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ABSTRACT OF THE DISSERTATION

Effects of age and acusabmaximakxercise orinflammatory cytokines, cortisol, insulin, heat
shockproteins and skeletal musciaediators of energy homeostasis in horses

by RYAN CHARLES AVENATTI

Dissertation Directs:

Dr. Karyn Malinowskind Dr. Kenneth H. McKeever

There is a well documentatkcline in exercise capacity, immune function, insulin sensitivity and
hypothalamiepituitary-adrenal axis function in aged horsé&robic training can partially

reverse ageelated declingin performance measuregndocrine and immune functioand

insulin sensitivity in horse§ hemechanisms behind the adaptive response to exericis®rses
require further researchBased on the comparative literature, several mediators of energy
homeostasis and adaptation to exercise were identified for investigatiavhole blood and

skeletal muscle of horses.

Youngand aged unconditioned Standardbred mares underwent an acute submaximal exercise
test. Plasma cortisol, insulin and glucose concentrations were determinedpcepost

exercise. Whole blood and gluteunedius biopsies were analyzed for gene expression of
inflammatory cytokinesHSP7@&ndHSP9@re- and postexercise. Skeletal muscle was also

analyzed for protein content of HSP70, HSP90, AMPK, Akt and AS1é0dpestexercise.

Exercise increased [@iama cortisol concentration in both young and aged mares, with the

duration of the postexercise rise in cortisol altered in aged horses. Although the magnitude of



the insulin response to exercise was not different between young and aged horses, plasma
insuin was elevated sooner and declined earlier in aged mares. Subsequently, aged mares had a
shorter duration of elevated plasma glucose concentration {g&rcise than young mares.

Exercise increasdti expression in whole blood of young and aged mangth young mares

having greater exercisiaduced expression dE-i . Cytokine expression was not altered in

skeletal muscle, regardless of age or exercise.

Young and aged horses had increabi&P7@&xpression in whole blood following exercise, with
young horses exhibiting greater exercisducedHSP7@xpressionHSP9@xpression in whole
blood following exercise was increased only in young hot$88.7@ndHSP9@xpression in
skeletal muscle wasicreased following exercise in both young and aged horses, with age
altering the timing oHSP7@&xpression. There were no changes in skeletal muscle protein
content of HSP70 and HSP90; or in activation or total protein concentration of AMPK, Akt and

AS1®, due to exercise or age.

In conclusion, mediators of energy homeostasis and the adaptive response to exercise are
altered with age in horses.
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Chapter 1.

Introduction and Review of the Literature The
Intersection of inflammation, insulin resistance and
agng: Implications for the study of molecular
signaling pathways in horses



Abstract

Inflammationassociated insulin resistance contributes to chronic disease in humans and other
longlived species, such as hessinsulin resistance arises due to an imbalance among
molecular signaling mediators in response to-prlammatory cyokines in the aged and obese.
The mammalian heat shock protein response has received much attention as an avenue for
attenuatinginflammatory mediator signalingnd forcontributing topresenation and

restoration ofinsulin signaling in nabolically important tissue®ata on heat shock proteins

and inflammatory signaling mediators in untrained and aged hasekcking, andorses
represent an untapped resource for studying the mediator imbalance contributing to insulin

resistance in a comparative model.



Introduction

Adgng and obesityrelated loss of cellular function is associated witinomic, lowgrade
inflammation.Of particular interest, gripheral insulin resistance in aged or overweight
individualsdisrupts cellular ability to maintain homeostadiess of homeostasét the cellular
level leads to lossf tissuefunction, further exacerbating the agg processlnflammation,
insulin resistancandaging represent a continuum that contributes to type 2 diabetes,
cardiovascular diseasdother disorderdan humansand other mammalswWhile agng- and
obesityrelated loss of function and diseasbavemany factorsunderstanding the underlying
imbalance of molecular signaling mediators in metabolically important tissues may present new
avenues to address or preserve functidity of physiological systemSpecific mediators of
insulin signalingind contributors toinsulin resistance¢hat warrant attention include members
of the phosphoinositide kinase PI3K andAkt signaling pathwayumor necrosis facteh
(TNF (the serinethreonine kinases-un amino terminal kinase (JNK) aindibitor of kappaB

kinase (IKKandheat shock proteins (HSPSs).

Peripheralinsulin resistance and disease

Glucose tolerance andh¢ ability ofmetabolically important tissues afged individubs to
respond to insulirdeclinesover time(DeFronzo, 198 Narimiya et al., 1984Chen et al., 1985
Hadden and Harris, 198Rarris et al., 198710zzo0 et al., 1999ord et al., 2002 Losof insulint
mediated glucose uptake in the aged is paiity dueto changes in body composition relatéeal
abdominal adiposityShimokata et al., 199Kohrt et al., 1993Ferrannini et al., 1996which
contributes to increased insulin resistaniceskeletal muscléhrough signalingdefects
downstream of the insulinaceptor(Robert et al., 1982Fink et al., 1983Rowe et al., 1983

Chen et al., 198%ackson et al1,988.



A major culprit in aimg- and obesityrelated peripheral insulin regsnce is chronic

inflammation.Over the last two decades, aogving body of evidence has linked obesity to

chronic inflammation, with increased adiposity resulting in a consistent expression-of pro

inflammatory cytokines, such as tumor necrosis fattor 6-¢ b CFNRY 062G K YI ONR LK I
adipocytegKern et al., 2001Wellen and Hotamisligil, 200B6lotamisligil, 2006Shoelson et al.,

2006 Chung et al., 2008

Insulin resistance is a wddhown contributor to and marker of type 2 diabetes, and is
predominantly triggered by environmental factqiGroop, 1999Alberti et al., 200Y. Over half

of the adults in the United States studied irt@sssectional survey from 1988994 were
overweight or obese, with a strong correlation of type 2 diabetes mellitus occurring with
increasing adipositfMust et al., 1999 A population study conducted from 19¢2002 has
shown that 9.3% of the United States population is afflicted with type 2 diabetes, with 6.5%
diagnosed and 2.8% undiagnosed with theedise(Cowie et al., 2006 The prevalence of
diagnosed type 2 diabetescreasedoy 1.3 % since a similar population survey was completed
in 1994(Lee et al., 2008oannou et al.2007). The study completed in 2002 also revealed that
52.1% of obese adolescents were insulin resisthee et al., 2006In overweight but otherwise
healthymen and women, ranging in age from 30 to 75 years of age, individuals with excess
visceral adipose tissue were found to be less insulin sensitive, while subjects with excess

subcutaneous adipose tissue were more insulin sengifivaati et al., 201R

Insulinresistance is not only a problem facing the Unigidtes, but is a health and economic
threat to Latin America, with instaes ofdiabetes expected to rapidly rise in the coming years
(Barcelo, 200;1Barcelo et al., 200Barcelo and Rajpathak, 2004schrer, 2002 Barcelo et al.,

2003 Barcelo et al., 20Q@arcelo et al., 20D2It is expected that diabetes will affect nearly 8%



of the global population by 2030, with the greatest increase of adults afflicted with diabetes

occurring in develoing countriegAlberti et al., 2007Shaw et al., 2010

Recently, the term metabolic syndrome has come to describe a general collection of risk factors
for cardiovascular disease, including ttiearacteristics of type 2 diabetes insulin resistance
obesity, hypertension and dyslipideni&ahn et al., 20Q%Alberti and Zimmet, 20Q6AIberti et

al., 2006 2007). Thedegree of insulin resistance correlates with agiated diseases such as
hypertension, coronary heart disease, strakal type 2 diabetes, with the most insulin resistant
individuals having higher rates of disease, and the most insulin sensitive suegstitg) lives

free from diseasé€Yip et al., 1998~acchini et al., 2001 Among 126 patients with hypertension,
50% were insulin resistant and had -8 2old increase of abnormal risk factors for cardiovascular
diseasdlLima et al., 2009In a geneticalyinduced, norobese rodat model of insulin

resistance, an increase of coronary risk factors was observed, such as increased blood pressure,
increased plasma triglycerides and decreased plasma triglyceride cleaatidecreased
endotheliumdependent vascular relaxatiqbe et al., 1998 Additionally, wound healing is
impaired in an induced diabetic state in rdBitar et al., 1999 Overall the trends of increasing
obesity and los of insulin sensitivity, leading to chronic disease states, represgrdave health

threat to the aged and obese.

Horses represent a naturally occurring model for study of insulin resistance as diagnosis and
prevalence of the disorder, and the classifica of equine metabolic syndrome, are on the rise
(Geor and Frank, 20Q®valler et al., 2011aAgngrelated loss of function and insulin signaling
are increasingly detrimental to the wdidking of equine animal#&gingrepresents a growing
challenge to the equine industry, with many horses over the age of 20 involved in competition

or reproduction(Malinowski et al., 1997 Of particular concern, aged horses experience



disruptions in glucose homeostasis relating to insulin resistance (IR), whighlicated in loss
of muscle mass, increased adiposity, declining immune funetmohiaminitis (Frank et al.,

2006).

Insulin resistance in horses has been studied inetation with age and obesitgingand
increased adiposity contribute to reduced insulin sensitivity and increased production-of pro
inflammatory cytokinegVick et al., 200/Vick et al., 2008Adams et al., 2009Agingin horses is
also associated with decline in aerobic capacity and exercise capability, declining imamahity
chronic inflammatior(McKeever and Malinowski, 199 Horohov et al., 2010 and

compromised thermoregulation in response to acute exer(liseKeever et al., 20)0Aerobic
training can partially reverse agelated decline in performance measures, and insulin
sensitivity in horsegBetros et al., 2002Malinowski et al., 2002 However, the molecular
mechanisms behind thadaptive response to exercise require further study for the benefit of all

equineanimals, and other lontived species.

Exercise and diet are effectiv@untermeasures tgartiallyrestore insulin sensitivity, through
molecularmediators of insulin sigriag, particularly in skeletal musclé the aged and insulin
resistant(Ryan et al., 2031Snel et al., 2012For those unable to undertake necessary lifestyle
changes to restore insulin sensitivity and combat ageiaadtivity, nutritional or
pharmacological methods to reestablish the balance of molecular mediators in metabolically
important tissues, such as sketal muscle, may present new opportunities to pegve health

and functionality.These means of restoring insulin sensitivity will be of benefit to horses that
are unable to undertake strenuowtivity due to age or injuryAn understanding of proper

insulin signaling and maintenance of cellular homeostasis, and the mechanisms causing



disruption of insulin signaling and cellular homeostasis that occurs during the inflamed istate

required before novel@untermeasures can be pursued.

Mechanisms ofnisulin signaling leadig to cellular uptake of glucose

Insulinstimulated uptake of glucose occurs through translocation of glucose transporters
(GLUTS) to the plasma membrane of cfllsshman and Wardzala, 198@ith GLUT4 being the
isoform most responsible for mediating glucose uptakadipose and muscle tiss@&bel et al.,
2001, Dugani and Kilip, 200%shiki and Klip, 2@) Thong et al., 2005The $gnaling cascade
leading to GLUAtranslocation to the plasma membraoé insulinstimulated celland uptake

of glucose from the extracellular fluid relies on seveeglulated and interacting molecular
mediatas. In brief, the membrane bound insulin receptor autophosphorylates when stimulated
by insulin, leading to tyrosine phosphorylation of insutceptor substrate 1 (IRS. The

signaling cascade continues throutjle PI3K pathway, which includes several important
molecular mediators with multiple functions, to prompt GLUT4 translocation to the plasma

membrane(Quon et al., 1998Dugani and Klip, 2005hiki and Klip, 2003’ hong et al., 2005

One member of the PI3K pathway is Akt, which has many functions including direct stimulation
of GLUT4 translocatiao the cellular membranéQuon et al., 1995ugani and Klip, 2005

Ishiki and Klip, 2009 hong et al., 2005Downstream from insulistimulated activation of PI3K,
Aktis activatedhroughphosphorylationand is responsible for stimulating GLUT4 translocation
to the cell membrane, allowing glucose uptake into adipocyiesn et al., 1998Cong et al.,

1997), andfor directly inhibiingthe serine/threonine kinase glycogen synthase kinage SKk3)
(Cross et al., 1995Inhibition of Aktand subsequent inhibition of insulin signaling can occur due
to activation of stress kinases Ige fatty acids, as has been shown in endothelial ¢éllang

et al., 2006h. Akt activation in response to insulis suppressed in skeletal muscle of diabetic



patients(Krook et al., 1998 and a&ute pharmacological inhibition ok&prevents GLUT4
translocation to the plasma membrane of adipocytes, impgiglucose uptakéGonzalez and
McGraw, 200% Suppres®n of the insulin signaling pathway in human umbilical vein
endothelial ceb by use of inhibitory mutantsf PI3K and K& further supports their role as

mediators of insulin signalin@eng et &, 2000Q.

Mechanisms of insulin resistance

Inhibition of insulininduced GLUT4 translocation and glucose uptake is due to multiple factors
leading to an imbalance of signaling molecutemetabolically important tissueSkeletal

muscle provides thergatest potential for glucose utilization, and is therefore the best target for
restoring insulin sensitivity through nutritional, pharmacologic, or exercise treatn{&#iger

and Gupte, 2011 However, understanding the role of cellulaediators of insulin sensitivity

and inflammation of adipose tissug @lso importantThere is a strong correlation between
whole-body glucose disposal and glucose transport into adipoq@esaldi et al., 1992In type

2 diabetes, there is an early and continued insulin resistance in adipose (@stuet al., 201

In obese diabetic subjects, insulin stimulation of glucose uptake by adipocytes is reduced due to
inactivation of the insulin receptor substrate and the impaired action of (@karaldi et al.,

2002 Ost et al., 201D In aged rats, activation of IRS Aktand GLUT4 translocation ispaired

in white adipose tissuéSerrano et al.2009. While wholebody insulin resistance may have

roots in adipose tissue, with failure of insulin signaling in skeletal muscle occsegngdarily,

in order to reverse the signaling defects prevalent in insulin resistance both tissues should

undergo study to understand the basic mechaniatiderpinnings of the disorder.

In premenopausal womeflNF" expression in adipose tissue increaseth obesity, and a

strong correlation was seen between FNENd nsulin resistanceReduction of body weight in



obese subjects decreased FNF | Y R A Y ONB | & S (Rlotamiligitiet ak MO9BIS y & A (1 A DA |
rodent models of obesity and diabetes, INF SELINSaaA2y AyONBF&SR Ay IR
h LINPGSAY AYONBlFaSR 02K (HotgmisligReét 4021898TNEA &4 a4 dzS | Y R
knockout mice experienced improved insulin sensitivity in muscle and adipose tissue despite

dietary or genetic induced obesitggs compared to control@Jysal et al., 1997Removabf TNF

h | OQlAz2zy Ay 20S5aS8S NIida AyONBFaSR LISNALKSNIf Ay
plasma glucose, insulin and FFA levels, leading the authors to conclude tHat TRIR2 v (i NR& 6 dzii S &
peripheral insulin resistance through inhibition of tyires kinase phosphorylation of IRSn

muscle and adipose tissifeotamisligil et al., 1993otamisligil et al.1994.

