1V)
muscle afferentswhichoriginate from thecontractingskeletal muscleecome activated upon
muscle contraction and acidificatip33. Then, the neural outputs from geskeletalmuscle
afferentgravel viathe dorsal horn of the spinal cardorder toconveythis neural information
into the NTY233. Upon activation, these skeletal muscle afferat#ssynthesize antklease a
neurotransmitter called substance P at neuroKimeceptors on GABAergic interneurons
expressedh the NTS which is thoughto be involved in the resetting tifebaroreflex to a
higher level[233 237]). The action of substance P is localized to ex&igarthibitory
GABAergic interneuronswhichthen release GABA onto the GARAeceptors of tese
barosensitive neurons within the NTtBus reducing the firing rate of the second order
barosensitive neuroni233. The second order barosensitive neuyevtichnormallyconvey
neural information to the CVLIVbecanes less excitedyhich resultsn less inhibition of the
RVLM and increasesympathetic nerve activity during exercj283. When substancedPs

releasas pharmacologically blocked, isometric muscle contracirmuced elevations in BP
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become abolishej®@3§. Collectively, substance P appears to be an important player and
contribute to the exercise pressor reflex response.

Interestingly, he prolonged activation of the neurokiflimeceptordy the release of
substance? fromthemuscle afferent fiberduring exercise triggers the recesttor undergo
internalizationto reduce inhibitory transmission in the NTS after exerf@d8€]. As a result, the
GABAergic inteneurons provide less inhibitory inputttee second order barosensitive neurons
in the NTS[24(. This disinhibition of the NTS neurons result in a higher excitatory output to
the CVLM, a greater inhibition tthe RVLM, and a subsequent reduction in sympathetic nerve
activity and PEH233. In the spontaneously hypertensive rat (SHR) model, the pharmacologic
blockade of neurokinii receptors prior to exercise results in a 37% attenuation of PEH, without
any effect on exercise BR41]. Thus, it appears the substaneadrirokininl receptor
mechanismmust be functional for PEH to occ@imilarly, the magnitude of PEH is reduced
when SHRs are subjected to the GAB#®&ceptor antagonispsuggesting the involvement of
GABAA receptor in mediating the reduced sympathetic outflow and the generation ¢2#ZEH
In additionto the substance-Reurokinirtl receptor mechanismentral arginine vasopressin has
also been implicated in PEH, such as central blockade of arginine vasopressiaptor
attenuates PEH in SHR343. PEH has ato been shown to lmtenuated followingntagonism
of the opioid receptarby naloxonen humans and animal223 244, 245, adepletion of brain
serotonin with parachlorophenylalanirj24g], as well as dlockade of cardiac afferentvhose
action are mediated via opioid receptors within the medial [¥19.

Alterations in centralymediated mechanisms have been shown to reset the arterial
baroreflex to defend the lower BP after exercise in humans and af@2#3|248 249. In

humans, an acute bout of aerobic exercise has been shown to reset the arterial baroreflex to a
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lower level after exercise, coupled with reduced sympathetic aytissociated with the
baroreflexsympathetic nerve activity relationship cushefting downward and leftwandithout
any alteration in baroreflex sensitivit248. In humans, a reduction in sympathetic nerve
outflow has been demonstrated with a 30% reduction in MSNAe@stisg248. Conversely,
although arterial baroreflex resetting to a lower level has also been demonstrated in rats,
resulting in lower rendl249 and lumbaf242 sympathetic nerve activity, baroreflex sensitivity
appears to be attenuated, demonstrated by a significantly reduced gain and range during PEH
[242]. Moreover, redctions in BP and HR following exercise become attenuated in rats that
underwent sinoaortic denervatif2b(. Thus, any impairment in the arterial reflex may
contribute to the inappropriate cardiovascular adjustmentsegestise.

In addition to central mechanisms, the sympathetic vascular transduction into vascular
resistance appears to be alteredjgastrcse as wel[248. Specifically, there is less of an
increase in vascular resistance with any given increase in muscle sympathetic activity induced by
isometric handgrip exercig@48. Blunted sympathetic vascular transduction is likely explained
by either presynaptic reptake of neurotransmitters or gggnaptic inhibition of release of
neurotransmitterf251]. In contrast, postynaptic vascular responsiveness still remains intact,
becawdle eher gi cr-agohosi opl e f8doropt blonidineghasabeeth U
shown to evoke similar reductions in forearm vascular conductance after ekgbd]sén
addition, vascular conductance after exercise
adrenergic receptor antagonism, suggests an additional contribution from vasodilator signals

arising from local tissusd229.
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Figure 4. A Schematiclllustrating the Central M echanisms ofPost-ExerciseHypotension.
During exercise, muscle afferent releases substance P to activate the GABA interneuro
nucleus tractus solitarius (NTS), which contributes to baroreflex resetting and exercise
response. Activation of the NKR during exercise causes theceptor to internalize an
become less available pestercise. The receptor internationalization contributes
baroreflex resetting to a lower level pestercise. Adapted from (1) Chen C&t al

Postexercise hypotension: central mechanigixer Sport 8 Rev.38(3): 122127, 2010 and
(2) Halliwill JR et al. Postexercise hypotension and sustained Postexercise vasodilatatio
happens after we exercise®p Physiol98(1): 718, 2013.
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Local VascularMechanism®f PostExercise Hypotension

There are two succinct mechanisms of PEHirtihediatepostexercise hyperemia and
(2) sustained postxercise vasodilatiofl3]. Immediatepostexercise hyperemidescribes a
sustained elevation in blood flow and vasodilation in the previously exercised tissues that occurs
concomitantly with the BP reduction after exerdis8 252 . Immediate poséxercise
hyperemia has been documenteth&iapproximately 2680 minutesandlikely hasmultiple
cause$13, 257. Factors such agpe intensity,and duration of exercideave been shown to
contributeto the magnitude and duration of immediate fgosrcise hyperemi@53. To date,
few studies have sought to investigate mechandafrimamediatepostexercise hyperemjdout no
specificonehas been identifief252 254-257]. For instance, qostaglandirhas been identified
as a potential substance that induces immegiadeexercise hyperemia in flonestricted
conditions[254] and in normal conditiong@55. When prostaglandin production is
pharmacologically inhibitedylood flow measured in the calf immediately after exercise
becomegpartlyreduced258. This finding indicates that prostaglandin is one of the contributors
to immediate posexercise hyperemia. While other potential contributors have not been
completely identified, previoustudies have confirmed thahmediate posexercise hyperemia
is not related to the impairment of vascular smooth muscle cell contractility, potassium release,
increased osmolality, or lactate productj@b2Z. Moreover, excessxygen consumption in
previously exercised musclegy not contribute tonmediate poséexercise hyperemi@52,
253.

Another potential contributas histamingwhich has been shown to induce immediate
postexercise hyperemia itow-restricted conditionf254. However, one study contradicts the

potential role of histamine by demonstrating the lack of change in immediatexaosise

47



hyperemia following doublblockade of both histamine 1 and 2eptors[256. While this
studymay havealludedto the fact thahistamine might no¢ven be involved itmmediate post
exercise hyperemiauchinconsistency in findings ay alsobe attributed t@echnical difficulties
in detecting histamin257]. Thus, while no consensus is available on which mediator is the
major contributor tammediatepostexercise hyperemid,is clear thamultiple factors must be
involved, whose individual and collective contributions depend largelgxamcise intensity,
duration, and typ@volved[13].

In contrast tdhe immediatg@ostexercise hyperemia, which occurs 20 minutes or less
following exercise cessation, the sustained vasodilation may last at least 2icbunay be
explained by mechanisntisat are different than those of immediate gostrcise hyperemia
[13]. Evidence suggests that vasoactive factors released datmmgexercisan response to
cyclic wall stress associatedttvipulsatile blood flownay contribute to postxercise
vasodilation12]. For instanceNOh as been s h o wadrenewicneoepton | at e U
responsiveness to phenylephrtheing recovery from exercise in rd59. WhenNO is
inhibited using ENAME, vasoconstrictor responsiveness to phenylephrine becomes enhanced in
rats, suggestinthat nitric oxidecontributes td®EH by attenuatingh-adrenergic receptor
responsivened259. In humansacute aerobic exercise has been shown to stimulate an increase
in NO formation that remains detectable pesercisg26(. However,NO appears to contribute
minimally to PEH in humans, as arterial pressure and vascular resistamaas lower post
exercise despite systemic nitric oxide synthase inhibition usiNyIMA [229.

Another potential mediator dfie sustained vasodilation and PEHbrostaglandi, which
is also formed within the endothelium, likKD, in response to increases in blood flow and shear

wall stres§261]. While an attractive potential mediator, prostaglandin does not appear to
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contribute to increased vascular conductance and PEH innsuaminhibition of

cyclooxygenase does not attenuate increases in vascular conductance and decreases in mean
arterial pressure following aerobic exercise in normotensive[@6&#. These findings suggest
thatNO and prostaglandins do not appear to independently mediate PEH in H22a262].

Other factors that magontribute to PEH include, but are not limited to adenosine, ATP,
potassium, hydrogen, carbon dioxide, oxygen, and osmglalibough their absolute roles in

mediating PEH remain uncertdiib2, 263.

Histamine

In contrast tdhe aforementioned potential mediatphéstamineappears to play a pivotal
role in thesustained PEH and vasodilatiopon receptor activatidi 3. In fact, histamine
receptor activation (bothistamine 1(H1) andhistamine 2>) receptorspringsabout the
sustained postxercise vasodilation following both small musolass dynamic exercise (i.e.
singlelegdynamicknee extensiomxercise] 264 and wholebody aerobic exercid@24].
Following 60-min of moderate intensityingleleg exercisethe rise in leg vascular conductance
associated with exercise is entirely abolisheddaybined oral Hand H receptor antagonism
with fexofenadine and ranitidin@64]. Interestingly, this histaminergic vasodilation is only
restricted to the previously exeradiskeg and not in the contralateranexercised legnd may
occur independently of the neural mechanism in the unilateral knee extensior] 2640265 .
Individual contributions of HHand H receptorg225 266, as well as combined histamine
receptor antagonisf224], have previouslypeen evaluated following0 minof moderate
intensitywhole bodyleg cyclingexercise Selective inhibition of H receptos by oral

administration of fexofenadirtgas been shown to reduce the magnitude of increase in femoral
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vascular conductance measured at 30, 60, and 60 miexmEsisg225. However,the increase

in systemic vascular conductancéligntedonly at 30 min posexercise anthe reduction in

mean arterial pressure at 30 and 60 min-p&stcise with Hreceptor antagonism, suggesting
that H. receptors are responsible for the early PEH and that the residual PEH may arise from
other receptor subtyp¢g2g.

While Hi receptors appear to mediate the early phase of PEH, a selective inhibitipn of H
receptors by oral administration of ranitidimgdrochloride blunts thecreasen the
vasodilation(femoral vascular conductana)dthe magnitudef PEH(mean arterial pressure)
particularlyat 60 and 90 min postxercisg266. Combined H and H receptor antagonisimas
been shown to blunt an increasdemoral vascular conductan¢e80%)and a reduction in
mean arterial pressu(e60%)for the entire 90 min posixercise in both sedentary and trained
men and womersuggesting that both;knd H receptors are involved in PEH produced in
response to wholeody exercis¢224]. In contrast to aerobic exercigbe effect ofresistance
exerciseon PEH has been inconsistent, with studies showing that resistance exercise does not
decreas¢264] or similarly decreasel67] BP postexerciselt should be noted that the
vasodilation in thedg vasculature is only one component of PEH, because it only accounts for
~34% of the increase in systemic vascular conductanceepestisg268. Moreover skin
blood flowdoes notontribute to PEH, as histamine receptor antagonism does not affect skin
blood flow measured via forearm and thigh cutaneous vascular condu@ascz66|.

Splanchnic and renal circulatiomag¢sohave little or no contributions in vasodilation and PEH

[269.
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Sources ofHistamine

Histamine concentrations have been shown to increase d@68gand after exercise
[27Q), and the histaminergic vasodilation is only restricted to the sites abpsewmuscle
contraction264]. Studies have shown thatast cells, which can be found in most tissues and
basophils in blood, castore and releagestaming[271]. Releaseof histamine from mast cells
resuls from physical stimulisuch as vibration and hg&72. In response to exercise, reactive
oxygen species are thought to stimulate the release of histamine &sincetiqd273.
Sympathet withdrawal during recovery from exercise lagsobeen shown to induce histamine
releasd274.

Histamine can also be synthesizgdthe actions of thistidine decarboxylase the
epidermakells, gastric mucosal cells:ieurons within the central nervous system, and cells in
regenerating tissu¢275. In mice, prolonged exercise induces an increase in histidine
decarboxylase mRNA expression and enzyme acti\iZié§, which is consistent with an
evidencdound in human skeletal muscle following exerdi@é7]. Thede novasynthesis of
histamine via thénduction of histidine decarboxylase is thought to help replenispréie
existing mast histamine content stored in mast cells that become depletedenitisd 276 .
Histidine decarboxylase transcription has been linked to oxidative R2#&$sand hypoxia
inducible factorl [279. In mice, the induction of histidine decarboxylase is thought to be
mediated by skeletal musclertractioninduced release of interleukin[28(.

Conversely, exercismduced oxidative stressilikely contributes to sustained post
exercise vasodilation in humans, because infusionaé@lylcysteine, which scavenges reactive
oxygenspecies, does not change pesércise femoral vascular conductaf2@l]. Regardless,

one human study has demonstrated Itloéth mast cell degraulation (determined via interstitial
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tryptase concentrations) add novosynthesis of histamine from histidine (determined using a
potent inhibitor o ffluotomethylhistdine hydrathdooda)rcdnwibute toa s e ,
the rise ininterstitialhistamine in skeletal musciellowing unilateral dynamic knee extension
exercisg287.

When histamine iseleasedegardless of its sourck binds to its receptors and causes
vasodilation via mechanisms specific to each receptor syhiytbeH; receptors being found
predominantly on vascular endothelial cellsrecepbrs on smooth muscle celld; receptors
on presynaptic nerve endings throughout tissaed H receptors on bone marrow and white
blood cellg[275. H1 receptors induce vasodilation via formation of local vasodilators such as
nitric oxide and prostacyclif275. Although H. receptors have also been shown to contribute to
the rise in skin blood flow during whole body heatj@83, skin blood flowper sedoes not
contribute to PEH225. H2 receptors induce vasodilation by decreasing intracellular calcium
concentration§275. Although both H and H receptors mediate PEHhe vasodilation
produced by Hreceptors has mtherrapid onset and is shdived, whereas klreceptor
activation produces a loagperiod of vasodilation after a slow ong&ty.

It has been suggested thatrdceptor stiralation may induce the early abe of PEH
(=30 min) with minimal influence at 60 and 90 min pastercisewhereasH, receptor
stimulation is responsible for the later phase ¢£80), with minimal influence at 30 min pest
exercisg 225 266. In addition to theH: and b receptorsHs receptors majnducevasodilation
by inhibiting NE releasg284], or by decreasing intracellular calcium concentratiortbe
smooth muscle cells, but its role in mediating PEH remamateardue to the lack of anH

receptor antagonist for use in human subjgti§]. Additionally, Hs receptors are another type
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of G-proteincoupled histamine receptor, lika4Hs receptors, that play a major role in immune

function with no known contribution teEH[285.

Factors That May Affect the Magnitude of PostExercise Hypotension

There are several factors that may influence the magnitude ofRkdtes usin@4-hour
ambulatory BP measuremsisuggest that the magnitude of PEH app&abe greater in
sedentary individuals with higher baseline BP values and in those who are not on anti
hypertensive medicationfi227, 286. Specifically, BP measured in the supine position following
30-60 min of moderate intensity exercise has been showedieapproximatelyoy 5-10
mmHg in normotensive individuals by nearly 20 mmHg in hypertensive individu§i, 223.
However, the magtude of PEH is exaggerated when BP is measured while seated or in the
standing position, likely due to venous pooling as a result of gr2. Conversely, factors
that may minimize the magnitude of PEH include fluid replacement during exg8is288
and potentially active exercise recovety]. Rehydration during exercise has been shown to
lower boththe magnitude of PEH aride magnitudef change in cardiac baroreflex sensitivity
postexercisg287). Exercise intheheat has also been shown to mitigate the-prstcise fall in
cardiac outpuf289.

Evidence of PEH has been documented in several studies using different aerobic exercise
modalities, including leg cycling25]], singleleggeddynamicknee extensiof264], arm cycling
[290, walking[291]], and running232. For instance, onewsdly sought to determine the effect
of muscle mass on the magnitude and duration of PEH by comparingesunseg cycling
ergometry performedt the same relative moderate intensity- 1686V Ozpeal [290 .