Secretion opro-inflammatory cytokines from adipocytes and macrophages activate serine
threonine kinases, which modulate the insulin signaling pathwagétabolically important
tissues such as liver, skeletal musatel adipose tissuéWellen and Hotamisligil, 2005hoelson
et al., 2006. The seringhreonine kinases of importance argun amino terminal kinase (JNK)
andA Y KA 6 A G2 NJ 2 Fora completekefiewsofthe duhcyoyi and importance of JNK,
see Bogoyevitch and Kobe, 2006. In brief, INK is a member of the MAPK family, a group of
Ser/Thr protein kinases which also inas@&SK3. JNK is a signaling mediator, especially of
proinflammatory cytokinesandhas roles in the stress/agbtive response and apoptosis.
Different isoforms of JNK exist, and may perform different, essimes tissuespecific, rolesJNK
is known to bothpositively and negatively regulate transcription factors through
phosphorylation, and has been determined to act on at least 50 substrates within the

cytoplasm, mitochondriandnucleus(Bogoyevitch and Kobe, 2006

Environmental factors influence the seritiereonine kinases, and contribute tmging and

obesityrelated loss of functionExcess lipid accumulatiom insulinresponsive tissue causes
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increased deposition of lipid species such as diacylglycerol and ceramide, which contributes to
insulinresistancehrough activation of INK and IKWellen and Hotamisligil, 2005otamisligil,

2006 Shoelson et al., 2008Vatt et al., 2006Hooper and Hooper, 2009Constant activation of

serine threonine kinases such as JINK and IKKbBYy TNRB & dzf G & Ay &aSNRA-YS LK2al

in insulinresponsive tissues, such as skeletal muscle, adipose tssllizer, renderiry it a poor
substrate for insulin signalifgy preventing tyrosia phosphorylation(Agurre et al., 2000Lee

et al., 2003Wellen and Hotamisligil, 200Blotamisligil, 2008 In aged rats, insulin receptor and
IRS1 phosphorylation, and activation of PI3K, was decreased in both skeletal muscle and liver
(Carvalho et al., 199&hu et al., 2006 In dietary and genetic models of obesity in miaetive
JNK1 and JNK2 increasedverlj muscle and adipose tissudowever, only the absence of INK1
protected against development of insulin resistarjeiérosumi et al., 2002 Recently, reduced
phosphorylation of IR$ and At, and inhibitory phosphorylation @Sk3, was found in
adipocytes of a rodent model of surgically induced insulin resistidéams et al., 2012
Overall, the mechanisms underlying insulin resisteareeat least in partiue to inceased pre
inflammatory cytokine productiorcausing increased activation of stress kinases, which

interfere withthe insulin signaling ghway.

Manipulation ofinsulin and inflammatory signaling pathwatgsrestore insulin signaling

Experimental and pharmacological measures to restore insulin sensitivity and cellular
functionality attempt to capitalize on the complex relationship betwéassulin signaling and
inflammatory pathways in order teestore a signaling balancksulin treatment prevents TNF
h-induced apoptosis in human umbilical vein endothelial cells through activatioktpbu this
can be counterbalanakthrough the abilityof TNFh G 2 R S kt (léradin e ., 2000

Pharmacological intervention to prevent obesiglated inflammation and insulin resistance in
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high fat diet fed mice results in reduced prdlammatory cytokine production, decreased levels
of active JNK in skeletal muscle and liver, and increased irsgutinlated At signaling and
glucose uptake in skeletal musg\énolo et al., 201R Silencing of the obetsi-related gene
NYGGF4 increasesulinstimulated activation A&t and GLUT4 translocation to the cell
membrane in myocytes in vitiZeng et al., 2002Calorie restiction causes increased RS
PI3Kand Akt activation, leading to increased GLUT4 translocation to the membrane and glucose
uptake in both fastand slowtwitch skeletal muscle fibers in raSharma et al2011). In mice,
disruption of both JNK an#K signaling pathways prevents obeséhated insulin resistance
(Hirosumi et al., 2002Arkan et al., 2005Cai et al., 2005 Aerobic exercise training restores
insulin sensitivity and oxidative capacity of human skeletal my{Stlert et al., 2008 through
increased insulistimulated activity of Ak{Fujita et al., 200) Experimental results have
therefore illustrated that manipulation of the complex pathways involved in inflammation and
insulin resistancéhrough pharmacologicalgents, dietary changes and exeraise restore

cellular functionality.

Endoplasmic reticufu stress and insulin resistance

The endoplasmic reticulum provides an essential role in proper cellular function through
management oprotein synthesis and foldg. Evidenceexistsfor a link between chronic
endoplasmic reticulum (ER) stress and obegtated insulin resistance through the actions of
inflammatory mediatorsuch as JN{Ozcan et al., 20QHotamisligil, 2005Nakatani et al.,

2005 Ozawa et al., 200Wellen and Hotamisligil, 200®zcan et al., 20Q6Dietary and genetic
induction of obesity in mice increases markers of ER stress and activation of JNK in liver and
adipose tissuéOzcan et al., 2004In cultured hepatocytes, induction of ER stress causes

increases in serine phosphorylation of {R#id reduced insulimduced phosphorylation of Akt,
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therefore inhibiting insulin actiofOzcan et al., 20Q4Inhibition of JNK in cultured hepatocytes
prevents the serine phosphorylation of BR$hat would hae most likely occurred as a result of

ER stress inductiof®zcan et al., 2004

In response to acute ER stress, deployment of the unfolded protein response (UPR), allows the
endoplasmic reticulum to adapt to the temporarily increased demandsriate folding,

quality controland trafficking(Liu and Kaufman, 200Bon and Walter, 200 ang et al., 2009
Hotamisligil, 201p The master regulator of the UPR is the chaperone protein GRP78, also
known as BiP or HSPAS5, which is a member of the H&8RNQ 6f heat shock proteiniu and

Kaufman, 2003Ron and Walter, 200%ang et al., 200Hotamisligil, 201p

In addition, @al administration of chemical chaperones stab#iZR capacity and decreaddiK
phosphorylation, while increasing BR%ind AKT activation and restoring insulin sensitivity, in
liver and adipose tissue of obese and diabetic nfi@zcan et al., 2006Iln murine models of

insuin resistance, overexpression of the molecular chaperone ORP150 protects hepatocytes
from ER stress, and increases insulin sensitivity through tyrosine phosphorylatiorlofd@dS
serine 473 phosphorylation ofk&(Nakatani et al., 2008zawa et al., 20Q5Failure of

molecular chaperone function during chronic ER stress may therefore be an important factor in

the devdopment of insulin resistance.

Insulin signalingtself counteracts ER stresStimulation of the insulin receptor prevents

apoptosis due to pharmacologicalyy RdzOSR 9w &aiNXaa Ay YdNRYyS LIYy
graded reduction of the insulin receptorcreasel apoptosis(Srinivasan et al., 2005

Interference of the insulin signaling pathway exaceelséER stress, asduction of

phosphorylated At increasel apoptosis, while reduction d6SK3 decreased apoptosis

(Srinivasan et g12008. Failure of the endoplasmic reticulum in response to environmental
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factors represents a specific and significant example of inflammaahyced loss of cellular

function and insulin sensitivity.

Heat shock proteins maintain cellular homeostasis andulin signaling

As mentioned above, molecular chaperones play a critical role in proper cellular function,
including insulin signalingind may represent novel and effective pathways to restore imsuli
sensitivity Constant challenges to homeostasis prompt adaptive responses in all organisms.
Challenges and stressors may take many forms, but the adaptive response has similar properties
regardless of the spedaifdisturbance in homeostasihe mecharsim behind adaptation seems

to rely on a highly conserved molecular response, which allows for cellular survivability in the
face of environmental challengesd ircludes deployment of members of the heat shock

protein family(Kilgore et al., 1998Calderwood et al., 20Q9Heat shock proteins (HSPs) were
originally discovered in Drosophila in response to heat stress, hence the ([Moni@n et al.,

2009. However, since their discovedI°s have been showo be upregulated in response to

a variety of stressors.

Chaperone and stress respoifigsections of HSPs

Newly synthesized proteins come under the care of molecular chaperones) at@

responsible for performing podtanslation malifications and translocatioburing periods free
from stress, members of the HSP family serve as these molecular chaperones, and are
sometimes referred to as housekeeping protej@silderwood et al., 20Q¥Morton et d., 2009.
They ensure the correct folding of newly synthesized proteins, thereby preventing actiomula
of malformed polypeptided-eat shock proteins also aide in polypeptide transportation through

the cytoplasm, and act to refold denatured proteii@alderwood et al., 200®orton et al.,
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2009. WhileHSPs play an important role in the unchallenged cell, their most interesting activity

occurs in resporesto homeostatic disturbances.

Generally speaking, HSPs maintain cellular saipility in the face of stresét { G NBaad LINRPGSAY
FYR aOSft a2 Wa &4 NBRMB @QBYY2yfeé dzaSR (fockkBTFSNI G2
1997). Various stimuliincludingischemia, protein degradation, hypoxia, acidosis, oxidative

stress, increased extracellular calciamd energy substrate depletigrprompt the expression of
HSPfMadamanchi et al., 200Talderwood et al., 20Q¥orton et al., 2009. Elevated levels of

HSR due to one stressor can provide craséerance to additional disturbances of homeostasis

(Locke, 1997Calderwood et al., 200Morton et al., 2009. Therefore, adaptation in response

to one challenge tends timcrease functionality d&pite subsequent disturbances.

Transcription of HSP mRNA

The HSP response extracellular stresdepends on adequate translation of new stress
proteins, and proper transiptional control of HSP mRNRigure 11). Transcription oHSPs
begins withtrimerization ofthe transcription factor heat shock factor 1 (HBfnolecules in the
cytoplasm, translocation to the nucleus where the homotrimer binddsdat shock elements
(HSE¢ short nucleotidesequencedocated in the promoteregion of the HSencoding gene
andhyperphosporylation of the HSFtrimer to activate transcriptiofHensold et al., 1990

Price and Calderwood, 199¥%orimoto et al., 1992Bruce et al., 1993otto et al., 1996Xia

and Voellmy, 199M™orton et al., 2009. In unstressed cells, it is thought that HSF1 is bound to
constitutively expressed HSP70 and HSP9@cntds found in the cytoplasridvhen

homeostasis is disturbed, due to extracellular stress or unfolded proteins frerartioplasmic
reticulum, HSP70 and HSP90 act to refold denatured proteins, and consequently unbind HSF1

molecules freeing them to begin the transcription procg#4orimoto et al., 192; Morton et
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al., 2009. The resulting production of HSPs widt o repair damaged protein¥vhen HSP
expression reaches a level at which it is able to again bind to free HSF1, gene transcription is

halted (Morimoto et al., 1992Morton et al., 2009.
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Figure 1. HSP70 response to extracellular stress response to denatured proteins created
by extracellular stress, the chaperone complex consisting of HSF1, HSP70, and HSP90
disassociates. Free HSP70 then binds to unfolded proteins, marking them for repair. HSF1
forms homotrimers and translocates tbe nucleus, where it binds to HSE and is
hyperphosphorylated, activatingSP7Qranscription, leading to production of HSP70. The
induced HSP70 then binds to any remaining unfolded/denatured proteins, contributing to
restoration of homeostasis.
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Cellular adaptation through the heat shock protein response

It is thought that HSPs promote recovery from stress by binding to misfolded and unfolded
proteins, preventing their degradation by marking them for repair when the cellular
environment becomes nre favorable(Locke, 1997Calderwood et al., 20Q™orton et al.,

2009. Activation of HSPs by néethal disturbances of homeostasis results in stress tolerance
and cytoprotection against otherwise subsequent lethal exposures to sindssed molecular
damage(Morimoto et al., 1992Locke, 1997Calderwood et al., 200Morton et al., 2009. This
represents a crucial function, especially during periods pehyhagia or oxidative stres$his
mechanism is crucial to cellular survival in spite of further insults, and may be essential for the

adaptive response to exercise.

Investigating the bat shock protein response to various homeostatic disturbances, including
exercise, can have broad implications. The adaptive response to exercise, specifically the
expression of HSPs in order to modulate repair @ubvery illuminates a nonpharmacologsal
approach for improving the quality of life in tlaged andunfit. In addition, targeting HSP
regulation through nutritional or pharmacological intervention may supplement training
regimens and increase quality of life for taged and generally enharcadaptive response to

environmental stressors, such as challenges to the immune system.

Families of HSPs

Several varieties of heat shock protelreve previously been studiedll members of the HSP
family perform housekeeping functions in most tissueggrdless of their specific typ&lSPs
are classified and named according to molecular mass, ranging iinasiz8 ¢ 90 kDaThe
smallest member of the HSP family, ubiquitin, is 8 kDa in ammiwill bind to damaged or

denatured proteins and mark them for degredati@viorton et al., 2009.
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HSP70 is the most highly consenaeul studiedof the heat shock proteind’he cognate iSorm

of HSP70 is sometime referred to as HSP73, while the lduform is referred to HSP72.
Members of theHSP7@amily performa wide array of functions, including roles in cell signaling
pathways, mMRNA stabilizati@md degradatiorand apoptosislt goes without saying that HSP70
is an important molecular chaperone in unstressed cells and maintainer of correct protein
folding, translocation, repasnd degradation followingerturbations of homeostasi$iSP70
expression has been shown to increase follg preconditioning stressors, arafter both

acute exercise and exercise traini@garramone et al., 1994.epore et al., 20QQiu et al., 2000

Khassaf et al., 200Morton et al., 2008.

HSPO is a chaperone of substrate proteins, such as prdtigiases, transcription factoend

steroid hormone receptorMorton et al., 2009. HSP90 constitutively binds to steroid hormone
receptors, such as the glucocorticoid receptor, uniitfsa time as the receptor cortgxes with

its client hormoneThe hormonereceptor complex then disassociates from its chaperone HSP,
and enters the nue€lus to initiate transcriptionWhen transcription is terminated, the steroid
receptor once again binds its chaperone, which preserves its structure and position within the
cell until the next hormonal signal arrivératt, 1993. Interestingly, impaired recovery from

heat shock has been shown to result from HSP9O0 inhibition, suggesting that interactions among
the different members of the HSP family are reqdifor proper cellular recovery and

protection from stres§Duncan, 200p It is worth recalling that HSP70 and HSP90 are involved in
auto-regulation of the HSP response through binding of HSF1, and that by inhibiting the

response of HSP90 oneay reduce HSF1 action on the genome.
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Exercise and the HSP response

Exercise has been shown to wpgulate HSP content in tissues collected from various mammal
species, however therarelimited and sometimes conflicting data concerning HSP response in
human skeletal muscl@Morton et al., 2009. Sow myosin containing fibers appear to have
higher abundance of HSRgith elevatedprotein levelsoccurringas early asne dayfollowing
acute exercise and lasting up to a week post exe(dieton et al., 2006 Tupling et al., 2007
Gupte et al., 2008Geiger and Gupte, 20L1However, there is no repartl difference in basal
levels of HSPs among different muscle fiber types, and H®Rlevated in response to exercise
in all fiber typegTupling et al., 2007 Still, be type of exercise performeahd site of sample
cadlectionmay influencepatterns of HSRxpression and protein abundancand studies
investigating differential expression of HSPs should be performed with this in mind
Furthermore, some studies focus only on changes in mRNA transcriptivch may nofully
reflect changes iprotein levels after exercis¢lowever,asHSProtein abundancés
transcriptionally controlled results of mMRNA studies are reported heith HSP72eflecting
results quantifying mRNA, while HSP72 will refdirtdings from studieswhich quantified

protein.