Interestingly, although the magnitude of PEH appears to be similar betweggrauseg
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cycling, leg cycle ergometry produces PEH for a longer durgfiéfj . These findings suggest
that the amount of muscle mass may be an important modulator of how long PEH will last, but
not of the magnitude of PER29(. In comparing the effect afxercise mode (aerobiersus
resistancedn PEH, one study reports a similar magnitude of PEH following either 15 min of
unilateral leg press (65% of owrepetition maximum (<RM)) or leg cycling (65% VGhea))

[267] . While this study concluded no influence of exercise mode on #égmitude of PEHsuch
aconclusion is problematic and theaution is warranted when interpreting such findifidne
conclusion is problematic because tive exercise modes might actually have activated different
amounts of muscle mass even though theaastattempted to equalize the exercise intensity
(65% 1-RM vs.65%VO2peay [267]. Thus, it remains possible that exercise mode may actually
influence the magnitude of PEKIong this line,with the same amount of muscle mass
activatedpne study reports thaingleleggeddynamicknee extension exercise, but not
resistance exercise, prods@EH[264]. In this study, PEHikely results froman exercise

induced increase in leg vascular conductance that is observed in the previously af#6d] leg
Thus, this studguggest that exercise modalityerobic versus resistance exergisgy be an
important factor contributing to PE}264].

Like exercise modality,»ercise intensity and duration may also modulate the magnitude
of PEH, but findings are inconsistd226, 292-294. With regards to exercise intensity, similar
BP reductions have been reported following ax86 bout of leg cycling at 50 or 75% of \¢gax
in normotensive individuaJsuggesting similar benefits of mild and moderatensity exercise
in reducing BP after exercise (within 60 mj@pZ. Similarly, using a broader range of exercise
intensity (30, 50, an80% VOypeay for 45 min of leg cycling, no difference in the magnitude of

PEH has been observed in normotensive individ2€§. In hypertensive individuals, although
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both 30min bous of aerobic exercise (50% and 75% of 346y produced PEH, the magnitude
and duration of PEH was greater and longer in the 75% efM®out. Thus these studies have
demonstrated th&xercise intensity mayecome an important factor in determining the
magnitude and duration of BP reductions after exercise in individuals witarligbseline BP
values.

With regards to exercise duration, similaruetions in BP have been reported following
10, 15, 30, and 45 min of leg cycling at 70% 2¢&xin normotensiveas well as in borderline
hypertensive individualg293. However, it wadifficult to conclude in this study whether or not
exercise duration has an effect on the duration of PEH, as BP was monitored only until an hour
following exercis€293. Another study suggests that the magnitude of PEH is greater with
repeated exercise bouts in hypertensive individuals, but notmatensive individuals who
appear to be resistant to exeraiséuced BP reductio294. Although inconclusivethese
studiessuggest that hypertensive individuals might benefit more from longer exercise duration
than a shorter duration in terms of the magnitude of BP redueti@hpotentially the duration of

PEH[293 294.

Potential Benefitsof PostExercise Hypotension (and Vasodilation)

PEH observed following a single exercise bout may directly contribléeg-term BP
reductions when exercise is performed chroniddlly. The BP depressor effect of exercise can
subside following at least2 weeks of detraining, thus reinforcing the need for chronic aerobic
exercise training in order to maintain BP in a healthy rgBgdje The antihypertensive effects of
aerobic exercisare proposetb resultfrom the exercise effects on other risk factorsluding

glucose and lipid regulation, abdominal adipos#iguction and possible psychological
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improvement$228. Nevertheless, the arttiypertensive effects of aerobic exercise are likely
mediated through newttumoral and structural adaptations that lead to a reduction in vascular
resistance in the periphef®28. Such adaptations include, larenot limitedto exercig
traininginduced reductions in endothellf296 and renif297] concentrations, larger lumen
diameter and increased compliance in conduit artf2@3, as well as an increase in baroreflex
control of sympathetic nerve activif299. Interestingly, the magnitude of theude BP
lowering with exercise @y even predict the loAgrm benefits of chronic aerobic exercise
training interventions on BP reductions in individuals with elevated baselifid@P Such
informationmay be beneficial for personalized exercise training regime to achieve the best
possible results of exercigeduced BP reductions, especially in individuals at high
cardiovascular disease rig28, 301].

In addition to the longerm benefits on BP normalization, the recovery period following
exercise may also serve an important period for sewepartantprocesseselated to glucose
and lipidmetabolisn31, 302 303. Skeletal muscle glucose uptake is enhanced during the first
90 min after exercise, independent of ins{ii62, a period at whickhe rate of glycogen
synthesisalso happens to t= its greateqt304]. In one studycombined H and H receptor
antagonisnhas been demonstrated to blunttpmeercise hyperemia and lower glucose
concentration within the interstitium of skeletal mus¢®&&3. This findingsuggests that +and
H> receptors may augmecapillary permeability, which caenhane glucose delivey to the
interstitium, thereby allowing muscle glycogen content to be resf86s3l Along this line, H
H2 receptor activation has also been demonstrated to enhance glucose uptake in cultured

endothelial cell$305.
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In addition to enhanced skeletal muscle glucose uppaistexercise whole bodwysulin
sensitivity isreduced 25% witlid: and H receptor blockade, suggesting that pestrcise H
and H receptormediated skeletal muscle vasodilation benefits glucose regulation in humans
[306. Another study also repad blunted femoral vascular conductance and leg glucose
delivery with combined histaminergic receptor blockad#houghleg glucose uptakis not
universally affectedh recreationally active individua[807]. Additionally, a single bout of
aerobic exercise has been shown to acutely reduce triglycerides and increaianbith
lipoprotein concentration81], a mechanism that may also be partially mediated by histamine
receptor activatiofid08 309. These improvements may contribute to ldagn reductions in
diabetes and atherosclerosis risk.

In addition to improved glucosend lipidregulation,acuteaerobic exercisenduced
PEH, when repeated lorigrm,is beneficial for cardiovasculaehlth in various ways through
positivevascular remodelinf310, 311]. For instance, chronic exercise training can lead to
angiogeesis, which involves proliferation and migration of endothelial cells to form new
capillaries from preexisting vessels, thus allowing for optimal delivery of oxygen, nutrient, and
vasoactive substancess well as removal of metabolic byprodu@&&Q. Interestingly, histamine
has been shown to promote angiogenesis by upregulatirapgrogenetic signaklnd enzymes
such as vascular endothelial growth factors (VIE&@td matrix metalloproteinasg 212). The
exerciseinduced increase in MRNA expression of VEGF is ewidegastrocnemius muscles of
rats following a single bout of exercig&l3. Along thisline, histamine receptor activation has
been shown to upegulate endothelial nitric oxide synthasgnich is beneficial for vasodilation
and endothelial healff314]. Thus, these studies have demonstrated the-sdrantand longerm

benefits of exercise, part of which involve exergisguced histaminergic receptor activation.
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Obesity and PostExercise Hypotension

Obesity has been widely accepted as an importanibvastular risk factor and has been
implicated in the development of hypertensi8n4]. When faced with sympathoexcitatory
stimuli, obese indiduals may also exhib@éxaggerated pressor respaide 6], which may be
carried over into the recovery periadd delay the recovering hemodynamasponsg¢12].
Surprisingly, limited numbers atudies have evaluated the influence of obesity on PEH, and the
results have beerontroversia[24, 315-317]. One study evaluated PEH in young overweight
ard leanmen following20-min moderate intensity exercise (75% of heart rate reseeve)isa
rest day as a control dé®4]. Compared with theestday, both overweight andanmen
exhibited PEH, buPEH was driven by different mechanisf@d]. Reductions in cardiac output
appear to be thgrimarydeterminant of PEH in overweight men, whereas reductions in total
peripheral resistance contributes to PEeammen([24]. Their multiple regression analyses
also concluded that BMI appears to significantly pretfietmagnitude of changes in cardiac
outputand total peripheral resistance pesercisq24]. Despite their findings, it should be
noted that exercise intensity was further adjusted in this study to account for cardiac drift,
resulting in different exercise intensities between group (approximately 62%p§M0Or
overweight men and 71% of \bR« for leanmen).Thus, such disparities in exercise intensities
may contribute to the differing determinants of PEH in both groups.

Shibata et al[317]evaluated the influence d6-min of moderate intensity walking
exercise only in middlkage overweight and obese women. In this study, overweight and obese
middle-aged obese womeaxhibitedreductions irsystolicBP by-7 mmHg and irdiastolicBP
by -5 mmHg from baseline valu¢317]. However, the lack of control participants in this study

makes itdifficult to compare the magnitude of PEH to determine whether obesity causes more or
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less reduction in BP after exercise. In contrastite highintensityexercisenas been shown to
elicit transient increases in bakistolic BP and diastoliBP postexercise in middlaged
overweight adult$316. Furthermore, the magnitude of increases in BP was similarddle
aged overweight anléanadults[31€]. The inconsistency in findings from the previous stadie
likely stems fronseveraf act or s, such as differences in par
intensitiesMoreover, it is noteworthy that PEH was determined from BP measured immediately
after exercise in these studies, which might not completely revepbtbetial group differences
in the PEH responses for an extendszbvery period fronexercise.