Rodentstudieshave shown that acuteduts of exercise have increaseibP2 content inboth
liver (Salo et al., 1991and skeletal muscléocke et al., 199@®alo et al., 1991Skidmore et al.,
1995 Hernando and Manso, 1997n untrainedhumansubjects, following lengthening
contractions of the biceps brachiSP27 and HSP&®2pression was found to have increased 2
and 10fold, respectively48 hours after exerciséThompson et al., 200TThompson et al., 2002
Thompson et al., 2003Studies involving nadamagingexercise protocols, such as running at

the anaerobic threshold for 360 minutes, resulted in a-4o 6-fold increase iHSP?2 levels,
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however protein levels were not elevated 2, 3, 8, or 24 hours following exdRisgschat et
al., 1996 Walsh et al., 2001 Mature male rats subjected to both heat shock and eccentric
exercise had lower creatine kinase and mononuclear cell infiltration, and higher HSP72 in
skeletal muscle as compared to animals that underwent eccentric exercise, aalicating that
HSP72 may protect muscle cells from damage and facilitate muscle remo@elinghberry et
al., 2012. The intensityand typeof exerciseinthe presence or absence of other stressangy

therefore be a determining factor in changes in HSP protein expression

Adaptations due to training decrease the homeostatic imbalance resulting from acute stress,
therefore reducig the overall stress respea. Trainedmuscles have an increased and more
rapid HSP response than sedentary muscles to acute exercise in both rodents and humans
(Fehrenbach et al., 200Gonzalez et al., 200dn comparison to skeletal muscle of
unconditioned men, trained males had higher levels ofcrystallin and HSP{®lorton et al.,
2008. Trained individuals do not show a stress response to customary exercigating that

the adaptive response increases the threshold of homeostatic disruption required to elicit the
stress respons@Morton et al., 2008. In rats subjected to a single bout of high intensity
exercise, HSR#&xpression was increased at 6 and 24 hours+eastcise, and had returned to
resting levels after two day®gata et al., 2009In the same study, rats undergoing eight weeks
of high intensity exerciskad a prolonged elevation of HSR3@tein, without an accompanying
increase irHSP72ranscription, for up to two weekafter the cessation of trainin@@gata et al.,

2009).

Resistance traininglsoincreases HSPaccumulationIn rats undergoing 4.5 weeks of electrically
stimulated stretchshortening contractions to simulateeavyresistance training, HSPaad

HSPZ abundancencreased in both young and aged animals gosining (Murlasits et al.,



21

2006). Resistance traininglsoincreased H&2 andHSP2protein accumulationn aged
animals but not to levels comparable tthose seen iryoung animalgMurlasits et al., 2006
Interestingly, mcreased protein expression was not due to incredd&P72ranscriptionin

respong to trainingin either the young or aged anim&lgurlasits et al., 2006

The HSP resnse in equine skeletal muscle

Data on HSP eression in horses is limited.2 (G KS | dzi K2NQR&a (y2¢f SR3ISS
expression in the horse was part of a larger characterization of the heat stress response in the
lymphocytes 6various livestock species, which demonstrated that induction of HSP72 does

occur in equine tissuéGuerriero and Raynes, 199The limited other work investigating HSPs

in equine tissue has been carriedt in Finnish Standardbreds.

One of the few studies concerniktSP expression in exercising horses investigated whether
moderate intensity training, without changes in volume or intensity, changes the expression of
HSP7ZPoso et al., 2002Ten horses, aged-44 years, were exercisedrde days per week for
three months.Horses performed three submaximal 60 minute exercise tests: an initial test after
three months of training, a second test two weeks later, and a final tést ah additional three
weeks.Results indicated that training increased transcriptiotd&P72albeit only temporarily

as mRNA levels returned to baseline within one day, incesg to an exercise challendewas

also observed that peadSP72ranscription correlated with peak blablactate concentration

(Poso et al., 2002

In a second study, 8 trotters, aged;® years, were subjected to a modified standard exercise
test in order to determine the effect of one bout of moderate exercise on HSP exgmessi
(Kinnunen et al., 2005Muscle biopsies were taken before exercise and four hours-post

exercise, and were analyzed for HSP70, H8RABISF1 exmssion.The bout of acute exercise

G
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did not induce HSE DNA binding activity, and HEprotein expression was not affected by the
acute exerciseExpression of HSP72 and HSP90 was not altered at 4 hoursxeosise,

however, markers of oxidative streg®re elevatedKinnunen et al., 20Q5Analysis of tissue

only at four hours posexercise may account for the lack of any increase in HSP expression
actual protein expression may not be elevated lséiveral hours into recoverplso, these

were trained animals which most likely had high levels of constitutively expressed HSPs that
rapidly attenuated the disturbance in homeostasis caused by earherefore precluding the

needfor increased HSP translation.

In a third Finnish study, six trained standardbreds, aged 3 years, were used to study the

I F ¥ S Qipoic Acid, aknown antioxidant, supplementation on HSP72 expre@éionunen et

al., 2009. Animals underwent a standardized exercise test in order to determine the speed at
which Vas0ccurred for each hors@®ased on this data, during the ffermance test to

determine HSP expression, the speed was keftw the anaerobic thresholderformance

tests were completed before and after 5 weeksaatioxidant supplementatiorMuscle biopsies
were taken at the time of each exercise test; specifjcal rest, and at 6, 2dnd48 hours post
exerciseEach horse served as its own confidihnunen et al., 2009Supplementation did not
change the expression obnstitutive HSP70 at any time poitiowever, at 24 hours post

exercise HSP72 expression was elevated in response to treatme&aimpared to control

samplesAt 48 hours posexercise there was no difference in HSP72 expression between

control and supptmented samplesHSP90 expression was not altered by either acute exercise
or antioxidant supplementatiofKinnunen et al., 2009Although lipoic acid supplemerttan
appeared to transiently increase HSP72 expression, the pattern of HSP expression in untrained
and aged horses in response to acute exercise and exercise training remains uninvestigated, and

supplementation may have an even more beneficial @ffe these groups of animal3his lack
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of characterization of the equine HSP response hinders complete exploration of the factors
contributing to insulin resistance and agelateddecline of function in horse©nly after a

more complete understanding of HSRsnetabolically important equine tissues is gained can
an accurate assessment of the effectiveness of exercise training, and nutritional or

pharmacological treatments, on HSP expression be carried out.

Evidence for a te of HSPs in insulin signaling

Recettly there has been increased interest in the role of HSBseimatural defense and
adapativemechanisns that may preserve cellular function despiteveral pathologies, including
cancer, neurodegeneration, cardiovascular disease, senesegnktgpe 2 dabetes(Geiger and
Gupte, 2011 As skeletal muscle is capable of up to 75% of glucose uptake mediated by insulin
(Geiger and Gupte, 20),1the possibility of inducing the HSP response in order to maintain
skeletal muscléunctionality represents a tempting target for pharmacological and-non
pharmacological intervention aimed at improving health and quality ofHifeugh restoration

of inaulin signalingSlowtwitch muscle fibers appear to be more sensitive to insulirodents
(Bonen et al., 1981James et al., 198&ong et al., 1999and have a greater role in whole body
glucose uptakén humangHickey et al., 1995adlickey et al., 1995tZierath et al., 1998\yholm
etal., 1997. As mentioned above{ISP72 gpears to have a greater role in type | as compared to
type Il fibergMorton et al., 2006 Tupling et al., 200 Gupte et al., 2008Geiger and Gupte,

2011), therefore harnessing or enhancing the HSP response in these fiber types may
substantially preserve or restore insulin sensitivity and functionality in the agédbeseThe
growing body of evidence has l¢d the hypothesis that increased HSP expressidmether by
exercise, nutrition, or pharmacological meareguces the inflammatory pathways that inhibit

insulin signaling, thereby restoring insulin sensiti$tyCarty, 2006Geiger and Gupte, 201
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HSP function itself may increase energy demand through increased ATP utilization, serving to
maintain mitochondrial function and reduce oxidative stress despite a hypercaloric environment

(Geiger and Gupte, 2011

Acyclical model of insulin resistano®/olving heat shock proteirtsas been put forward

whereby inflammation causes insulin resistance and impairs insulin signaling, which reduces
expression of HSPs, allowing damaged proteins to accumulate while sinautsyneemoving

the anttinflammatory actions of HSPs, leading to loss of cellular and tissue functionality,
contributing to greater inflammation and insulin resistar{e®oper, 2007Hooper and Hooper,
2009. Low heat shock factet, HSHevelsand HSRxpressiorhave been observed in inswin
sensitive tissue of diabetic humans and r@8suce et al., 2003Atalay et al., 2004Hooper and
Hooper, 2009 A sedentary lifestyle, coupled with high caloric intake and elevated level of stress
hormones, such as glucocorticoids, impairs insulin signaling, reducing HSP functidigwsing a
for unmodulated inflammation and insulin resistan&tooper and Hooper, 2009This
exacerbates thdoss of HSP chaperone functjdeading to loss of mitochondtiand

endoplasmic reticulum function, and increased apoptddisoper, 2007Hooper and Hooper,
2009. Expression of HSPs prevent activation of inflammatory kingsa&si et al., 1997Li et

al., 2008 Hooper and Hooper, 200@nd ameliorate the effects of primflammatory

transcription factorgStice and Knowlton, 2008looper and Hooper, 2009Reduced basal
abundance oHSP72and reducedHSP72xpression in response to a eugyaic
hyperinsulinemic clamp in skeletal muscle of patients with type 2 diabetes has been
demonstrated(Kurucz et al., 200Bruce et al., 2003These studies also demonstrated that
levels ofHSP7Zorrelate with insulin sensitivity in skatal musclgKurucz et al., 20QBruce et

al., 2003.
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Agerelated decline in functionality correlates with the failure of cellular and molecular
mechanisns of repair and upkee@sagingoccurs, the ability to activate the traosptional
pathways leading to HSP expression is greatly reduced in neural tissue, skeletal and cardiac
muscleandthe liver.This allows for the aggregation of malformed proteins and reduced cellular
function, the hallmark ofging(Calderwood et al., 20Q9The decline bHSP activity may be
related to reduced HSF1/HSE binding ability, which diminishes transcriptié®Rif2as has

been demonstrated in rat hepatocytédeydari et al., 2000Reduced expression of HZRT
skeletal muscle has been correlated with individuals with type 2 dial{iesicz et al., 20Q2
Bruce et al., 2003In obese, insulimesistant humansskeletal muscle HSP72 inductisn

reduced as wellChung et al., 200Q8In diabetic patients, HSP&Xpression in peripheral blood
mononuclear cells was decreased by Burkart et al., 2008 In dietinduced insulin resistance
in male rats, myocardial expression of HSP72 was redi@eié et al., 2006 Evidence from

aged, insulirresistant and STididuced diabetic rats further supports the link between reduced
HSP expression and loss of insulin sansit{Atalay et al., 2004Gupte et al., 2008 In skeletal
muscle of rats, glucose uptake and insulin signaling, measured by activatiorlpfAR&Nnd Akt
substrate of 160kDa (AS160), decreased wih; activation of INK and GSiKcreased with

age; and epression HSP72 and activationSP2decreased with agéGupte et al., 2008
However, heat shock proteifunction can be restored to some degree through exerciseitrgin
despite insulin resistancén STAnduced diabetic rats, it was found that endurartcaining up

regulatesHSP72 expressiqAtalay et al., 2004

Adaptation throwgh the HSP response restores insulin siggadind cellular functionality.
Elevatingcore body temperature t@1.5°C for 15 minutes increasd$P2 expression in
skeletal muscle, liveandadipocytesn rodents This response was bluntein animals on a gh

fat diet, but this inhibitioncan bereversed by repeated heat treatmen{€hung et al., 2008
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Heat treatment can increase glucose uptake andegulate the insulin signaling pathway in

skeletal muscle of both aged rodents and rodents fed a high fa{@ieiger and Gupte, 2011

Chronic iflammation in theagedc referred to as inflamragingg in humans and animals, has
been characterized by increased grflammatory cytokines, such as TNF | y6RSallidli et

al., 2006 Horohov et al., 201)) and eactive oxidative species may underpin the increase in pro
inflammatory cytokines found duriraging(Horohov et al., 2000 Abundant reactive oxidative
species and deeased antioxidant defenses may contribute to insulin resistance through
activation of inflammatory pathways, such as JNK and IKK. Heat treatment has been found to
subsequently increase HSP72 and decrease JNK af@digkr ad Gupte, 201). Exercise

training could accomplish the same-tggulation of HSPs in the aged, obesa insulin

resistant hence counteracting chronic inflammation and the increased presence of reactive

oxidative species

Reduced expression of HSP gred and insulisresistant individuals may be caused by inhibition
of HSF1, due to chronic inflammati¢@eiger and Gupte, 20LIHSP70 oveexpression in rats
prevents elevated levels of TNF | yBRnrelsdonse to an LR®allenge, perhaptirough
modulation of the IKKNF LJ- ((Boklad®y et al., 20000verall, HSRup-regulationcan
reduce some ageelated pathologies, such as decline in muscle function, insulin resistance,
damage caused by oxidative stregglchronic inflammationEscobedo et al., 200Broome et

al., 2006 Chung et al., 2008%tice and Knowlton, 2008

Interactons among HSF1, HS#Pslinflammatory mediators

Asalluded to aboe, HSPs, especially members of the HSP70 fantdyact with mediators of
inflammation.The heat shock respons&lds a new facet tosulin signalingnd insulin

resistancgFigure 12).
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Interest in the role of HSPs in restoration of insulin signaling began with astuidymed over

ten years agolncreasing the body temperature of patients with type 2 diabetes through hot tub
therapy @7.8°C to 41.0°C for 30 minutes per day, 6 daysekwer three weeks) lowered body
weight, fasting glucosandglycosylated hemoglobiHooper, 19939 At the time the

mechanism behind these changes was unkndwithe years since, investigations have revealed
multiple ways in which mediators of inflammation and the inssilgnaling pathway andeat

shock response interact.