In contrast to previous studig®4, 316, 317], Bunsawatt al.[31§ reporedthat acute
hightintensity exercise did not cause any change in BP measuredrah Hnd 30min post
exercise in young obese alednadults.Despite the lack of exercise effect on BP, young obese
adults had an overall higher BP compared \Wgdnadults[31§. However, in another study,
acutehighrintensity exerciséas been demonstratedimoluce transient increasessiystolicBP
above baseline values up until 30 min pastrcisen young overweight womef815. Then,
systolicBP falls by -2-5 mmHgbetweem0 and 60 min posgxercise, whereas diastolic BP falls
by 1-5 mmHg from 26min up until 66min postexercise, compared with baseline val[&k].
However, given the lack déancontrols in this studythe effect of obesity on the magnitude of
PEHis difficult to ascertaif319. Thus, given the inclusive results from these previous studies,
abetterdesigned study is warranted to evaluate the influence of obesity omtloeyreamic

responses pogixercise compared with ageatchedeanadults.
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Summary

Having atightly regulated cardiovascular system ensapgpropriate cardiovascular
adjustments during exercise, which allow for the matching of blood flonetetthe metabolic
demands of the contracting skeletal musf®e$1]. Functional sympatholysis is an important
component of the cardiovascular systems that facilitates the normal rises in vascular conductance
and blood flow to the exercising skeletal muscles witltoatpromisingBP [9-11]. Such
responses amrivenby an interactiorbetweerlocally released vasoactive substances and the
sympatheticallymediated vasoconstrictidf-11]. In contrast, when functional sympatholysis is
impaired, the ability to blunt sympathetic vasoconstricienomes attenuated, contributing to
reduced blood flow delivery, exaggerated poesssponse, and exercise intolerajgé1].

Therecoveryperiod following acute exercise is also important raicritical period for
sudden cardiovascular evefd]. In healthy individuals, the rise in vascular conductance during
exercisecontinues to persigiven afer exercise cessatipresulting in PEH12-14]. PEH is
driven by mechanism(&.g. histaminergic pathway#)at are distinct from functional
sympatholysisand plays an importantle in longterm BP normalizatiowith exercise training
[12-14]. However, the inability to reduce BP after exercise may suggest enhanqgeatisgtic
nerve activity, impaired vasodilation, and increased vasoconstrjd#eiv]. Moreover,
exaggerated BP during this recovery period may transiently induce damage to the cardiovascular
system[318 and increase the risk for sudden cardiovascular ej@tits

Obesityis an importanfactor associatedith increaseaardiovascular riskg3, 4]. While
the mechanisms fancreased risks remain uedlr,evidence has demonstrageater
sympathetic vasoconstricti¢t5, 16] and reduced local vasodilatory capacity of both small

resistancend largeelasticarteriesn obese individual[17-19]. Such factors may be implicated
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in the impairment of functional sympatholysis, which would be consistent with findings that
obese individuals often exhikanh impaired ability to sustain physical actiii8o, 21] and
reduced work capacify22]. Surprisingly, he impact of obesity on functional sympatholysis has
not been systematidpladdressed-urthermore, in théew studiegshathaveexamined PEH in
obesity the findings have been controversrapartdue to poor study desig@3, 24], but it is
likely that doese individualsnay eithemot exhibit PEH or have a smaller magnitude of PEH
compared witHeancontrols.

In this context, given the scarce information on functional sympatholysis and PEH in
obesity,the overall aim ofhis project is to investigee wheher obese adults exhibit

neurovascular dysregulation in response to acute exercise.

61



Specific Aims

Aim 1: to determine if functional sympatholysiswould differ between obese andean

adults.

We hypothesizeithat obese adulisould have a lesser magnitude of functional sympatholysis
during acute exercise compamih leanadults using lower body negative pressure with and
without handgrip exercise as the excitatory tasks.

Aim 2: to determine if PEH would differ between obese andieanadults.

We hypothesizéthat acute exercis@duced PEH (using central and brachial BP measures)
would beabsent in obese adults, ubuld bepresent ineanadults following 60 min of

moderate intensity cycling.
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Chapter IlI: The Influence of Obesity on Functional Sympatholysis
Abstract

Sympathetic vasoconstriction is attenuated in exercising muscles to match blood flow
with metabolic demand. This fAfunctional sympa
individuals due to greatsyympathetic activation and reduced local vasodilatory capacity of both
small and large arteries, but this remains poorly understood. We tested the hypothesis that
functional sympatholysis is impaired in obéséividualscompared with lean counterparks.
thirty-six obese and lean young healthy adults (n=18/group)measured forearm blood flow
(FBF) and forearm vascular conductance (FVC) responses to reflex increases in sympathetic
nerve activity induced by lower body negative pressure (LBNP) aamestiuring dynamic
handgrip exercise at 15% and 30% of maximal voluntary contraction (MABE).and FVC
were normalized to lean forearm mass. In lean individuals, LBNP evoked decreases-in FBF (
13.9 + 14.4%) and FVG11.8 + 15.3%)n resting forearmandthe reductions in FBF
(15%MVC:-8.9 + 12.9%; 30%MVC:1.6 + 14.8%) and FVC (15%MVC7.2 £ 13.3%;
30%MVC: 0.9 + 16.0%) were blunted during exercise in an intexdgipendent manner
(p<0.05). Similarly, in obese individuals, LBNP evokedmparablaelecreasem FBF (-13.4 £
17.5%) and FVC-(0.1 £ 19.9%)n resting forearmwith the reductions in FBF (15%MVC:
10.4 + 9.0%; 30%MVC:1.6 + 12.5%) and FVC (15%MVC8.4 + 9.5%; 30%MVC:0.1 +
13.2%)alsoblunted during exercise in an intensitgpendent mannep<0.05). Our findings
suggest that functional sympatholysis is not impaired in young obese individuals without overt

cardiovascular diseases.
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Introduction

Appropriatdy matching blood flow to incread metabolic demands contracting
skeletal muscle is jprerequisite for sustagdexercise and requires contributions fromhoot
neural and local vascular compon€i®sl13. During exerciseincreasd sympathetic nerve
activity causes a reduction in vascular conductance in inassiges, whereasn active tissues,
this sympatbtic vasoconstrictor responsivenesblunted or abolished 1, 319. Locally
released vasoactive substances within the activeeisae thought to attenuate the
vasoconstrictor responsiveness to sympathetic stimulitiég) 197, in part, viaan
endotheliuradependent signaling pathwf320. Thi s phenomenon, ter med #f"
sympatholysis,” is a vital component of exercise hyperemia, allowing for proper delivery of
blood flow,oxygen and nutrents to contracting skeletal musclé§6. Impaired finctional
sympatholysis isttributable to factors that diminish vasodilator function and increase
vasoconstriction as seanaging[321] and hypertensivpopulationd205. Importantly,
impaired functional sympatholysis may contribute to redyetlsion withincontracting
skeletal musclesnexaggerated pressor response, and exercise intolensagiag or
hypertensivgpopulationd9], but little is known about thiafluenceof obesty on functional
sympatholysis

Obesity is a major public health concern associated with increased cardiovascular disease
risks[3, 4]. Even in apparently healthy obese individuals, alteratiovascular function have
been reported, including endothelial dysfuncf{ién, 48, 322, greaterarterial stiffnes$65, 66|,
as well adowerblood flowat resf5] and during exercisg13. Studies havalsoreported
increases inestingsympathetimerve activity[15, 16|, as well asn exaggerated rise in

sympathetic nerve activignd systemic vascular resistamceesponse to sympathoexcitation
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[5] in obese individuald~urthermoreanimal models demonstraé@hanced sympathetic
vasoconstrictor responsiveness in resistance arf@gdJltimately, these factors associated
with obesity may contribute to increased vasoconstriction and reduced vasoditeiehy
impairing functional synpatholysisin this population

To date, thenfluenceof obesity on functional sympatholysis remains poorly undeds
Although exercise is recommended as a lifestyle strategy to ¢tamésity, obesitys associated
with exercise intolerand®2, 36]. Because impairefiinctional sympatholysigould contribute
to insufficientexerciseblood flow, effectivelyreducingwork capacity and exercise toleranoee
sought teexamineif functional sympatholysisvas impaired in obese individuals compared with
lean counterpart§Ve hypothesizeé that obesendividualswould havea largemreflex
sympathetic vasoconstratresponseluringdynamic handgrip exercise atidisa lesser
magnitude ofunctional sympatholysisomparedvith agematchedeanindividuals
Methods
Subjects