Hormone and neuroendocrine signaling may influence expression ofirl&R3ponse to varios
stimuli. Insulin itself will increase HSP expresslmough inhibition of GSR by Akt Disruptions
of the insulin signaling pathway will activaBSKk3, which phophorylates serine residues on HSF
1, thereby preventing its tanslocation to the nucld@hu et al., 1998Hooper and Hooper,
2009. Genetic disruption of IGE/insulin signaling in mice will disrupt transcriptionté&P72n
many tissuegSwindell, 2009Swindell et al., 2009Signaling through adrenergic receptors
induced HSP72 expression in broadipose tissue of micgMatz et al., 1995 Restraint stress is
capable of inducinglSP72xpression in the adrenal cortéRlake et al., 1993and aorta

through sympathetic nervous system arfuypothalamiepituitary-adrenal axis signaling,
respectivelyUdelsman et al., 1991IHSP72ranscription in the adrenal cortex is dependent on
ACTHBIake et al., 1990band suppression or perturbation of hypothalamituitary-adrenal
axis signaling will decreastSP7ZUdelsman et al., 1994nd HSP72 andSP2{Gordon et al.,
1994). Overall, hereappears tdbe complex endocrinaeuroendocrine signalinmteractions
that influence the heat shock protein responsad the interaction among HSPs and medigato

of inflammation and insulin signaling
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It has been showim vitrothat HSF1 has multiple serine residues, which are excellent targets for
phosphorylation, and activation of transcription is dependent upon proper phosphorylation
(Holmberg et al., 20QXGuettouche et al., 2005It is indicated that HSE can be deactivated by
JNK, thereby reducing HSP producti@ark and Liu, 200Hooper and Hooper, 200Geiger

and Gupte, 2011 Prevention of HSE hyperphosphorylation and subsequent binding to HSE
can occur due to phosphorylation by JNK, through binding at a small recognition domain, known
as the D domaifDai et al., 2000 However, due to the presence of multiple isoforms of JNK,
and their sometimes tisge-specific roles, the relationship between HEBnd JNK requires

further study.Serine residue phosphorylation of HEBy MAPK/ERK family members and-GSK
will inhibit transcription of HSP78 vitro (Knauf et al., 1996Chu et al., 1998andin vivo(Chu et

al., 1996 Knauf et al., 1996 which represents a means of repressing HSP-pragtuction

during times of cellulagrowth and protein synthesi&ailure to inhibit GSR, such as during

insulin resistance will prevent HSP expression, how@¥eoper, 2007Geiger and Gupte,

2011). Mitogen activated protein kinasactivated protein kinase 2 (MK2), a mediator of
proinflammatory cytokine signaling and production, phosphorylates thel2érresidue of HSF

1, effectively deactivating ih vitro (Wang et al., 2006aOverall, inhibition of HSP72
transcriptionand disruption of insulin signaling, contributing to loss of homeostasis and cellular

functionality, occur through constant inflammatory signaling and through the actions of JNK

Increasing the levels of HSPR3®@tein in skeletal muscle may prove important to restoring
insulin sensitivity in théace of chronic inflammatiorMembers of the HSP70 family provide a
crucial dieck on the activation of INKctivation of JNK and development of insulin resistance in
fat-fed mice was preented by overexpression of HSR¥##iweekly heat shock treatments.
Furthermore, inhibition of GSKincreased HSH and HSP levels, decreased JNK activation

andimproved insulin signaling in ob/ob mi¢ehung et al., 2008In a murine model of
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geneticallyinduced diabetes, induction and overexpression of HSP72 preventetl-ifdEced
LIK23LIK2NRBE FGA2Y 2F Wb Yeells,pfeRervingvtheir fudi@ and suryivalLJ: y O NB
(Kondo et al., 2012Non-lethal heat teatment increasd HSP72 expression in response to

subsequent heat stregwr other stressful stimuliand inhibied the activation of JNkK vitro

(Gabai et al., 1997Heat treatment of aged rats improved insutimulated glucose uptake

and inhibited JNK activation through induction of HSP72 in skeletal n{Gghe et al., 2010
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Figure 12. Imbalanceamong inflammatory signaling mediators and HSP70 contributing to

insulin resistane and the restoration of insulin signaling through decreased active JXK.

Inflammatory cytokines, suchas TNEE | YR AYONBF aSR Ay (G SNOSt f dzft | NJ
metabolites, such as ceramide and diacylglycerol, eanreased activation of INKNK

phosphorylates IR, preventing its activation by insulin, thereby preventing GLUT4

translocdion to the cellular membranelNK also prevents activation of the HSF1 homotrimer,

preventing transcription oHSP7@&nd subsequent production of HSPTbus, danaged and

unfolded proteins aggregate, contributing loss of cellular functionBj Restoration of HSP70,

removal of lipid metabolites and decreased INF & A Ay | f Ay 3 GKNRdzZAK SESNDA
modification wil decrease activation of JNWithout interference from JNK, IRISis activated by

insulin, allowing activation of the PI3K pathway and subsequent translocation of GLUT4 to the

cellular membrane.
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Reduction of HSP72, concurrent with increased phosphorylation of INK, has been demonstrated
in the skektal muscle of obese, insulin resistant humans in comparison to healthy subjects
(Chung et al., 20Q8Increasing body temperature of mice 41.5°C for 15 minindgced a
transient increase in skeletal muscle HSP72, but the HSP72 response to heat treatment was
absent in mice fed a high fat di6€hung et al., 20Q8Feeding mice a high fat diet increased JNK
phosphoryldion in skeletal muscle, as well as causing insulin resistance and elevated fasti
glucose and insulin levelhese outcomes werattenuated in mice fed a high fat diet that were
subjected to heat tratment once per week for 16 weekShung et al., 2008Feeding a high fat
diet induced mild fasting hyperglycemia and significant fasting hyperinsulinemieé, but

these effects were absent in transgenic mice overexpressing HSP72 in cardiac and skeletal
muscle(Chung et al., 20Q8Additionally, the high fat dieihduced significant phosphorylation of
JNK, and inhibition of AKT in wild type mice, while in H8R&&xpressing mice the high fat

diet did not result in elevated JNK activation or inhibition of ABlung et al., 2008

In a series of experiments on the relationship between HSP72 and JNK, Park and colleagues
(2001) concluded that HSP72 modulates sti@ast$/ated signaling through direct inhibitiori o
JNK(Park et al., 200LAn acute heat treatment of 43°C for 20 minutes reduced JNK1tgctivi
following subsequent stresalso, constitutive overexpression of HSP72 inhibitéid 1]

activation through bindinglnhibition of INKdlependent apoptosis was @vented by HSP72
expressionConversely, the lack of HSP72 expression in response to mild heat shock led to JNK
activation and apoptosifPark et al., 2001 Male rats fed a high fat diet and subjected to weekly
heat treatment (41°C for 20 minutes) in order to induce HSPs experienced improved glucose
tolerance and insulistimulated glucose transport, and reduced JNK and IKKagiotivin

skeletal muscle when compared to rats fed the high fat diet a{@Ggpte et al., 2009b It
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appears as if preservation of the balance between HSP70NKdsFequired for maintenance of

homeostasis and insulin signaling.

Induction of the HSP response through pharmacological or nutritional ni@apsinteract

chronic inflammation

Hydroxylaminederivativespossibly activate HSP72 through membra®sociate stress signaling
and by prolonging the binding of H&Fo HSE within DN&urthy et al., 2002Hargitai et al.,
2003 Torok et al., 200Xieran et al., 2004/igh et al., 200)f Acute administration of the
hydroxylamine derivative BGI5, in the presence of cotreatment with heat, increased both
HSFL and HSP7i vitro (Chung et al., 2008Treatment of leptincdeficient (ob/ob) mice with
BGP15 for 15 days resulted in increased HSP72 and prevented phosphorylation of JNK in
skeletal muscle, reduced fasting levels oftgke and insuliandincreased glucose disposal rate

during a hyperinsulinemic euglycemic claf@hung et al., 2008

The antioxidant lipoic acid, when fed tats on a high fat diet, increased HSP72 levels and

decreased JNK activation in skeletal muscle, but supplementation had no effect offiezhow

rats (Gupte et al., 2009aL.ipoicacid treatment of muscle cells in vitro induced expression of

HSPs, concurrent with prevention of INF & 0 A Ydzf G SR | OUBuWte étalzy 2F Wb
20093. In elderly subjects, daily supplementation of a fermented papaya extract for three

months increased serum HSP72 levels and reduced circulatif TN- y6RMaitotta et al.,

2007). Nutritional intervention may therefore be an avenue through which stimulation of HSPs

can prevent dietary and inflammatg-induced insulin resistance.
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Summary andconclusions

Insulin resistance, as a factor in type 2 diabetes and the metabolic syndrome, creates a grave
health and economic threat to thegingglobal popuation. The insulin signaling pathway,

etiology of insulin resistancandthe interplay among heaghock proteins and inflammatory
mediators represents a complex system of interacting molecules itabraically important
tissuesHeat shock proteins are crucial to maintaining cellular homeostasisoautie

adaptation to stressHorses represent an t@pped resource to study the modalities of insulin
resistance, ando investigatepotential countermeasures to restore insulin sensitivity through

harnessing the heat shock response.

No studies to date have investigated the relationship between HSPmsuith resistance in
horses.Understanding HSRsd molecular mediators of inflammation and insulin signailing
aged and untrained equine animals will open the door to developing training and nutritional
strategies to restore functionality to thegingequine population and provide insight into
human metabolic diseas@nlike rodents, which are typically sacrificed at various ages during
the course of an experiment, horses can be sampkthlly along their lifesparfhis would

allow a unique model to stly the role of HSPs amdolecuks involved innflammationand

insulin signalinginder various dietary and environmental conditions, as well as providing
opportunities to study the interactive effects afjingand exercise on these processéhe

horse isan excellent model of exercise physiology as control of cardiovascular function, via the
sympathetic and parasympathetic divisions of the autonomic nervous system, and
thermoregulation, via evaporative coolingeasimilar to human physiologkike humansthe
population of aged horses is expanding, with similar agel obesityrelated health challenges.

Profiling the heat shock protein responaed the role of mediators of indin-signaling and
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inflammationin aged and untrained horses will give valuahkght to theadaptive response to
exerciseAs the equine population increases in age and declines in functionality, potential
increases of HSRhrough training regimensutraceutical supplementatioror pharmacological

interventionmay reverse agand obesityrelated disorders and disease.

Using equids as a model for heat shock protesponse and insulin resistance creates an
opportunity for study in highly trainable animals in orderask several basic questiofgrst, is
there an additive effect of exercise, heat treatmeard nutritional or pharmacdaogical
intervention onexpressiorof HSP&nd restoration of insulin sensitivitg mammal® What are

the mechanistic interactions between HSPs, stress kirasgmsulinsignaliry intermediatesn
exercising animals, and how does this compare to findings in humans and other fifdels
increased expressioof HSPgan benefit the aged and insulin resistant, how can we most
effectively upregulate their expressionfeat shock proteis arecrucialfor an effective

adaptive respons#o disturbances of homeostasisimmmalian tissues, and may present a
therapeutic avenue for treatment of agand obesityrelated disease, such as insulin resistance

in humans and horses
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Abstract

We hypothesized that the cortisol response to acute exercise, markers of oxidative stress and
the expression of inflammary cytokines are altered by aging and in response to acute
submaximal exercise. Young (n=6;525.8 years) and aged (n=6; 22.8.25 yearp

unconditioned Standardbred mares underwent an acute submaximal exercise test which
consisted of running at the velociat which blood lactate reaches 4 mmol/L until fatigiéood
samples were collected and analyzed for plasma cortisol and malondiale&oycentrations,

and for cytokine gene expression pend postexercise. Gluteus medius biopsies were obtained
for analysis of cytokine gene expression in skeletal muscleapckat 0, 4, 24 and 48 hours
post-exercise. Plasma cortisol concentration wiasasured via radioimmunoassay. Plasma
malondialdehyde concentration was determined via TBARS assay. Blood and skeletal muscle
cytokine expression was determined vialRTRData were analyzed for main effects using a
two-way ANOVA for repeated measuressialuate the differencedue to age and exercise
Posthoc comparisons of means were conducted using StutlEntmanKeuls for paiwise

multiple comparisons where appropriate. The null hypothesis was rejected ®R@05.Acute
submaximal exercise increa plasma cortisol concentration in both young and aged mares,
and the duration of the posgxercise rise in cortisol was altered in aged horses. Plasma
malondialdehyde concentration, and expressiormdf" andIL-6 were unchanged in blood and
muscle regedless of age or exercise. Exercise incredsdt expression in whole blood of

young and aged mares, with young mares having greater exentlaeed expression at 2
(P<0.001) and 4R=0.019) hours postxercise. There was no changdlim iexpressionn

skeletal muscle, regardless of age or exercise. Theadgeed changes in cortisol anidm i
expression following acute submaximal exercise can have implications for energy homeostasis

and theadaption to such disturbancesd a cellular and whole animbdvel.
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Introduction

Agng represents a growing challenge to the equine industry, with many horses over the age of
20 involved in competition or reproductigivalinowski et al., 1997 Agng in horses is
associated with decline in aerobic capacityd exercise capability, altered immune function and
chronic inflammatior(McKeeer and Malinowski, 199Horohov et al., 199%Horohov et al.,

2010 Walker et al., 201)) and compromised thermoregulation in response to acute exercise
(McKeever et al., 2I0). Endocrine function of horses is also altered with age. Plasma cortisol
concentrations and the diurnal levels of cortisol are altered in aged hdrs@shov et al.,

2002, and the exercisénduced increase of plasma cortisol is blunted in aged hdqtdeohov

et al., 1999Malinowski et al., 2006 Functionality of the pituitary anddaenal glands is also
altered in aged horsefkiburt et al., 2018 Taken together, these findings indicate that the
hypothalamiepituitary-adrenal axis is altered with agiimghorses, with implications for energy
homeostasis, immune function, exercise capacity, and adaptation to disturbances in

homeostasis.

Of particular concern, aged horses experience disruptions in glucose homeostasis relating to
insulin resistance (IR),hich is implicated in loss of muscle mass, increased adiposity, declining
immune function and laminitiFrank etal., 2006. Loss of insulin sensitivity in horses has also
been studied in cordation with age and obesity. Ay and increased adiposity contribute to
reduced insulin sensitivity and increased production ofipftammatory cytokines in horses
(Malinowski et al., 2002Vick et al., 200;/Vick et al., 2008Adams et al., 2009 Aerobic training

can partially reverse ageslated decline in performance measuresdocrine and immune

function, and insulin sensitivity in hors€Betros et al., 2002Malinowski et al., 2002
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Malinowski et al., 2006 However, the molecular mechanisms behind the adaptive response to

exercise onditioningin horses require further research

The obijective of this study was to determine the physiological response to a single bout of
submaximal exercise in young and aged horses. Prior studies of aged horses have used
strenuous high intensity exes®, and have not investigated the effects of a single bout of
submaximal exercise. Understanding the effects of submaximal exercise will help to elucidate
the adaptive mechanisms at play during exercise condition. Horses were first assessed for
aerobic capcity, and then underwent an acute running exercise session ateatogity at which
blood lactate reaches 4 mmol(Mi a9, which is historically associated with a level of sustained
exertion without fatiguerelated injuries in horses and humagBourgela et al., 1991We
hypothesized that the cortisol response to acute exercise, markers of oxidative stress and the
expression of inflammatory cytokineseaaltered by aging and in response to acute submaximal

exercise.

Materials and Methods

Animals

Twelve unconditioned Standardbred mares weseparated into a young group£6; average

age = 5.% 2.8 yearkand an aged groumé; average age = 22:.25year9. Overall,
Standardbreds haview genetic diversityand high inbreeding coefficien{dcCue et al., 2012
Petersen et al., 20)3therefore a random sampling of young and aged mares was deemed to be
an appropriate model for this experimertlares were housed in twacre drylots and givead

libitum hay, water, and mineral blocks. Feed was rentbleefore exercise and sample

collection. All maresvere previously acclimated tine equine exercise physiology atory

and proceduresNone of the mares exhibited phenotypic signs of pituitary pars intermedia
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dysfunction or equine metabolic syndromeich as lack of coat shedding, hirsutism or abnormal
fat distribution(Miller et al., 2008. All horses were of similar bodyeight and body condition.

This experiment took place during the early spring, but mares did not exhibit any signs of estrus,
indicating that the study took place within the seasonal armstrperiod All methods and
procedures used in this experiment weapproved by the Rutgers University Institutional

Animal Care Review Board.

Exercise Testsincremental exercisend acute submaximal gercisetests

91 OK whhxNdBIl@etobic capacity (Y&, andvelocity at which bloodactate reaches 4
mmol/L (VLa9 wasdetermined by completing an incremental exercise test on a-Ehigh-

speed treadmill. The treadmill started at 4 m/s for 1 min, increased to 6 m/s, and subsequently
increasedl m/s every 60 seconds until fatigue. An indirect oflew calorimeter measured

VGOmax Which was defined as the point when there was no further increase irdd4pite

increases in speed

After completion of thaéncremental exercise teseach horse@mpleted an acutesubmaximal

exercise testhich consisted of running at the velocity corresponding Witkyuntil fatigue

Every testing day three horses completed the exercise tests and three horses served as standing
controls. Four weeks after the a@gsubmaximal exercise test®rses were crossedver, where
previously exercised mares became standing costanldprevioudy standing control mares

completed the acutessubmaximakxercise tests.

Sample Collection

Thirty minutes before the firstexerciseSa G | OF G KSGSNJ gl a AyaSNISR A

vein using local lidocaine anesthesia. Whole blood was collected from the catheters with EDTA
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and lithium heparin tubes for plasma analysis before exercis@lamin and-1 min, every 5 min
during execise, directly after exercise, and 30 min, 60 min, 2 hr, 4 hr, 24 hr, and 48 hr post
exercise. Whole blood was collected via venipuncture with PAXgkloed RNA tubes for

MRNA analysis aB0 min, and 0 min, 2 hr, 4 hr, 24 hr, and 48 hr post exeraiskwere stored

at -80 °C until analyzedlood samples were also collected at the same time points for standing
control mares. AIEEDTA and lithium heparsamples were kept on ice and centrifuged at 3000 x
g for 10 minutes at 4C Plasma samples were ineliately measured folactate,andwere

stored at-80 °Cfor further analysis. Plasma froBEDTA tubes was used for Cortisol
Radioimmunoassayr(A and Thiobarbituric Acid Reactive Substan(EBARBassayPlasma

collected inithium heparintubeswas usedor Insulin RIA.

Additionally, rectal temperatures were determined-atmin preexercise and at O min post
exercise in all mares. Rectal temperature measurements were taken at the same time points in

standing control mares.

Percutaneous skeletal musdiepsies of the gluteus medius were obtained in a timatched

manner from exercised and standing control horses via Bergstrém biopsy needle at a site one
third the distance along a line running from the tuber coxae to the root of théltmittholm and

Piehl, 197 30 minutes prior to the bout of acute exercise, immediately following exercise, and

at 4, 24 and 48 hours into recovery. Biopsies were obtained from a dé@tlern. Samples

were immersed in RNALater (Qiagen, Valencia, CA) and stored first at 4 °C for 24 hours and then

at -80 °C until analysis for gene expression vieRR

Assays and sample measurement

Packed cell volume (PCV) and plasma total protein concentration were measured in duplicate

using the microhematocrit technique and refractometry, respectivelgsma lactate
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concentration was measured in duplicate via enzyatextrode interface (ABL 800ek|

Radiometer America, Westlake, OH).

Plasma cortisol was measured via RIA using a commercially available kit (ImmuChem Cortisol,
MP Biomeicals, Solon, OH) previously validated in h{ffseastone et al., 1991Samples were
counted for 1 min in a gamma counter (Packard Instrument Co, MeridanM&fin assay

coefficient of variatn for cortisol was 5.35%.

Plasma malondialdehyde (MDA) was determined through lipid peroxidation quantification via
measurement of TBARS using a commercially available kit (TBARS Assay Kit, Cayman Chemical
Company, Ann Arbor, MI). Lipoprotein fractionsrevacid precipitated from plasma samples

and samples were loaded in duplicate on av@8l plate. Absorbance was measured at 540 nm

YR a5! @FfdzSad ¢6SNBE OFfOdzA SR dzaAy3a ckKS T2 N)¥d
intercept)/Slope], where correctedosorbance was the absorbance value of the standard

subtracted from all sample absorbance values, and tirgercept and slope were obtained

from the MDA standard curve.

Cytokine quantification

Quantification ofTNF", IL-m iand IL-6 expression in whole bbd and gluteus medius skeletal
muscle was completed in duplicate viaaRCR as previously descri@leathnach etl., 2006
Adams et al., 20QQ.iburt et al., 2012 Whole blood total RNA was isolated using spinroolsi

6t!-3S8y8S . f22R wb! YAG L+5% vAl3ASys =1 tS8SyOAl s

Skeletal muscle biopsies were homogenized in a cell lysis bufferSRItED Reagent, Tdlest
INC., Friendsweed, TX). Sterile zirconium oxide beads wereaskstupt the tissue in a mixing

mill instrument(Retsch MM301 Mixing Mill, Clifton, NJ). Total RNA was isolated from the
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samples using chloroform extractions, isopropanol precipitation and ethanol wash, according to
Y| ydzF I O dzNB NFaplirg $skalehbirstcla @ytarently with peripheral blood

could potentially lend clues to patterns for cytokine expression on a wiéwolemal scale.

Quantitative and qualitative parameters of the RNA preparations were assessed using a BioTek

Epoch (Thermo Fish&cientific, Wilmington, DE) spectrophotometer. In all cases, optical

density (OD)sorsoNF A28 ¢6SNB INBIFGSNI GKFEFY mdn yR wb! @&
(1>30 s a NBOSNARAS (NI yaONAROSR AyG2 O5mc¢ Ay 2% vy
I ALy YeéSt2o0ftlhatizara OANHZANSGl a2d RKUEFSESNMOPEOZT
2f A2 RS2E&@i(KeEeYAYS O6RGO YR nop >f 2F !l a+ NBOS
Cytokinespecific cDNA was then amplified and quantified ai-tiene PCR (ABI Systems 7900

Fast Realime PCR System, Foster City, CA) using primers based on sequences for equine

cytokines and -glucuranidaseo igus)(Breathnach et al., 2006Intron-spanning primers and-6
carboxyfluorescein (FAMabelled probes for equine cytokines andjus provided as Assays

on-Demand kits (ABI, Fotd / AGe&X /! 03X gSNB | Rilbphatesi2 mn >t NB
O2y il AyAyHE2 KBS p{ §¥ a-RAXIMpOt. vA 2tENRYOSS [I{Al Ly OX ¢ dzy(
ofprimerLINR 6 S YR nodp >f 2F O5b! d ¢KS F2ft26Ay 3 t
minutes followed by 40 cycles of 95 °C for 15 seconds and 60 °C for 60 seconds, as

recommended by the manufacturer.

SATFSNBYyOSa Ay wb! Aaz2ftlidA2y IyR O5b! -02yaidNuzO
gus as an internal control for each sam®eeathnach et al., 20Q6Relative differences in

cytokine mRNA expression resulting from exercise were determined by relative quantification

(RQ). RQ provides accurate comparison between the initial levels et EDHNA in a sample

without requiring that the exact copy number be determined. The RQ is calculated using the
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equation RQ=2"dKSNB nnp/ 4 Kphbd dobat ¥YaWNISH2ND X gyR np/ i
Ct housekeeping gerneivak and Schmittgen, 200The preexercise sampk for each group of

horses (young and aged) were averaged and the group average used as the calibrator for
subsequent calculation of RQ araflectsthe change in cytokine gene expression pesrcise

relative to the calibrator for its respective grougegative controls included template negative

samples and genomic DNA controls. In this methodology, hematocrit was not standardized and
white blood cells were not counted. Whole blood contained, by definition, all red and white

blood cells present, and esgssion was hormalized to the housekeeping gene to account for

variations between samples.
Statistical analysis

Data were analyzed for main effects using a-tmay ANOVA for repeated measures to evaluate

the differences between young and aged mares anggponse to exercise fahysiological

parameters, plasma cortisol and MDA concentrations, and cytokine expression in whole blood

and skeletal muscléSigmasStat 3.1, Systat Software, San JoseOUfllers were identified via

DNHzo 6 Qa (Sad FyR ¢SNB SE O tPd2R® RosthddBoripatisirs 6fA & (G A O
means were conducted using Studé¥eumanKeuls for paiwise multiple comparisonsvhere
appropriate.Linear regression analysis svased to determine correlations betweéactors,

where appropriate. The null hypothesis was rejected wRed.05.
Results
Body condition and incremental exercise test

Prior to the start of the study, young and aged mares were assessed for body weigat) and

incremental exercise test to fatigue was performed to determine maximal oxygen uptake
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(VOmay and velocity at which blood lactate reaches 4 mmolil.4. There was no significant
difference in body weight between age groups>0.05)(Table 21). Whie not significantly
different (P=0.055), aged mares displayed lower maximal oxygen uptéke.f and young

mares had a higher ¥ithan aged maresi=0.003) Table 21).

Table 21
Young(n=6) Aged(n=6)
Body Weight (Kg) 459+13 478 £ 21
VOomax (MI/Kg/min) 129+ 6 1117
Viaa(M/s) 7+ 04?2 5+ 04°
Different superscripts (a, lgjenote differences between age groups.

Table 21. Mean = s.e. bdy weightandresults of incremental exercise test

Physiological response to acute submaxieadrcise

Figure 21 displays physiological responses to acute submaximal exercise. On days of the
submaximal exercise tests, young mares exercised for an average of 1024 + 133.52 seconds
while aged mares exercised for an average of882.61 seconds, hoswer there was no
significant difference in running time between groups{.05). Both young and aged mares had
elevated PC\Wk0.00) and plasma total proteiP<0.00) at O minutes post exercise, but

values returned resting levels by 30 minutes pesercise. There was no effect of age on either
PCV or plasma total protein in exercised or control horBe6.05). Rectal temperature was not
changed in young or agesiandingcontrol horses>0.05), but was significantly elevated in
response to exercisd>0.001). There was no difference in rectal temperature between

exercised young or exercised aged hors&9(05).

Displayed irFigure 22 are plasma lactate concentrations in response to submaximal exercise.
Both young and aged mares had plasma lactate concentrations above 4 mmol/L at completion

of the acute submaximal exercise test. Plasma lactate concentration peaked in both young (n=6)
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and aged (n=6) mares at the 0 minutes pesercise <0.001). Plasma lactate concentration
remained elevated in young and aged mares at 30 (yoe@.,001; aged?<0.001) and 60
(young,P=0.043; agedP=0.001) minutes postxercise. Young mares had a higpeak lactate
concentration at 0 minutes posxercise than aged mareB<0.001). Plasma lactate
concentrations at 30 minutes posixercise were also significantly different between aged
groups P=0.023). There was no change in plasma lactate in eitherg/ouaged control horses

(P>0.05).

Taken together, these data indicate that a prolonged bout of submaximal exercise was sufficient
to cause body temperature changes and fluid shifts in both groups of mares, and that the

exercise protocol waa significanphysiological challenge

Plasma cortisol and MDA

RIA analysis oflgsmashowed thatcortisol was elevad at O minutes poséxercise (gung
P=0.01; @edP=0.009), and peaked at 30 minutes pesercise in both young and aged mares
(P<0.001) However, there was no difference between age groups at 30 minpes-exercise
(P>0.05). Cortisol remained elevated in young mares at 60 minge&{01) and 2 hours

(P=0.007) posexercise, but not in aged mar@sigure 23).

Exercise increased cortisol area undee turve (AUE as compared to standing controls in
young maresH=0.003) and aged mareBH0.023) In response to exercise, young mares had a
mean 65.35% greater AUCc than aged m@pe6.019). There was no differenceAJCc

between young and aged standing contrd?s@.05).

Plasma MDA concentration was determined via TBARS assay. Neither age nor exercise

significantly altered plasma MDA concentratioRs{.09 (Figure 24).
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Figure 21. Physiological response to acute subniaal exerciseMean + s.e. packed cell
volume (PCMR-1.A) plasma total proteir{2-1.B)and rectal temperaturg¢2-1.C)in young (n=6)
and aged (n=6), exercised and standing control mda@y¥. and plasma total protein data points
represented are those deicted from before exercise @tandingcontrol treatments {30 and-1
min), and at 0, 30, 60 min, 2, 4, 24 and 48 postrcise or standing control. A deltg 6ymbol
denotes an exercise related differencRectal temperature was measured before exeras
control ¢1 min) and at 0 min postxercise or standing control.
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Figure 22
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Figure 22. Mean + s.@lasmalactate concentrations in response to acute submaximal
exercise.Plasmalactate concentrations in young (n=6) and aged (m=es in response to

acute submaximal exercise or standing contBdta points represented are those collected

from before exercise or control treatments3Q and-1 min), and at 0, 30, 60 min, 2, 4, 24 and 48
post-exercise or standing control. A deltg éymboldenotes an exercise related difference.
Different superscripts (a, m¢present differences due to age.
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Figure 23
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Figure 23. Mean xs.e.plasmacortisol concentrations in response to acute submaximal
exercise.Plasmecortisol concentratios in young (n=6) and aged (n=6 mares in response to
acute submaximal exercise or standing contBdta points represented are those collected
from before exercise or control treatments3Q and-1 min), and at 0, 30, 60 min, 2, 4, 24 and 48
post-exerciseor standing control. A delta { symboldenotes an exercise related difference.
Different superscripts (a, m¢present differences due to age.
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Figure 24
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Figure 24. Mean zs.eplasma malondialdehydeoncentrations in response to acute
submaximal exercisePlasmanalondialdehyde concentrati@in young (n=6) and aged (n=6
maresin response to acute submaximal exercise or standing coiaih points represented
are those collected from before exereisr control treatments-380 and-1 min), and at 0, 30, 60
min, 2, 4, 24 and 48 posixercise or standing control.



51

Whole blood gtokine expression

Cytokine expression in whole blood in response to acute submaximal exercise is sitogurén
2-5. Therewas no change in whole blood expressiombif=" in young or aged horses at any
time postexercise P>0.05). Additionally, there was no difference within or between young and

aged standing controls for expressionTdiFh (P>0.05).

Exercise increasdt-m iexpression in whole blood of young and aged horses at 2 hours (young,
P<0.001; aged?=0.007) and 4 hours (youngs0.014; agedP?=0.019) posexerciseln young
horses|L-1i expression increased 5.&nd 4.2fold at 2 and 4 hourpostexercise, respeately,

as compared to restin aged horsedl-m iexpression increased 2.6nd 2.3fold at 2 and 4

hours postexercise, respectivelif.oung exercised horses had gredtem iexpression than

aged horses at 2 hourB<€0.001) and 4 hour$£0.019) posexerciseThere was a 2:2and 1.9

fold difference inL-m iexpression between young and aged horses at 2 and 4 hours post
exercise, respectively.here were no differences within or between young and aged standing

controls £>0.05).

There wee no changes di-6 expression due to age or acute exerciBe(.05), and there were

no changes offl.-6 expression in young or aged standing contr&s)(05).

Skeletal muscle cytokine expression

Neither age nor acute submaximal exercise altered exprassfidNF", IL-m ior IL-6 in gluteus

medius skeletal muscle in any samples collected during the present $%dy6) Figure 26).

Regression analysis

Linear regression analysis revealed no correlatietween plasma cortisol concentration afid

M iexpression following exercise in either ag@H.05;P>0.05) or young mare@R=$.02;
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P>0.05). Additionally, no correlation was found between plasma lactate concentratioh-and
expression following exercise in either ag&do.04;P>0.05) or young horsg$=0.12;P>0.05).
Finally, there was a significant correlation between plasma lactate and plasma cortisol
concentrations following exercise in both aggd9.45;P<0.001) and young mardfR=.5;

P<0.001).
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Figure 25. Cytokine expression in whole blood nesponse to acute submaximal exercise.

Mean = s.e. relative quantity values for expressiofifh (2-5.A) IL1 (2-5.B)andIL:-6 (2-5.C)

in whole bloodof young (n=6) and aged (n=6) mamesesponse to acute submaximal exercise
or standing controlD&a points represented are those collected from horses before exercise or
control treatments {30 and-1 min), and at 0, 2, 4, 24 and 48 pesiercise or standing control.