Thirty-six youngadults(18 leanand18 obese)olunteered andompleted a physical
activity and health historguestionnaire. Exclusion criteria includedy known cardiovascular,
metabolic, renal, or respiratory disease. None were smokers otakergany cardiovascular
medicatims, NSAIDS, or multivitamin/antioxidant supplementObeg individuals had body
mass index (BMI) of 3@0 kg/nt. Female participants had negative pregnancy tests and were
studied during days-T of their menstrual cycJer during theplacebo phsefor those on oral
contraceptives. All participantgeresedentary and were not engaged in regular aerobic exercise
for the past 6 mo (current phgal activity level was <6@nin/week).Writteninformed consent

was obtained from all participan®ll proceduresvere approved by the Institutional Review
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Boardat the University of lllinois at Chicago and conformed to the guidelines set forth by the
Declaration of Helsinki.
Study Design

Using a crossectional design,llgparticipants reported to the laboratory ¢j at least 48
h apart, in the morning following an overnight fast (12 h) and were instructed to refrain from
exercise, caffeine, and alcol{@W h) before each visifThe first visitinvolved measurements of
baseline descriptive characteristiaadthesecond visitvasthe experimental dayor both
visits, all vascular measures were obtained in the supine position follquigigest (1015
min) in a temgrature controlled room (~224°C). On the experimental day, participants
underwent vascular andedynamic measurements at rest and during dynamic handgrip
exercise Lower body negative pressure (LBNP) was applied as an additional sympathoexcitatory
stimulus to examine functional sympatholysis. LBNP was added to both resting and handgrip
measures (Sdegure 5 for a schematic).
DescriptiveMeasurements

AnthropometricdHeight weight and waist circumferenageremeasuredo the nearest
tenthdecimal pointandBMI was calculateqkg/n?). Body compositiorand lean forearm mass
(using anatomicdhndmarks) wereneasured using wheleodydualenergy xray
absorptiometryDEXA) (GE Lunar iDXA, GE Healthcare, Madison, WI, USAccording tahe
manufacturerdés guidelines.

Blood Pressure(BP) After resting quietly forlO min, resting seated brachiBP of the
non-dominant arnwasobtained using an automated oscillometric cuff (HBOFV XL, Omron
Shimane,Japan)uring the first visitMeasurements were made in duplicate, and the average BP

value was used for analysis if théfeience between the twaleswasCs mmHgfor both
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systolic and diastolic BROtherwise, a third measurement was obtained, and the closet two of the
three values were averagéa addition, beato-beatBP of the nordominant arnwasmeasured
in the supine positioasing fingemphotglethysmographyRinometerPro, Amsterdamthe
Netherlands) during the second visit.

Brachial Atery Flow-Mediated Dlation (FMD) Brachial artery vasodilator function was
measuredvith automated edgéetection software (Brachial Analyzer, MIA, Cordliej 1A,
USA), through assessment of peak dilation following cuff reledise 5 min of cuff occlusion
usingultrasonographyvith a 7.5 MHz linear array prol{glitachi-Aloka U-7, Tokyo, Japan
according tahe establisheduidelineq323. Themean blood/elocity (MBV) signalswere
corrected at an insonation angle of @eMD (%) and shear ratg?) werecalculated as follows:
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Then,FMD (%) was normalized to shear stimulus using shear rate area under the curve (AUC).
Blood Lipid ProfileVenous blood samples wepbtainedn heparinized tubesnd
analyzedusing Cholestech LDX (CholestetfstrumentsHayward, CA) for the following
variablesfasting plasma concentrations of lalensity lipoprotein cholesterol (LDL), high
density lipoprotein cholesterol (HDL), totetholesteol, triglycerides, and glucose
Peak Oxygen Consumption Testing e VO2peakwas measured using an oparcuit
spirometrymetabolic systeniTrueOne 2400, Parvo Medics, Sandy, UT, U8A)ing an
incremental graded cycling exercise testformed teexhaustion (Excaliber Sport, Lodehe
Netherlands)The cycling exercise protocol was selected to support weight during locomotion

especiallyin obese individualsThe participants began with andin warmup with no resistance.
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The first wokload was set at 40 W and gradually increased by 30 W every 2 min until test
termination. The participants pedaled at a cadence-&D60pm. Ratings of perceived exertion
were assessed once per stage. Following test termination, the recovery protacalitie@

min light cycling (OW, 50 rpm), followed by 1 min of quiet sitting on the cycling ergomeétes.
criteria for test terminatioweredescribed previously31§.

ExperimentaProtocol andMeasurements

All participants were studied in the supine position. Bedieat heart rate (HR) was
recorded usingnelectrocardiogram (Biopac Systems, Santa Barbara, CA, USA}Yi®batt
BP was continuously recorded on the sttmminant arm using finggrhotglethysmography
(FinometerPro, Amsterdam, the Netherland8eatto-beat HR and BRvasrecorded at a
sampling rate of 1,000 HBiopac Systems, Santa Barbara, CA, US2atawere analyzed
offline using WinCPRS (Asolute Aliens, Turku, Finland), ameéatto-beat BP was used to
derive stroke volume and cardiac out that were indexed to body surface area (stroke index (Sl)
and cardiac index (Cl), respectively).

Dynamic Handgrip ExerciseMaximal voluntary contractio@VC) for each participant
was selecte as the greatest of the 3 maximal squeezes of a handgrip dynamdadrs&@2{C
Biopac Systems, Goleta, CA, UAAIl participants performed dynamic handgrip synchronized
to the rhythm of a metronome (20 handgrips per min; 50% duty cycle) atthéf30% (EX15
and EX30)of MVC for 4 min, with a 1@min rest between each exercise intensity. Force
production was displayed on a projector screen to provide participants with visual feedback. The
selected handgrip exercise intensitiese been shown not éwokeincreased sympathetic nerve

activity [324].
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Rdlex Activation of SympatheticddvesLBNP was used to produce reflex sympathetic
vasoconstriction in the forearm. Thea r t i dowgr bodytwassenclosed to the level of the
iliac crest inthe LBNPchamber. LBNP a20 mmHg primarily unloads the cardiopulmonary
baroreceptorsffectivelyevoking reproduciblereflex increases in muscle sympathetic nerve
activity [206, 324. LBNP at-20 mnHg was applied for 2 min at rest and durihg last two min
of dynamic handgrip exercise.

ForearmBlood How (FBF) FBF wasmeasuredor a total of 4 mimat rest andluring
dynamic handgrigxerciseBrachial artery diameter and MBV were measwedhe dminant
armusing ultrasonographyith a 7.5 MHz linear array prol{glitachi-Aloka U-7, Tokyo, Japan
with an insonation angle of 80images were recorded using Vascular Tools (Medical Imaging
Applications, Coralville, IA, USA) during diastobnd analyzed offlinesing automated edge
detection software (Brachial Analyz&fJA, Coralville, IA, USA).FBF (mL-min) was
calculated as follows:
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Forearm vasculasonductance (FVC, mL/min/mmHg) was calculated as follows:
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Then, FBF and FVC were normalized to forearm lean muscle mass (mefasor&EXA). As
annotated by nFBF and nFVC, respectively.

FBF, FVC, HR, and BP responses to LBNP were determined by calculating the
difference betweethe average over the last minafebaseline immediately preceding LBNP

and theaverage of the last minutkiring LBNP. The main dependent variables were the relative
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change in FBF or FVC with LBNP (#BF and %3V C) at rest and during exercisehese
werecalculated as follows:

"06 IoOO® 61 V'O 0 06 HI'0KH &' QQDHIED 0

WP 00 Digh 0w 6 08 BTG HQOBE T

pTT

Finally, the magnitude of functional sympatholysis was calculated

Magnitudeof functional sympatholysts nFBF (or nFVC)at rest [percent change &3]
T nFBF (ornFVC)during exercise (%)

This index of functional sympatholysis reflects the ability of muscle contractions to
attenuate theeflex sympathetic vasoconstrictor response observed dB&k5t325.
Satistical Analysis

Data were checked for normality of distribution using the Shapfiti tests, and non
normally distributed data were normalized using natural log transformBtésaeriptive
characteristicsbaseline differencesand percent change variablesre comparetietween
groups using an independenéstor nonparametric MantWhitney U test The ManaWhitney
U test was utilized for data that could notibgged transformed o test the responses to LBNP
at rest and during exercisge2 x 2 ANOVA with repeated measures [groupgnversusobese)
by time pefore and during LBNPWwas conductedAdditional analysesising a 2 x 2 ANOVA
with repeated measures [sex (male versus female) by time (before and during hWiekP)]
carried out to determe any potential influence of sex on functional sympatholysis in each
group.Data are presented amant SD. Alpha was set gi<0.05. All data were analyzed using

SPSS (V 21.0, IBM SPSS, Inc., Armonk, NY).
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Results
Descriptive Characteristicand FlowMediated Dilation