A delta {) symboldenotes an exercise related difference. Different superscriptb)fepresent
differences due to age.
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Figure 26. Cytokine expression in skeletal muscle in response to acute submaximal exercise.
Mean % s.e. relative quantity values for expressioidf" (2-6.A) IL-m i(2-6.B)andIL-6 (2-6.C)

in gluteus medius of young (n=6) and aged (n=6) migressponse to acute submaximal
exercise or standing contrdData points represented are those collected from horses before
exercise or control treatments30 min), and at 0, 4, 24 and 48 pesxkercise o standing

control.
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Discussion

This study tested the effects of an acute bout of submaximal exercise consisting of running at
Vias0n the physiological response to exercise in young and aged horses. Observations for
variables such as packed cell volume, plasma total protein and rectal temperature indicate that
both young and aged mares underwent a significant physiological challErgeisenduced

splenic contraction in horses rapidly increases PCV of circulating blood in proportion to work
load until complete mobilization of red blood cells occ{#ersson, 196/Persson et al., 1933

Both PCV and plasma total protein have been used previously as a method of assessing fluid
shifts in response to acute exercise in hor@dsKeever et al., 1993la). Taken together,

increases in PCV, plasma total protein and rectal temperature indicate that both young and aged
horses in the current study underwent a comparable physiological challengegdex@ncise to

fatigue at Vaa

Although all horses exercised aty plasma lactate concentrations were above 4 mmol/L in

both young and aged horses at the end of exercisg.i&/historically associated with a level of
sustained exertion without fatigueelated injuries in horses and humafourgela et al., 1991

A common concept is that a highersMndicates a greater level of fitness and higher exercise
capacity in horsefCastejon et al., 1994Metabolically speaking, Mrepresents the maximum
work intensity at wich ATP is produced aerobically and blood lactate concentrations are stable
because lactate is released from contracting muscles at the same rate it is utilized by other
tissues(Poso et al., 2008\ asis frequently determined on the track or through use of a high
speed treadmill, and is commonly referred to as the anaerobic threshold, the onset of blood
lactate accumulation (OBLA), or maximal lactate steady stat&8YICastejon et al., 1994

Gerard et al., 202;4/0tion, 2014. Anaerobic threshold is commonly used to evaluate level of
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fitness and aerobic capacity, and is used to indicate the maximum workload a trainer can
employ while avoiding fatigrelated injuries in exercising horses. Training @akWas shown to
increase exercise tolerance in Standardbré@sttlieb-Vedi et al., 1995 and aged horses have
been shown to have reduced AMdand exercise capacifiicKkeever and Malinowski, 1997The
ageassociated difference in posixercise Vasreported here may be associated with changes in
muscle fiber type and lactate dehydrogenase with advanced age. Muscle respiratory capacity
determines the workload at whichlood lactate begins to accumulaflyy et al., 198)) with

lactate corentration and total lactate dehydrogenase higher in fast twitch, oxidative muscle
fibers(Tesch et al., 1978Fast twitch, oxidative muscle fibers and lactate dehydrogenase
decrease with age in ra{Singh and Kanungo, 196&hd man(Larsson et al., 1978Aged horses
also experience a loss of oxidative fiber tygeshnhard et al., 200Kim et al., 200p

Therefore, the lower plasma lactate concentrations in aged horses at 0 and 30 minutes post
exercise reported here may be due to lower activity of lactate dehydrogenasmugh the use

of M.asas a determinant of anaerobic threshold and maximal lactate steady state may be
controversial in horse@ourgela et al., 199Valette et al., 1993Persson, 19974indner, 201])

it remains useful as a marker of fithess and as a level of physiological geallen

Plasma cortisol concentrations in both young and aged mares increased due to exercise, with
both groups having peak plasma cortisol concentrations at 30 minutes following acute exercise.
It has previously been reported in horses that peak plasma obd@ncentrations are

dependent on exercise intensifizinden et al., 199INagata et al., 1999and that plasma

cortisol concentrations peak at 30 minutes pesiercise in horse@alinowski et al., 2006

Gordon et al., 20017 Young horses in this study had a prolonged elevation of plasma cortisol
until 2 hours posexercise, while plasmandisol had returned to values similar to resting

concentrations by 60 minutes peskercise in aged mares. This supports previous findings that
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HPA axis functionality, especially as it relates to adrenal release of cortisol following exercise, is
impairedin aged horsegHorohov et al., 1999Malinowski et al., 200@.iburt et al., 2018 While

an acute bout of submaximal exercise was enough to prompt a cortisol response in both young
and aged horses, the duration of the cortisol response was affected by age. This tdferen
cortisol response can have implications on energy substrate homeostasis, and on molecular

mechanisms for adaptation to disturbances in homeostasis at a cellular level.

Plasma MDA is used as a biomarker for oxidative stress in humans and r@@dess¢#o and
Goldfarb, 1988Alessio et al., 198&ielsen et al., 199Powers et al., 20QRodriguez et al.,
2003). Exercse training in horses has been shown to alter MDA concentrations, indicating an
adaptive response and altered oxidative stress dynaf@bgaradiaa et al., 1998wvellini et al.,
1999 White et al., 2001Marlin et al., 2002 However, neither age nor the @e submaximal
exercise test reported here altered plasma MDA concentrations in Standardbred mares. The
adaptive response to exercise in horses as relates to antioxidant status is most likely exercise

type and intensity dependent.

Cytokines are moleculanessengers that modulate the immune and endocrine response to
physiological challenges, such as exer@eyna et al., 1996_aManca et al., 199%®edersen
and HoffmanGoetz, 2000 Previous work has demonstrated an exergimuced change in
cytokine expression in horséStreltsova et al., 200®onovan et al., 20QZLibut et al., 2010a

Liburt et al., 2010pHorohov et al., 201

Changes in TNF S E LINB & & A 2 y exddsé ih @halé hload ahd3kieletsl muscle of
horses were observed following incremental exercise tests to fati§treltsova et al., 2006
Liburt et al., 2018; Liburt et al., 2010p Exercise intensity appears to influentodFh

expression, as high intensity exercise increases gene expréBginavan et al., 20Qbut lower
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intensity acute exercise did not alter expressiomdi-h (Horohov et al., 2012 TNF"
expression in blood and muscle was not altered itlyeg age or acute exercise in the present
study. TNFh is considered a general marker of inflammat{@®edersen and HoffmaGoetz,
200Q Suzuki et al., 2002and is involved in the response to muscle damage and impaired

skeletal muscle glucose uptaléimura et al., Q01; Steensberg et al., 2003

ILmi A& O2 y anflaR@auds/ Rytokine wikhR role in the response to acute exercise

(Ostrowski et al., 1998strowski et al., 199Moldoveanu et al., 2001 Previous work in horses
demonstrated an increase lixm iexpression in whole blood following intense exercise

(Donovan et al., 20QTiburt et al., 2010aHorohov et al., 201R It is reported here that both

young and aged horses had increa$lesh iexpression in blood at 2 and 4 hours pesercise.

PeakiL-m iexpression occurred at 2 hours followingeesise in both young and aged horses,

supporting earlier findingfiburt et al., 2010aHorohov et al., 2012 There was an agelated

difference inlL-m iexpression, with young mares having greater gergression at 2 and 4

hours postexercise. Acute changesinMi | NB | aa2 OA 0 SR ¢ fDémkis G A & & dzS
et al., 2003, therefore agerelated differences ihL-m i following an acute exercise challenge

may indicate impaired tissue repair and adaptatin aged horses.

In response to acute running exercise, expressidb-6fin horses appears to be exercise
intensity dependent. Following incremental exercise tests to fatigue, no chanigé in
expression in whole blood was observ@&lreltsova et al., 20Q&iburt et al., 2010} however
IL-6 expression in skeletal muscle was seen to increase following acute exgrbise et al.,
20109. Following intense running exercise on a kegieed treadmill, H6 expression in blood
was seen to increase following exercise, and remain elevated until 6 hourgxerstise

(Donovan et al., 2007 However, these findings were in horses that had undergone an 8 week
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training period(Donovan et al., 20Q7Increased H6 expression was also seen in horses
following initial race trainingHorohov et al., 2012 supporting the belief thakl-6 contributes

to an antiinflammatory state in response to exercise conditioning. It is reported here that
neither age nor acute submaximal exercise prompted a chantigGiexpression in lglod or

muscle of unfit Standardbred mares. It can be inferred that the exercise challenge employed in
this study did not cause metabolic or physiological changes requiring inflammatory modulation

by IL-6 in either the blood or skeletal muscle.

Inflammatorycytokine action is modulated by cortisol, which is generally considered to be anti
inflammatory. Production of several ithmmatory cytokines, includingNFh, IL-1, and IL-6, is
suppressed by cortis@Derijk and Sternberdl994 Chrousos, 1995Nilder, 1995. The rise in
cortisol seen in both young and aged maf@fowing acute submaximal exercise may therefore

be responsible for the lack GNF" and 116 expression seen here.

Aging has been associated with chronic inflammation in hqidesohov et al., 199%Horohov

et al., 20109 other speciegDeFronzo, 198MNarimiya et al., 1984Chen et al., 185; Hadden and
Harris, 1987Harris et al., 19870zzo et al., 199%ord et al., 200R with implications for insulin
sensitivity, and endocrine and immune function. However, chronic inflammation in the aged has
been associated primarily with adipose tissue and obesity in h@¥4eks et al., 200;/Vick et al.,

2008 Adams et al., 200%nd other specieéShimokata et al., 199Kohrt & al., 1993

Hotamisligil et al., 199%-errannini et al., 199&ern et al., 2001Wellen and Hotamisligil, 2005
Hotamisligil, 2006Shoelson et al., 200€hung et al., 2008The horses used in this study were

not considered obese, and had no clinical characteristics of endocrine dysfuridtien is no
evidence here to suggest that aging alone would contribute to chronic inflammation in clinically

healthy, unfit Standardbred mares.
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In conclusion, acute submaximal exercise was a significant physiological challenge, highlighting
the differential response of cortisoland-i.i (2 | OdziS RA&Gdz2ND I yOSa Ay K
aged mares. These findings have implications for understanding the molecular adaptations to

exercise conditioning in horses, and the role of aging in declining exercieerpance.



63

Chapter 3

HSP70 and HSP90 gene expression and protein
content in whole blood and skeletal muscle in
Standardbred mares
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Abstract

Heat shock proteins (HSPs) are important mediators of the cellular response to disturbances in
homeostasis. HSPs decline with age, but have been shown to increase following acute exercise
and exercise conditioning. Little work has been done to investig&®es in horses. We
hypothesized thaHSP7@nd HSP9@xpressiorin whole blood and skeletal musc¢lend HSP70

and HSP90 proteiconcentrationsn skeletal muscle are altered byeagnd in response to acute
submaximakxercisen horsesYoung (n=6; 5.5 28 years) and aged (n=6; 22&.25 yeark
unconditioned Standardbred mares underwent an acute submaximal exercise test which
consisted of running at the velociat which blood lactate reaches 4 mmol/L until fatigue

Whole blood and gluteus medius biopsymples were collected and analyzed H8P7@&nd
HSP9@xpression via RFCR. Muscle biopsy samples were analyzed for HSP70 and HSP90
protein content via western immunoblottindpata were analyzed for main effects using atwo
way ANOVA for repeated meass. Posthoc comparisons of means were conducted using
StudentNeumanKeuls for pair wise multiple comparisons. The null hypothesis was rejected
when P<0.05.Both young and aged horses had increas&P7@&xpression in whole blood

following acute exercisenith young horses exhibitingf8ld greaterHSP7@&xpression than

aged mares at 2 hours peskercise HSP9@xpression in whole blood following exercise was
increased only in young horses. Both young and aged horses had inckaB&@xpression in
skeletal muscle following exercise, but there was no difference due to age. However, the timing
of HSP7@xpression was different between young and aged horse. There were no changes in
HSP70 and HSP90 protein content in skeletal muscleadaeute submaximal exercise or age. In
conclusion, the magnitude and timing of the HSP expression following acute submaximal
exercise is altered by age in horses. Quantification of HSP expression in whole blood may be a

useful biomarker, with implicationf®r cellular adaptation and survival in aged horses.
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Introduction

Aging in horses is associated with a decline in capacity for strenuous exercise and compromised
thermoregulation, altered immune function and chronic inflammation, and decline in
hypothalanic-pituitary-adrenal axis functionalittMcKeever and Malinowski, 199Morohov et

al., 1999 Horohov et al., 2002Vialinowski ¢ al., 2006 Horohov et al., 201;0McKeever et al.,

2010 Liburt et al., 201B Overall, aged horses have reduced ability to maintain homeostasis and
adapt to physiological challenges. This is of concern because 15 percent of horses in the United
States are over the age of 20 and many continue to be used for competition and repooduc
(Malinowski et al., 1997 Aerobic training has been shown to partially reverseiadgted

declines in endocrine and immune function, and to increase exercise capacity in aged horses
(Betros et al., 2002Valinowski et al., 2002Malinowski et al., 2006 Molecular mechanisms

behind the adaptive response to exercise in horses remain to be fully elucidated, however.

Heat $iock proteins (HSPs) are involved in the cellular response to disturbances in homeostasis
(Kilgore et al., 1998and are believed to be important for adaptation and survivability in
response to repeated exposure stressors, including exerci@@arramone et al., 1994 epore

et al., 2000 Maglara et al., 2003VicArdle et al., 2004p Although active at a cellular level, HSPs
are crucial to adaptation to stress on a whole organism qdédeseley, 199Y. Heat shock

protein 70 (HSP70) is highly conserved and has multiple roles in cellular fu{8dimali and
Orrenius, 1998Laroia etal., 1999 Gabai and Sherman, 2002oldberg, 2008 HSP70 has roles

as a molecular chaperone and in cellular survival, where it ensures correct protein folding and
translocation, while facilitating degradation of unstable proteins and preventing their
aggregation(Kiang and Tsokos, 1998regel, 200R HSP70 is the most inducible and abundant

member of the HSP fami(iKatschinski, 2004
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Heat shock protein 90 (HSP90) is also a molecular chaperone that ensures proper folding and
activation of sipstrate proteins, such as protein kinases, transcription factors and steroid
hormone receptorgWelch, 1992Morton et al., 2009 HSP90 also prevents aggregation of
unstable proteins by marking them for rep@ireeman and Morimoto, 1996/orton et al.,

2009. HSP7@nd HSP90 are believed to regulate their own expression through a multi
chaperone complex with the transcription factor Heat Shock Factor 1 (i8&iinoto et al.,

1992 Morton et al., 2009.

A blunted HSP response may contribute to the loss of cellular functionality seen in aging. Heat
shock protein production following either heat stress or exercise is reduced in white blood cells
and tissue frm aged rodents and humari®eguchi et al., 198&regel and Moseley, 1996

Jurivich et al., 199Rao et al.1999 Njemini et al., 2002Vasilaki et al., 200Xjemini et al.,

2003 Marotta et al., 2007Gupte et al., 2008 It is believed that reduced HSP production
associated with aging is due to transcription inhibit{bteydari et al., 20Q0Calderwood et al.,
2009. The ageelated decline of HSPs has been shown to be reversible, especially-twitabt

oxidative muscles, by exercise conditioning in (Algito et al., 2001p

Few studies have investigated HSPs in hafReso et al., 200Xinnunen et al., 200%innunen

et al., 2009, with no studies to date investigating the HSP response to acute exercise in aged
and unfit horses. We hypothesized tHaEP7@nd HSP9@&xpressionin whole blood and

skeletal muscleand HSP70 and HSP90 protncentrationsn skeletal muscle are altered by

aging and in response to acusebmaximakxercisen horses
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Materials and methods

Animals

Twelve unconditioned Standardhldenares were aparated into an aged group$6; average

age = 22.& 2.25 yearkand a young groumE6; average age = 552.8 years)Standardbreds
have low genetic diversity and high inbreeding coeffici€htsCue et al., 201Petersen et al.,
2013, therefore a random sampling of young and aged mares was deemed to be an appropriate
model for this experiment. lres were housed in twacre drylots and givead libitumhay,

water, and mineral blocks. Feed was remadmfore exercise and sample collection. All mares
were previously acclimated tive equine exercise physiology aatory and proceduredNone

of the mares exhibited phenotypic signs of pituitary pars intermedia dysfunction or equine
metabolic syndrome,uch as lack of coat shedding, hirsutism or abnormal fat distribuer

et al., 2008. All horses were of similar boalyeight and body condition. This experiment took
place during the early spring, but mares did not exhibit any signs of estrus, indicating that the
study took place within the seasonal an&sts period. All methods and procedures used in this

experiment wereapproved by the Rutgers University Institutional Animal Care Review Board.