Obese individuals had higher weigBMI, waist circumferencegercent body fatand
absolute VGpeak as well as lower VQpeak(relative to body weightcompared with lean
individuals (Table 1p<0.05). Furthermore, no group differences were observed for any FMD
variable, except for higher peak flow velocity in obese individuals compared with lean
individuals (Table 2p<0.05).Statistically controlling for shear rate AUC, %FMD also remained
similar between groups (Table2;0.05).
Forearm Blood Flow and Forearm Vascular ConductaResponses to LBNP at Rest and
During Exercise

Brachial artery responses at rest, during LBNP, and with exercise are shown in Table 3,
and Figure$ and7. At rest,lean individuals hadower FBF and FVC compared witbhese
individuals, with an overalbwerresting FBF with or without LBNP stimulation iean
individuals (Table 3p<0.05).In lean individuas, LBNP stimulation reduced FBREFBF, FVC,
and nFVC at rest, but these reductions vegtenuatediuring exercise in an intensitiependent
mannerTable 3 and Figure 6ppeifically, LBNP reducethFBF by-13.9+ 14.4% at rest, but
only by-8.9+ 12.9% and by-1.6+ 14.8% during exercise at 15% X&5) and 30% (EX30) of
MVC, respectively (Figure §<0.05). LBNP also reduced nFVC by1.8+ 15.3% at rest, but
only by-7.2+ 13.30 at EX15 and b.9+ 16.0% at EX30in lean individuals (Figure 6,
p>0.05).Similarly, obese individualalso exhibited comparabteductions in FBF, nFBF, FVC,
and nFVC in response to LBNP stimulation at that wereattenuatedluring exercise in an
intensitydependent mannéfrable 3 and Figure 6% pecifically, LBNP reduced nFBF b$3.4

+ 17.83% at rest but only by-10.4+ 9.0%at EX15andby-1.6+ 12.5% at EX30n obese
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individuals(Figure 6,p<0.05).Similarly, LBNP also reducedFVC by-10.1+ 19.9% at rest,
but only by-8.4+ 9.5%at EX15 and by0.1+ 13.2%at EX30in obese individuals (Figure 6,
p>0.05).No group differences in nFBF or nFVC responses to LBNP werenadxs at rest or
during exercise at both intensiti€&able 3 and Figure 6)n addition,no group differences at rest
or in response to LBNP were foufat brachial artery diametep$0.05 Table 3), but LBNP
reduced brachial artery diameter slightly, but significantly during both exercise intensities
similarly in both groupsp<0.05 Table 3).
Magnitude of Sympatholysis

In both groups, the percent redion in FBF, nFBF, FVC, and nFVC in response to
LBNP stimulation became more attenudtee greater extentith increasing exercise intensity
(Figure6, p<0.05). To further quantify these changes, we calculated the magnitude of
sympatholysis, i.e. thefierence in FBF and FVC in absolute and normalized values between
rest and exercise (Figur@ [321, 325. The magnitude of sympatholysis was similar between
groups and was intensitiependent, with a greater sympatholysis at EX30 versus EX15 (Figure
7, p<0.05).
Hemodynamic Responsed BNP at Rest and During Exercise

Compared with lean individuals, obese individuals had an overall lovwaerd®ll at rest,
EX15, and EX30 (Table 4<0.05).LBNP stimulation reduced MAP slightly, but significantly
at rest and during handgrip exercise at EX15 and EX30similarly in both groups (Table 4,
p<0.05).LBNP stimulationalsoreduced SandCl, as expectedt rest and during handgrip

exercise aboth execise intensitiesimilarly in both groups (Table 4<0.05).
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Discussion

The main findings of the present stuahgtwo-fold. First, sympathetic vasoconstriction
was attenuated in the exercisiiogearm similarly in obese and le&ealthyindividuals. Second,
the ability to attenuate sympathetic vasoconstriction in an exercise irndapgypdent manner
was similar between groupko the best of our knowledge, this study is the first to evaluate
functional sympatholysis in young, otherwtsealthy obese individual¥hese findings are in
contrast to our hypotheses and suggest that young, otherwise healthy obese individuals have
preserved functional sympatholysis.

In the present study, sedentary lean individuals maintained their abilityrtioreflex
sympathetic vasoconstriction in response to LBNP stimulation ddyingmic handgrigxercise
at bothexercise intensitiesvith the magnitude of sympatholysis being greater at 30% of MVC
than at 15% of MVCOur findings are in agreement withepious work on preserved functional
sympat holysis during reflex sympathetic actiwv
adrenergic agonists in young lean individy&25-327], in an exercise intensity dependent
mannef11, 32§. Surprisngly, we alsoreport that the ability to blunt reflex sympathetic
vasoconstriction during muscular contractairboth 15% and 30% of MV{D an exercise
intensitydependent mann&ras comparable betweenung obese and lean individual3ur
findingsof preserved functional sympatholysis in young obese individoaissuggesanintact
abil ity t-anatattedergicadcaptorsl bwhetheranindividual contribution of
U 1versusU 2adrenergic receptots inducevasoconstrictionvas not studie in the present
study In youngobese individuals with metabolic syndrofré1-35 yrs of age)intra-arterial
infusiorso f - &Jrl d -adteRergic agonists evoked reductions in forearm vascular conductance

at restandthis sympathetic vasoconstriction was attenuated during low intehsigmic
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handgrip exercise (15% MVC) in both group$218]. Interestingly,despite comparable
responsi amremergisrecepbor adtivatiomhese individuals with metabolic syndrome
exhibited greater v as o-adoenesgic receptdr activationeasrgsbands i v e n
during exercis¢218,suggesti ng i ncr ademedc reaptorsadtivation,i ty t o
i ncr e adrendrgicdeteptor density, or b§829, 337.

Work from Thaning et a[.207] further supports presged functional sympatholysis in
obesity, whereby exerciseduced increases in leg blood flow and leg vascular conductance
were maintained imiddle-aged overweight individuals with type 2 diabetes (~55 yrs of age
BMI 29.1 kg/nf), even during increasesympathetic vasoconstrich induced by tyramine
infusion Moreover the vasodilatory response to acetylcholine alasintact in overweight
individualswith type 2 diabetesompared with agenatch healthy controls (~55 yrs of age, BMI
26.5 kg/nt), suggsting preserved endothelial functionc cur s concomi tantly wi
functional sympatholysig207]. Indeed, recent work from Hearon et[&20 supports the role of
endotheliuradependat signalingduring muscle contraction enhancinghe ability to blunt
sympathetic vasoconstriction in hunsgparticularlyvia stimulation of endotheliurderived
hyperpolarizatiodike vasodilationln the present study,evalso assessed bractagalery FMD
and reporno differences indothelial functiodetween oulean and obese individuaks
such,our data and that ofhiining et al[207] indicate thabur participants were relatively
healthy with normal endothelial function and tlhmpairedfunctional sympatholysis mayeed to
occur in thepresence of atothelial dysfunctionljkely due to an imbalance of vasodilators and
vasoconstrictorg331]. However, given inheremifferences irvasalilator responselsetweerthe

armsand thdegs[227], as well as differences betweeopulations (young otherwise healthy
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obese ersusmiddle-agedoverweighttype 2 diabets, we could not make direct comparisons
betweerthesefindings[207].

In contrast taur findings and to those pfevious studief207, 218, Vongpatanasin et
al.[209 has shown thaibese individuals with hypertensiord{ yrsof age BMI ~30 kg/n?)
exhibit impaired functional sympatholysis duridgnamic handgrip exercise (30%MWVC),
compared with agenatched overweight normotensivelividuals(BMI ~29 kg/n¥).

Specifically LBNP (20 mmHg) evoked decreases in forearm blood flow and foreascular
conductance during rhythmic handgrip exercise in obese hypertensive individuals, but not in
overweight normotensive individudlg05. Differences in sympathetic outflow are not
responsibldor the differences in forearm blood flow and forearm vascular conductance, since
both groups exhibited similar muscle sympathetic nerve activity increases at rest and during
handgrip exercisg205. The finding thafunctional synpatholysis wasestoredin a subset of
obese hypertensive individudtslowing shortterm treatment with angiotensin receptor subtype
1 blockaddrbesartansuggest thatan angiotensiidependent mechanism may, in partpair
functional sympatholysis in obebgpertensivendividuals[205. Angiotensinll mayaugment
sympathetic vasoconstriction presynaptichlfyfacilitating noradrenaline releagz32 and post
junctionallybyp o t e nt radrénergiogecdp@induced vasoconstriatsesponsiveness to
noradrenaling¢333.

Mechanisms underlying preserved functional sympatholysis have been extensively
investigated, although no specddadf9ilocallysy mpat hol
released vasoactive stidsces, such astric oxide (NO) andadenosine triphosphataTP) [9,

119, have been implicated in the attenuatdsympathetic vasoconstrictioNO has been

shown toblunt sympathetic vasoconstriction via ABBnsitive potassium channgls¥9 and
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may act synergistically with other vasoactive substances, such as prostadla89ih9Q.
Restoration of functional sympatholysis followiagrobic exercise trainirftas been shown to
occurvia an NOdependent mechanigihi84]. ATP is another putative sympatholytic factor,
which has been shown to attenuate sympathetic vasoconstriction evoked-aytarted infusion
duringboth handgrig192 andleg exercis¢182 in humansATP can bind to Grotein
coupled purinergic 2Y receptonsthin the vascular endothelium and imdtsubsequent release
of NO, prostaglandins, and endothelig®rived hyperpolarizing factof495 196. ATP can
also induce vasodilation independently on the endothelium by activating spdiassium
ATPase pumps and inwardly rectifying potassium channels in hur2atjs but wheher these
activation sites contribute to the sympatholytic effect of ATP remains poorly undef2asdhd
There ardimitations to this studykirst, our exercise protocol engaged a small muscle
mass in tharm,andit remains unclear ibbesity would impadhe response during exercise
involving alarger muscle mass. However, one study previously reported that functional
sympathol ysis i s meadn daadieBergivrecaptobalctivatian similgrly im
theforearm and in théeg[326], suggesting muscle mass may alb¢r our findings of preserved
functional sympatholysis in obesitgecondthere could potentially be sex differences in the
respmsesto our protoco[334-336; however, bllow-up analyses controlling for sex did not
change our findingg=inally, wedid notmeasure MNA and thus were unabte directly
demonstrate IMSNA increased more or less in obese individuals durangdgrip exercise with
and without LBNP stimulatiarinclusion of MSNA would elucidaterhetheranexaggerated
MSNA responséo LBNP was preserih youngobe® individualsand whether thigranslates
into greater sympathetic vasoconstriction and impaired skeletal muscle pedusian

exercise
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Conclusions
In conclusion, young, otherwise healthy obese individuals maintained the ability to
attenuate reflex sympathetic vasoconstriction during dynamic handgrip exercise compared with

agematched lean counterparts.
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Table 1.Descriptive Characteristics in Lean (n=18) andObese (n=18)Participants.

Lean Obese
Age (years) 2615 274
Sex (m/f) 9/9 9/9
Height (cm) 169.945.7 172.24.7
Weight kg) 65.2+69 96.5+12.7%
BMI (kg/m?) 22.641.8 32.422.2%
Waist circumference (cm) 83.315.8 109.4%7.6%
Body fat (%) 29.945.7 41.25.7%
Seated SBP (mmHg) 11146 110+12
Seated DBP (mmHgQ) 7146 7416
Total cholesterol (mg/dL) 17740 167435
HDL cholesterol (mg/dL) 59+13 5015
LDL cholesterol (mg/dL) 103435 95432
Triglycerides (mg/dL) 94455 100452
Glucose (mg/dL) 95+10 96114
VO2peak(L/min) 2.0740.35 2.54+0.53
VO2peak(mML/kg/min) 31.8#4.3 26.244.0%
VOgpeak/ FFM (mL/kg/min) 45.247.0 44.3+7.2

Data are meat SD.

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL, high
densitylipoprotein; LDL, lowdensity lipoprotein; V@yeak peak aerobic capacity.

# Different from lean participani{e<0.05)
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Table 2.Brachial Artery Flow-MediatedDilation Variables in Lean (n=18) andObese

(n=18) Participants.

Lean Obese
Baseline brachial diameter (mm)  3.4740.39 3.6840.45
Baseline flow velocity (cm/s) 142+4.4 16.2#4.3
Peak brachial diameter (mm) 3.7840.41 4.0340.48
%FMD 9.21+#.23 9.66+1.58
Flow velocity at peak diameter
(cm/s) 369+16.7 376+8.9
Shear rate at pedlow velocity (s') 7861361 7444143
Peak flow velocity (cm/s) 80.7+16.0 91.3#15.4%
Peak shear rate s 1843460 1984443
Shear rate AUC (AU) 4694948319 5693048641

%FMD/Shear rate AUC (AU)

2.34x10%+1.1%10%

1.89x10%+0.71x10*

Data are meat SD.

FMD, flow-mediated dilationAUC, area under the curve; AU, arbitrary units.
#Different from lean participani§<0.05)
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Table 3. Brachial Artery Diameter and Blood Flow Responses td&xerciseWith and Without Lower Body NegativePressure

Stimulation.
Gop Rest IR, Bas Sl Exs0 RN
Diameter (mm) Lean 3.52+046 3.49+043 3.55+044 3.53+0432  3.65+041 3.62+0412
Obese 3.73x057 3.69+056 3.77+056 3.73+0532  3.85%+055 3.82+0532
FBF (mL/min) Lean 90+32 761242 195483 181+1002 284+135 284+156
Obese 117439% 103+482P 228478 2054732 335+107 329+115
NFBF(AU) Lean 9.613.5 8.0£2.32 20.245.4 18.446.12 29.589.0 28.849.1
Obese 10.313.3 9.1+4.02 19.845.0 17.6#4.52 29.046.5 28.647.8
FVC Lean 91+35 788272 192473 18219342 276+106 284+136
(mL/min/mmHg) Obese 118#41% 1081552 229479 2104782 320498 319+108
NEVC (AU) Lean 9.843.8 8.312.62 20.045.6 18.74#6.52 28.847.4 29.248.9
Obese 10.443.6 9.5#4.72 19.945.3 18.1#4.92 27.846.0 27.947.8

Data are meat SD.

LBNP, lower body negative pressure; EX15, exercise at 15% of maximal voluntary contraction; EX30, exercise at 30% of maximal
voluntary contractioni-BF, forearm blood flow; nFBF, forearm blood flow normalized to lean forearm mass; FVC, forearnavascul
conductance; nFVC, forearm vascular conductance normalized to lean forearmAlthaabitrary units

aDifferent than before LBNP stimulation (Main LBNP Effegb<0.05).

bOverall group difference at rest, EX15, or EX30 with and without LBNP (MaduEffect)(p<0.05).

#Different from lean participants at this tirpeint (<0.05).
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Table 4.Hemodynamic Responses t&xerciseWith and Without L ower Body NegativePressureStimulation.

Rest EX15 EX30
Group Rest +LBNP EX15 +LBNP EX30 +LBNP
MAP (mmHg) Lean  100+10 098+32 102411 1004102 102+12 1004122
Obese 10046 97472 10016 9846 2 104+7 103482
HR (bpm) Lean 6046 61+7 65+7 6619 2 6618 69492
Obese 6149 6149 6219 65+102 6613 70482
SI (ML) Lean 51+10 464102 52+11 46+102 52+10 47+102
Obese 4316* 38+6 2P 42467 37+6 2P 43+7# 38+6 2P
Cl (Umin/m?) Lean 3.1+0.7 2.8t062 3.3+t0.8 3.0+0.62 34408 324062
Obese 2.7+06 2.33053  27+0.7% 2.4+053b  2.9+07 2.7+0.6 2P

Data are meat: SD.

MAP, mean arterial pressure; HR, heart rate; Sl, stroke index or stroke volume normalized to body surface area; @eaatiac |
cardiac output normalized to body surface area.

aDifferent thanbeforeLBNP stimulation(Main LBNP Effect)(p<0.05).

b Overall group difference at rest, EX15, or EX30 with and without LBM&in Group Effect(p<0.05).

# Different from lean participants at this tirpeint (p<0.05).
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Figure 5. Schematic d the Experimental Design.
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Figure 6. Changes in Forearm Blood Flow ad Forearm Vascular Conductance m
Response t&Sympathetic Stimulation.

Absolute and grcent(%) changes imormalizedforearm blood flow (Panels-B) and

calculated forearm vascular conductance (Panddy & rest and during dynamic handgrip
exercise at 15% (EX15) and 30% (EX30) of maximal voluntary contraction in response to lower
body negative pressure stimulatiere similar between groups

Data are meat SD.

nFBF, forearm blood flow normalized to lean forearm mass; nFVC, forearm vascular
conductance normalized to lean forearm mass.

2Time effect(p<0.05).
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Figure 7. Magnitude of Sympatholysis.

Magnitude of sympatholysis or the calculated differenaeoimmalizedforearm blood flow

(Panel A) and forearm vascular conductance (FBnbéetween rest and exercise at 15% (EX15)
and 30% (EX30) of maximal voluntary contraction to lower body negativespre stimulation
was similar between groups

Data are meat SD.

nFBF, forearm blood flow normalized to lean forearm mass; nFVC, forearm vascular
conductance normalized to lean forearm mass.