Acute submaximakxercise tests and sample collection

The exercise test in this study employed a crogsr design in which mares were randomly
assigned to Exercise (E) or Con{f@) groupsand werethen crosseebver so that each horse
served as its owstandingcontrol. Prior to undergoing an acute bout of submaximal exercise, all
mares first underwent an incremental exercise test on a $&ighspeed treadmill to

determine the velocity at which blood lactate reaches 4 mmdNiLag. After completion of the
incremental exercise teseach horse completed an acuidabmaximakxercise testvhich

consisted of running at the velocity corresponding wWithsuntil fatigue A short bout of
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exercise, such as a graded exercise test, has been shown to not be significant enough to alter
HSP levels in skeletal mus(llecke et al., 1994aito et al., 2001} indicating a prolongeddut
of submaximal exercise may be more beneficial in studying the effects of acute exercise on heat

shock proteins in skeletal musgMaito et al., 2001fMorton et al., 2006.

Every testing day three horses completed the exercise tests and three horses served as standing
controls. Four weeks after the acusebmaximalexercise tests the horses were cross®erso
that the previously exercised mares became standing cosnadl the previouly standing

control mares completed the acutibmaximakxercise tests.

Whole blood was collected via venipuncture wRAXgenz blood RNA tubefQiagen, Valencia,
CA)for mRNA analysis a80 min, and 0 min, 2 hr, 4 hr, 24 hr, and 48 hr post exercise. Blood
samples were also collected at the same time poindsifthe standing control mare®lood for

MRNA analysis was st at-80 °C until analysis.

Percutaneous skeletal muscle biopsies of the gluteus medius were obtained in-mttoked
manner from exercised and standing control horses via Bergstrém biopsy needle at a site one
third the distance along a line running frothe tuber coxae to the root of the tailindholm and
Piehl, 197 30 minutes prior to the bout of acute exercise, immediately following exercise, and
at 4, 24 and 48 ¢urs into recovery. Biopsies were obtained from a depth of 8 cm. Samples
were immediately frozen in liquid nitrogen and stored-8®° C until analyzed via western
immunoblottingfor protein concentration, or were immersed in RNALater (Qiagen, Valencia,
CA) and stored first at 4 °C for 24 hours and ther8at°C until analysis for gene expression via

RTPCR
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HSP mRNA quantification

Quantification oHSP7&ndHSP9@vas completed in duplicate via FPCR as previously
describedBreathnach et al., 200&dams et al., 20QQ.iburt et al., 2012 Whole blood total
RNA was isolated using spin columns (PAXgene Blood RNA Kit IVD, Qiagen, Valencia, CA)

FOO2NRAY3A (G2 YIydzZlI OGdzZNENRA AyaildNHzOGA2yaod

Skeletal muscle biopsies were homogenized in a cell lysis bufferSRIt6D Reagent, Tdlest

INC., Friendsweed, TX). Sterile zirconium oxide beads were used to disrupt the tissue in a mixing
mill instrument (Retsch MM301 Mixing Mill, Clifton, NJ). TRidA was isolated from the

samples using chloroform extractions, isopropanol precipitation and ethanol wash, according to

YIydzZFl OGdzNBNRa AyadNHOGAZ2Yyad

Quantitative and qualitative parameters of the RNA preparations were assessed using a BioTek

Epoch (Therm Fisher Scientific, Wilmington, DE) spectrophotometer. In all cases, optical

density (OD)sor2soratioswereI NBF G SNJ G KFy mModn FyR wb! RNASt Ra 4
(M )was reverse transcribel y i 2 O5b! Ay |y yn >{tYANSI 200 Aey X2 )
I ALYy YeéStz2ofladzara OANMzZ 6! ax0 0dZFFSNI OpEOES
2f A32 RS2EeGKeYAYS O6RGUV YR nop >f 2F ! a+x NBGJS
HSP70and HSP98pecific cDNA was then amplified amquaiantified by reatime PCR (ABI

Systems 7900 Fast Rdaine PCR System, Foster City, CA) using primers based on sequences for
equineHSP7P0HSP9@ndi -glucuonidase( -gus (Breathnach et al., 20Q6intron-spanning

primers and écarboxyfluorescein (FAMabelled probes foHSP9@ndi -gus provided as

Assayn-Demand, and probes fddSP7(@rovided as Assaysy-Design kits (ABI, Foster City,

/10X 6SNBE I RRSR {-ellplates cohtaf N B O il REBYE @ yASYy {oSyymda A C! { «

Probe HROXMix0 . A2t Ay S | {! Ly Oz ¢ FdN®iG2S/Z layl R In dpdp> > {2
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order to prevent genomic DNA contamination in RNA samples from blood and skeletal muscle,
samples were treated with DNas@&ribion DNAfree kit, Life Technologies, Grand Island, NY)
prior to amplification oHSP70The following PCR conditions were employed: 95 °C for 10
minutes followed by 40 cycles of 95 °C for 15 seconds and 60 °C for 60 seconds, as

recommended by the manutdurer.

Differences in RNA isolation and cDNA construction between samples were corrected-using
gusas an internal control for each sam{ereathnach et al., 20Q6Relative differences in

cytokine mRDM expression resulting from exercise were determined by relative quantification
(RQ). RQ provides accurate comparison between the initial levels of target cDNA in a sample
without requiring that the exact copy number be determined. The RQ is calculategl the!

equation RQ=2""¢KSNB nn/ G Bphé GobBE ¥YOWNISH2NDSE IgyR n/ i
Ct housekeeping gerneivak and Schmittgen, 200I'he-30 exercise and control samples for

each group of horses (young and aged) were averaged and the group average used as the
calibrator for sibsequent calculation of RQ and reflettie change in cytokine gene expression
post-expression relative to the calibrator for its respective group. Negative controls included
template negative samples and genomic DNA controls. In thisedelogy, hematocrit was not
standardized and white blood cells were not counted. Whole blood contained, by definition, all
red and white blood cells present, and expression was normalized to the housekeeping gene to
account for variations between sampl&kampling of skeletal muscle concurrently with

peripheral blood could potentially lend clues to patterns R8P7@nd HSP9@xpression on a

whole-animal scale.
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Westernimmunoblotting

Skeletal muscle samples were suspended in bysdifer (1% TritorX 100, 50 mM HEPES, 80 mM

i -glycerophosphate, 2 mM EDTA, 2 mM EGTA, 10 mM NaF, 0.1% SDS, supplemented with 0.1
MMPMSFM >3k Yf SIFIOK 2F FLINRGAYAYS €SdzZlSLIAYZ | yR
NaO) and homogenized via mechanidatuabtion (BeadBug Microtube Homogenizer,

Benchmark, Edison, NJ). Samplese incubated at 4 °C for one hour with gentle agitation then
centrifuged 10,000xg for 10 min. The resulting supernatants were assayed for protein with the
BioRad Protein Assay (Biad, Hercules, Ca). Proteins were separated by@ih@crylamide

gel electrghoresis (PAGE) on 10% gé&leoteins were transferred to PVDF (0.45 mM; Millipore,
Bedford, MA) membrane&qual sample loading and successful protein transfer was verified by
PonceausS stain (&iosciences, St. Louis, M®)embranes were blocked for 1 h at room
temperature in Trigbuffered saline+0.05% Twee® (v/v) (TBS) and 5% noffat dried milk

(w/v), and incubated with primary antisera at 4°C overnight with gentle agitatio

Primary antibodies for HSP70 (Abcam, Cambridge, MA) and HSP90 (Santa Cruz Biotechnology,
Dallas, TXredicted to work in equine samples were useditect proteins of interestA

polyclonal primary antibody for GAPDH (Imgenex, San Diego, CA) wds aeatirm equal

loading and for signal quantificatioMembranes were then washed in TB&nd incubated for

1 h at room temperature with appropriate HRBnjugated secondary antibodies. Peroxidase
activity was detected with ECL Prime (GE, Pittsburgh,Ba#d intensity for proteins of interest

was quantified via densitometry (FluorChem, ProteinSimple, Santa Clara, CA), with values made

relative to a standard samplein on each gel
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Statistical analysis

Data were analyzed for main effects using a-tmay ANOVA for repeated measures to evaluate
the differences between young and aged mares and in response to exercld8R3@&nd
HSP9@xpression in whole blood and skeletal musaled HSP70 and HSPpfbtein levels in
skeletal muscl¢SigmaStat 3.1, Qg Software, San Jose, CA). Post comparisons of means
were conducted using StudeieumanKeuls for paiwise multiple comparisons where

appropriate. The null hypothesis was rejected wief.05.

Results

Whole blood HSP expression

Figure 31 displaysHSP7@&nd HSP9@xpression in whole blood of young and aged mares
undergoing acute submaximal exercise or standing control treatments. Young mares had
increased expression 6fSP7@t 2 P=0.049) and 4R=0.019) hours postxercise, while aged
mares had inreased expression 6fSP7@t 2 hours posexercise (P<0.001). The increased
expression 0HSP70n young mares represented a-9dld increase at 2 hours pasixercise and
a 40fold increase at 4 hours posixercise as compared to restiktpP7@xpression Aged
mares had a 24old increase itHSP7@xpression at 2 hours pogiercise as compared to
restingHSP7@xpression. Young mares had-foRl greater increase iRSP7@&xpression at 2
hours postexercise than aged mareB=0.006). There were no diffences within or between

young and aged standing control samplesQ.05) Figure 31).

Exercise significantly increasei®P9@xpression in blood of young mares at 2 hours post
exercise P<0.001), which represented anf8ld change of HSP90 expression @aspared to

resting HSP90 expression. There were no significant changes due to exercise in aged mares at
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any time postexercise P>0.005). There were no differences between or within young and aged

standing control sample$#%0.005) Figure 31).

Skeletal miscle HSP expression

Figure 32 displaysHSP7@&nd HSP9@xpression in skeletal muscle of young and aged mares
undergoing acute submaximal exercise and standing control treatmel®B7@&xpression was
significantly elevated in skeletal muscle of youngsesrat 4 hours postxercise P<0.001).
MeanHSP7@xpression was increased-1@d in young horses at 4 hours pesstercise as
compared to rest. There was also a significant effect of exerci$¢SBY@xpression in aged
horses at OR=0.001) and 4 hourd=0.002) posexerciseHSP7@&xpression was increased 4
fold at 0 and 4 hours postxercise versuslSP7@xpression imestingaged mares. There were
no differences iHSP7@xpression in skeletal muscle between young and aged horses at any
time postexercise >0.05). There were no differenceshi$P7@xpression within young
(P>0.05) or agedR>0.05) standing controls. However aged mares had at lefdtiQyreater

HSP7@xpression than young mares at all control timepoirs@.001) Figure 32).

HSP9@xpression was increased at 4 hours pesercise in skeletal muscle of both young
(P<0.001) and agedP£0.003) mares. ChangesHi$SP9@xpression in both young and aged
mares postexercise versus restintgSP9@xpression represented a +.8nd 1.3fold change,
respectively. There was no significant effect of ag&l8fP9@xpression posexercise, however
(P>0.05). There were no differences within or between young and ageulstg control

samples (P>0.05Figure 32).
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Western immunoblotting

Total HSP70 protein concentration in skeletal muscle samples from young and aged mares was
determined in both exercised and control horses. Western immunoblotting and densitometric
analysis revealed no effect of age or acute submaximal exercise on HSP70 protein concentration

in gluteus medius skeletal musck>0.05) Figure 33).

Additionally, total HSP90 protein concentration in the same skeletal muscle samples from young
and aged mare undergoing either exercise or standing control treatments was determined.
Western immunoblotting and signal quantification revealed no effect of age or acute

submaximal exercise on HSP90 protein concentration in these sarfpl@9%) Figure 34).
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Figure 31. HSP7@&nd HSP9@xpression in whole blood in response to acute submaximal
exerciseMean = s.e. relative quantity values for expressior8P7{3-1.A) andHSP9@3-1.B)
in whole blood in response to acute submaximal exercise or standingotobfata points
represented are those collected from horses before exercise or control treatm@&@ts(d-1
min), and at 0, 2, 4, 24 and 48 peastercise or standing control. A deltg §ymboldenotes an
exercise related difference. Different superptsi(a, byepresent differences due to age.
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Figure 32. HSP7@&nd HSP9@xpression in skeletal muscle in response to acute submaximal
exerciseMean = s.e. relative quantity values for expressior8P7{3-2.A) andHSP9@3-2.B)

in gluteus mediusn response to acute submaximal exercise or standing control. Data points
represented are those collected from horses before exercise or control treatm@&@ts(d-1
min), and at 0, 2, 4, 24 and 48 peastercise or standing controA delta (1 ) symboldenotes an
exercise related differencdifferent superscripts (a, Ib@present differences due to age.
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Figure 33
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Figure 33. HSP70 protein content in equine skeletal museieesponse to acute submaximal
exercise Example of typical western immunoblotting results in skeletal muscle samples from
young mares (n=6;-3.A) and aged mares (n=6338). Samples were taken before exercise

(Pre), and at 0, 4, 24 and 48 hours post exercise. Each exercised horse (E) fmadtthesl

standing control (C) samples taken on separate testing days. Chemiluminescence signals at 70
kDa correspond with HSP70, while signals at 37 kDa correspond with the loading control GAPDH.
Chemiluminescence signals were quantified via densitomeiit, values normalized to a

control sample run on each gel. Values are reported as mean + s.e. arbitrary i@ Band
guantification showed no change in HSP70 content due to either age or acute submaximal

exercise.
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Figure 34
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Figure 34. HSPO protein content in equine skeletal muscie response to acute submaximal
exercise Example of typical western immunoblotting results in skeletal muscle samples from
young mares (n=6;-8.A) and aged mares (n=6438). Samples were taken before exercise

(Pre), and at 0, 4, 24 and 48 hours post exercise. Each exercised horse (E) madtthes

standing control (C) samples taken on separate testing days. Chemiluminescence signals at 90
kDa correspond with HSP90, while signals at 37 kDa correspond with the loading control GAPDH.
Chemiluminescence signals were quantified via densitomeiiti, walues normalized to a

control sample run on each gel. Values are reported as mean * s.e. arbitrary vhi® Band
guantification showed no change in HSP90 content due to either age or acute submaximal
exercise.
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Discussion

The obijective of this study was to charactedi#f8P7@nd HSP9@ene expression in whole

blood and skeletal muscle, and to characterize HSP70 and HSP90 protein concentrations in
skeletal muscle of young and aged Standardbred mareP.GR of whole blood vealed that

while both young and aged mares had increased expressibi$Bf7Gollowing exercise, young
mares had significantly highefSP7@xpression than aged mares, and the exeramskiced
increasedHSP7@xpression had a longer duration in young n&akSP70n skeletal muscle was
increased immediately following exercise in old mares, and remained elevated until 4 hours
post-exercise, while in skeletal muscle of young maHSP7@xpression was increased only at

4 hours post exercisélSP9@xpressia in whole blood increased in response to exercise only in
young mares, whilelSP9@xpression in skeletal muscle was increased at 4 hoursep@stise

in young and aged mares.