2Time effect; ResEX30 had greater changsan ResEX15 (p<0.05).
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Chapter IV: The Influence of Obesity on PosExercise Hypotension
Abstract

Obesity is associated with increased risk of incident hyperter@lmse individuals
often have elevated brachial and central blood pressurea(i@R)ave reflection, as well as
abnormal cardiovascular reactivity to sympathoexcitation. Aerobic exésaen
recommended as a lifestyle stratdégythe prevenion of obesityinduced hypertensiomut its
acutehypotensive effects on brachial anchiral BPpostexercise remain unclear in obese
individuals This study sought to determine the effects of acute aerobic exercise -@xgasse
hypotension (PEHn lean and obese individualBhirty-six individuals (18 lean and 18 obese,
50%male) underwent measurementpe@fipheraland central hemodynamiesd wave
reflectionat rest and at 30 min, 60 min, and 90 min adt@rtemoderateintensity cycling
exercisg60% of peak aerobic capacity for 60nn Obese individuals exhibited similar
reductions in centrdP (systolicandmean arterial pressigeand wave reflection (augmentation
pressure and augmentation indeag well as increases in leg blood flow and vascular
conductance following exercisepmpared with lean counterparts. Brachialvi&® unchanged
after exercise in either group. We concluded that acute modetasity aerobic exercise
evoked centraPEHsimilarly in lean and obese individuals who lack overt cardiovascular
diseases. Imptantly, despite lack of brachial BP reductions, both groups had reductions in
central BP, which confirms the beneficial effect@ofiteaerobic exercise on central BP
regulation.In addition, our findings of differential BP responses jgosrcise highligt an
importart notion that brachial B8 a poor surrogate of central BBe to BP amplificatioras

BP waves travel from elastic central arteries to stiffer brachial arteries.
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Introduction

Obesity escalates the risk for cardiovascular disg&€3¢B), such asfypertensior4,
337, 338. Furthermore, mortality fror€VD is also elevatedith obesity, with each-binit
increment in body mass index (BMI) confegiap to 34% greateZVD risk [32]. Factors
associated with obesitiiatcontribute tancreasedCVD risk include, butare not limited to
endothelial dysfunctiofd7, 48], centralarterial stifening[65, 66], sympathetic overactivitjl5,
16], dyslipidemia[83], activated renirangiotensiraldosterone systef84, 99, and reduced
baroreflex sensitivity89]. In addition to these risk factors, altered cardiovascular responses have
beendocumentedhn obese individualgs, 6, 322. Indeed when faced with sympathoexcitatory
tasks, such as mental stress, cold pressoiwotestatic handgrip exercise, obese individuals
exhibit exaggeratedlood pressure (BReactivity[5, 6]. Furthermore,mpairedability to
vasodilate duringlynamic exercisbas also been demonstrated in obese individ@ag, which
may contribute to malperfusion and exaggerated BP response symipathoexcitatoriasks
[113 143, as well as reduced aerobic capacity often observed in of23i6].

Aerobic exercise is an effective lifestyle stratégymproveBP regulationand reduce
CVD risk [339. Longterm benefits of aerobic exerciseem in part,from an accumulation of
acutee x e r dypastengive effects, which can be observed-pgetcisg13]. Thi s - fipo st
exercise hypotension (PEH)O generally results
that isincompletely offset by elevations in caadoutput[12]. Although the magnitude and
durationof PEHmay be affected by factors such as baseline BP, exercise intensity, and duration
[12, 294, 340}, moderateintensity exerciséas beershown to be reliablgffective in poducing
PEHand peripheral vasodilatiq248 266, 290, 306, 307, 34]]. Additionally, although most

studies investigated PEH using brachial BP, recent studiean individual$have demonstrated
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differential PEHresponsebetween central BP and brachial B2, 343, but this remains
unclear in obese individual§his is important, beausecentral BRs superior to brachial BP in
predicting incident hypertensi@ndmortality from CVD[344]. Assessment of BP at both sites
may offer additional insight into BP regulation pestercise.

To date, the role of obesity &EHfollowing moderateintensity aerobic exercise
remains uncleamnd existing studies have yielticonflicting results, likely due to different
exercise modalities, study populations (age and overwesgbbese)or flaws instudy design
[24, 316-318. Understanding how obesity impacts pegercise hemodynamics is important, as
it may not only provide physiolaginsight, but also unravel potential therapeutic tarfyets
lifestyle/pharmacologic intervention&s such, the purpose of this study was to evaluate the
acute effect of moderaiatensity aerobic exercise on pastercise hemodynamics in young
obese idividuals compared with ag®atched lean counterparte hypothesized that young
obese individuals would exhibiéduced or absent PEbBIr both central and brachial BPs
compared with lean individuals.

Methods
Participants

Thirty-six youngadults(18 leanand 18 obesd)etween the ages of 18 and 40 years
participated in this study. All participants had normal(Bystolic BP <140 mmHg and diastolic
BP <90 mmHg)and were sedentafgr the past 6 moneeklyphysical activity level <60 min
Exclusion citeria included knowrcardiovascular, metabolic, renal, or respiratory disesse
well as smokingNonewere taking medication known to affect BP or heart rate (HR) (including

antiinflammatories or allergiesPbesity was classifidoased ora BMI of 30-40 kg/nt. Female
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participants weréestedduring days 17 of their menstrual cycler during the placebo phasé
oral contraceptivedll participants provided written informed consent prior to participation
Study Design

Using a crossectional desigrall participants reported to the laboratory twinghe
morning separated by at lea8 h All participants fasted overnigfi2 h) andefrainedfrom
exercise, caffeine, and alcohol (240 all) prior to each visitVisit 1 involved measurements of
baseline descriptive characteristiosluding a peak aerobic capacity (W) test and Visit 2
was the experimental dalyollowing quiet rest (115 min), @ vascular measures were collected
in the supine positiom a temperature controlled room (~22°C) for both visits. On the
experimental day, all participants underwent vascular and hemodynamic measurements at
baseline preexercise (Pre) and at 30in (P30), 60min (P60), and 9®nin (P90) poskxercise.
The Institutional Review Boarat theUniversity of lllinois at Chicago approved all procedures,
which conformed to the guidelines set forth by the Declaration of Helsinki.
DescriptiveMeasurements

AnthrgpometricsHeight, weight, and waist circumference were collected to the nearest
tenthdecmal point and BMI was calculated (kghn Body composition ankkg masswere
determinedising wholebody dualenergy xray absorptiometry scgdDEXA) (GE Lunar iDXA,
GE Healthcare, Madison, W, USA) in accordance

AnkleBrachial Index (AB) ABI wasdetermined based upon the systolic BP in both
upper (brachial arteries) and lower (tibial arteries)(B&Sera VS 1500 AU, Fukuda Denshi,
Japan) using a previously described metl8#h. ABI was calculated as a ratio of the ankle

systolic BP and the brachial systolic BFven thatABI is an index ofarterial stiffnes$344,
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inclusion of this measure would provide additional information on obediyed arterial
function

Blood Lipid ProfileVenous blood samples werellectedin heparinized tubes and
analyzedoy Cholestech LDX (Cholestech Instruments, Hayward, foAJasting plasméevels
of low-density(LDL) and highdensity(HDL) lipoprotein cholestersg] total cholesterol,
triglycerides, and glucose.

Peak Oxygen Consumption TestWiQ2peakWascollected byan opencircuit spirometry
metabolic systen(iTrueOne 280, Parvo Medics, Sandy, UT, USA)ringagraded cycling
exercise test until exhaustion (Excaliber Sport, Lode, the Netherl&idpprticipantgpedaled
for 1 min with no resistanc@varm-up), after whichheinitial workloadbeganat 40 W andhen
increased by 30 W every 2 min until test termination. The participants pedaled at a €&fence
rpm. Following test termination, the recovery protocol began with a 2 min of light cycling (OW,
50 rpm), followed by 1 min of quiet sitting on the cycling ergomédtke test was terminated
whenthe participants met 3 of the followingcriteria: (1)ratings ofperceived exertion (RPE)
Q17 on the Borg scale (scale26), (2) respiratory exchange ra(RER)CL.1, (3) HRchange
within £10 bpm of ageredicted maximum HRand(4) volitional fatigue

Seated Brachial Blood PressuResting seated brachial BP was swead on the nen
dominant arm by an automated oscillometric ¢HEM-907XL, Omron Corporation, Japan)
during Visit 1according to established guidelif@g7. Two measurements were obtained and
averaged for analysis ifoth systolic and diastolic BP differé mmHg. Otherwise, an

additional measurement was obtained, and the closest two of the three measures were averaged
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