Interestingly HSP7@xpression in skeletal muscle from aged standing contiarkes was greater
than expression in young standing control mares. This could be partially related to increased
reactive oxidative species preseantaged tissu€¢Halliwell, 1989Papa and Skulachev, 1997

Fulle et al., 2004Genova et al., 2004.iochev, 201Bsince it has been suggested that redox
imbalance can lead to increased HSP70 transcrighitadamanchi et al., 200Ahn and Thiele,
2003, and that HSP70 can counteract cellular damage caused by increased reactive oxidative
specieqCurrie et al., 1988Vlocanu et al., 1998 However, oxidative stress was not assessed in
the skeletal muscle samples taken from the current study, so no direct correlation between

antioxidant status andHSP7@xpression in resting, aged muscle can be claimed.

Western immunoblotting did not reveal changes in protein concentration of HSP70 or HSP90 in

skeletal muscle from young or aged horses. The observation of changes in HSP gessaxp
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without concurrent changes in protein is not without precedent in the literature. Increased
expression oHSP70n whole blood and skeletal muscle has been seen following acute exercise
in humans, with no related increase in HSP70 protein obsdg®edtschart et al., 1996

Febbraio and Koukoulas, 2Q8@alsh et al., 200IMilne and Noble, 200Zebbraio et al., 2004
Other studies have shown increases in HSP70 protein content occurring from 24 hours to 7 days
following acute nordamaging exercisgKhassaf et al., 200Morton et al., 2006Paulsen et al.,
2007). Regarding differences in HSP protein content due to age, skelatalle HSP70 content

in young and aged sedentary rats were not different following acute exdidaeo et al.,

2001h. The study described here and previous investigations into changes in HSP protein
concentrations have typically relied on sequiantitative methods, and have typically reported

high individual variation in the HSP response to disturbances in homeodthsise factors may
explain the sometimes conflicting results found in the literature regarding HSP protein in tissues

following exercise or exposure to other stressors.

Rodent(Blake et al., 199t&regel et al., 1999 ocke and Tanguay, 19%6eydari et al., 2000
human(Deguchi et al., 198&Rao et al., 199Njemini et al., 2002Njemini et al., 2003Viarotta

et al., 2007 and cellularLiu et al., 198Pmodels of aging have shown that HSP70 and HSP90
gene expression and protein production is reduced in various tissues after heat stress. Given
that HSPs are important mediators of cellular function and survival, their decline likely plays a
large part in ageelated changes in endocrine, immune and tissue function. Since exercise is a
proven inducer of HSP expression, the regulation and function of HSReletal muscle is a

logical course of investigation. Overexpressior8P70n adult and aged mice contributed to
enhanced skeletal muscle recovery from damaging exe(®lsérdle et al., 2004aand reduced
accumulation of oxidation products and maintenance of cellular survival signaling following non

damaging contractiofBroome et al., 2006 Evidence from rodent and human studies suggests
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that increased HSP70 production can modulate gosrcise cytokine productiofisea et al.,
2000 Hung et al., 2003Paulsen et al., 20Q.7Exercise conditioning increases HSP70 protein
content in skeletal muscle of young and agetsy but aged rats had significantly lower HSP70

content in fasttwitch musclegNaito et al., 2001p

The HSP90 respee to exercise has not been as extensively studied as HSP70. It is known that
HSP90 contributes to refolding of denatured protefNsithan et al., 1997and signal

transduction for tyrosine and serine/threonine kinag@digue et al., 1994Strepanova et al.,

1996 van der Straten et al1997) following disturbances in homeostasis. HSP90 is crucial for
proper activity of, and signaling through, the glucocorticoids recefRacard et al., 1990

Bohen, 1995Eckl and Richter, 20L3Pecreased expression of HSP90 in aged tissue has been
documented in human@~aassen et al., 198Blunter and Poon, 199Rao et al., 1992and rats
(Zhang et al., 2002Interestingly, impaired recovery from heat shock has been shown to result
from HSP90 inhibition, suggesting that interactions among the different members of the HSP
family are required for proper cellular recovery aombtection from stresgDuncan, 2005p It is

worth recalling that HSP70 and HSP90 are involved in@ggalation of the HSP response

through binding of HSF1, and that by inhibiting the response of HSP90 one may reduce HSF1
action on the genomerherefore, the roles of HSP90 and its decline during aging warrant
further investigation, especially in relation to changes in its production in response to acute and
chronic homeostatic perturbations, its relation to glucocorticoid signaling, and itende on

expression of other HSPs.

Exercise conditioning changes the magnitude and timing of the HSP response to acute exercise
in rodents and human@-ehrenbach et al., 200Gonzalez et al., 200McClung et al., 2008

Morton et al., 2008. Evidence presented here suggests that aging also alters the magnitude and
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timing of HSP7@&nd HSP9@xpression in whole blood and skeletal musei&P70 protein

content in human skeletal muscle is influenced by muscle fiber pherapg exercise

conditioning backgroun@Folkesson et al., 20).3t should be noted that fast twitch, oxidative
muscle fibers decrease with age in ré&éngh and Kanungo, 196d man(Larsson et al.,

1978 and that aged horses also experience a lossxafative fiber typeglLehnhard et al., 2004

Kim et al., 200p The altered magnitude and timirg HSP7@ndHSP9@xpression in skeletal
muscle from aged horses may therefore be understood as a result of shifts in muscle fiber types
that occur with aging, and possible changes in the stimulus threshold requiggdtopt HSP

expression.

It has beersuggested that HSPs, especially HSP70, aid in the restoration of insulin signaling by
counteracting chronically activated inflammatory pathwéyCarty, 2006Geiger and Gupte,
2011). There is evidence that HSPs may modulate the effects ahfieanmatory cytokinegvan
Eden et &, 2005 Yamada et al., 20QNoble and Shen, 2012Vanipulating the HSP response
has attenuated insulin resistance in rodéAtalay et al., 2004Chung et al., 20Q&upte et al.,
201Q Geiger and Gupte, 201Kondo et al., @12) and cellulafDrew et al., 2018models. There
has been a welllocumented reduction of HSP expression in hum@asucz et al., 200Bruce
et al., 2003Burkart et al., 2008Chung et al., 200&nd rats(Atalay et al., 200400ie et al.,
2005 Gupte et al., 2008with insulin resistance. Inhibition of the HSP respomas been
associated with increased inflammatory mediat{ai et al., 2000Heydari et al., 200Park
and Liu, 2001Wang et al., 2006avarotta et al., 2007Chung et al., 20Q8{ooper and Hooper,
2009 Geiger and Gupte, 20).1To date, there have been no investigations relating

inflammation, insulin resistance and heat shock proteins in horses.
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The HSP response to exercise in horses has received limited study tHHSRa@xpression

was increased following acute submaximal exercise in gluteus medius samples from trained
horses(Poso et al., 20021In a second study, muscle biopsies were taken before exercise and
four hours postexercise irtrained horses, and were analyzed fidranges iHSP7@&nd HSP90
HSP70 and HSP90 were not altered at 4 hours-@ostcise, however, markers of oxidative
stress were elevate(Kinnunen et al., 2005In a third studytrained Standardbreds were used

to study theeF ¥ S O-lipoi@aEid, A known antioxidant, supplementation on HSP72 expression
(Kinnunen et al., 2009 Trained horses underwent acute submaximal exercise tests before and
after 5 weeks of antioxidant supplementation. Muscle biopsies were taken at the time of each
exercise test; specifically at resind at 6, 24 and 48 hours pestercise. Each horse served as

its own control(Kinnunen et al., 2009At 24 hours posexercise, skeletal muscle HSP70 was
elevded in response to treatment as compared to control samples. HSP90 expression was not

altered by either acute exercise or antioxidant supplementafkimnunen et aJ.2009.
Conclusions

This study indicates that expression of HSPs in whole blood can be used as a biomarker for
disturbances in homeostasis, especially exercise, and the effects of aging in horses. Caution
should be used before making inferences osuisspecific HSP expression, however. Also,
changes in mRNA may not directly translate into changes in protein. The results presented here
also support previous findings thBSP70s more active thatdSP90@ollowing acute exercise in
whole blood and skeletal muscle. Changes in HSP70 and HSP90 content may contribute to loss
of functionality, but it remains to be seen if exercise conditioning changes HSP expression and
protein in aged horses, and how those ohas would compare to adaptation in young horses.

Finally, development of tools to better quantify HSP protein in tissue is needed. Most studies to
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date have employed serguantitative methods to measure HSP protein response to exercise or
other stressorssuch as western immunoblotting, immunohistochemistry or flow cytometry.

This may explain lack of observed changes in HSP protein following acute exercise in several
published papers and in this study. Understanding HSPs in the adaptive response tostresso
will allow for a better understanding of how exercise conditioning and environmental

management can be optimized for the betterment of equine athletes and aging horses.
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Chapter 4

Glucoseinsulin homeostasis and characterization of
proteins inwlved in glucose uptake signaling in
equine skeletal muscle



88

Abstract

This study tested the hypothesis that glucassulin homeostasis, and activationmbteins
involved in skeletal muscle glucose uptake in hoesesaltered byage andacute,submaximé
exercise. Unconditionegoung (n#; 5.5 + 2.8 yeargndaged (n=6; 22.6 + 2.25 years)
Standardbred mares were assessedif@ulin sensitivityia frequently sampled intravens
glucose tolerance test (FSI5 All mares then underwent a single bout vbsiaximal exercise.
Plasma insulin and glucose concentrations were measured via radioimmunoassay and-enzyme
electrode interface, respectivelgluteus mediubiopsies were taken preand postexercise,
andwere analyzed via western immunoblotting for chasgin activation of AMPK, Akt and
AS160. Miniral model analysis of FSI@nd repeated measures ANOVA were utilized to analyze
data. The null hypothesis was rejected whHa®.05. There was no difference between young
and aged mares for minimal modedrameterg(P>0.05). In response to acute exercise, young
mares had an elevated insulin concentration aP20.009) and 4R=0.007) hours while aged
mares had elevated insulin at 3B<0.001) and 60R=0.001) minutes postxercise Neither age
nor exercige alteredinsulin area under the curvé\Cj (P>0.05). Glugse concentration was
elevated from 0 minutes t@ hours postexercise in young mareB<{0.001), while in aged mares
glucose remained elevated only until 60 minutes pestrcise P=0.037) Plasmaglucose
concentration in young mares was significantly greater than in aged mare®ad @®(8), 30
(P=0.009), 60 minuted?€0.041) and 2 hour$>£0.017) posexercise Exercise caused an
increase irglucose area under the cur¢AUCgin young P=0.007)and agedP=0.031) mares,
however there was no age effect on AUEgQ.05). Neither age nor exercise altermectivation

of AMPK, Akt or AS160 (P>0.05). In conclusion, age alone is not sufficient to alter insulin
sensitivity in horsesAlso,neither age noa single bout of submaximal exercise was sufficient to

alter activation ofproteinsinvolved in glucose uptake in muscle.
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Introduction

Changes in glucosasulin homeostasis haugeen reported to occur with agg in horses

(Malinowski et al., 2002Nielsen et al., @10, Liburt et al., 201, with reduced insulin sensitivity
(Malinowski et al., 2002 Y R NB RdzOS R A y i rdsgonsivéhésdliBpbried y | Y R
horses over the age of ZQiburt et al., 2012 Insulin resistance has also been reported in aged
humans(Boirie et al., 2001Scheen, 200/nd rats(Carvalho et al., 199&iang et al., 2007
Previously reported findings implieatoss of insulin sensitivity, insulin resistance and equine
metabolic syndrome in several equine pathologies, including impaired reproductive function
(Vick et al., 2006 hepatic lipidosigJohnson et al., 20)2o0setochondrosigRalston 1996

Johnson et al., 2032nd laminitis(Coffman and Colles, 1988ield and Jeffcott, 198%®ass et

al., 1998. The direct connection between insulin resistance and laminitis remains unclear, but
most likely relates to changes in glucose availability, vasculature and the inflammatory milieu, all

influencing the health and structure of hoof tiss{ieeiber et al., 2006

Intenseexercise in aged horses results in greater plasma insulin concentrations as compared to
young hoses, possibly indicating a greater requirement for muscle glycogen repletion
(Malinowski et al., 2002 Exercise training in aged horses moderately alters the insulin response
to acute exercise and improveserall insulin sensitivity, however insulin dynamics remain
significantly different in aged verses young hor@dalinowski et al., 200Z4.iburt et al., 2012

The mechanisms behind changes in gludaselin homeostasis, arabdaptive changes due to
exercise training, have not been thoroughly investigated in equine tidgakecular signaling
intermediaries may be the key to understanding and ameliorating changes in ighudiose

homeostasis and loss of functionality in adexnses.
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The comparative literature indicates that several molecular modulators of insulin signaling and
glucose uptake are altered by exercise or d&yee such mediator of cellular homeostasis is
AMPK a highly conserved enzyme that regulates energy hosteesis(O'Neill, 2013 There is

ample evidence that AMPK is activated during exercise in skeletalemisiumans and
rodents(Winder and Hardie, 19961utber et al., 1997Rasmussen and Winder, 1997avvas et

al., 1997 Winder et al., 1997Hayashi et al., 199&asmussen et al., 1998lemann et al.,

19993 Fujii et al., 2000Wojtaszewski et al., 200Chen et al., 2003As demonstrated in mice
cellular glucose uptake in response to exercise is moderated by AMPK, independent of insulin
signalingO'Neill et al., 2011 Decline of skeletal muscle AMPK activity has been associated with
aging and insulin resistance in rg@iang et al., 200Paturi et al., 201p AMPK activity has not

been investigated in aged horses.

In response to insulin signalindpet PI3K pathway is responsible for translocation of GLUT4 to
the cellular membrane in order to transport glucostoithe cell(Quon et al., 199%ohn et al.,
1996 Cong et al.1997 Dugani and Klip, 2005hiki and Klip, 2003 hong et al., 20050ne
member of the PI3K pathway is Akt, which has many functdren phosphorylatedincluding
direct stimulation of GLUT4 translocation to the cellular membr@gon et al., 1995Dugani
and Kilip, 2005Ishiki and Klip, 2009 'hong et al., 2005 Inhibition of Akt has been associated
with impaired insulin signaling and cellular glucose upiakeuman tissue culturé<rook et al.,
1998 Zeng et al., 20QGGonzalez and McGraw, 2Q0ang et al., 2006fand in human skeletal
muscle Decline of skeletal muscle Akt has been observed withrages(Paturi et al., 2010

Trott et al., 2013 however Akt activity remains to be studied in aged equine skeletal muscle.

The most distal signaling protein involved in the inswdimd contractiondependent GLUT4

translocation is known as the Akt substrate protein of 160 kDa (ASK&@ner et al., 2006a
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Kramer et al., 2006 hyfault et al., 2007%&akamoto and Holman, 2008n an unstimulated

state, AS160 is unphosphorydat and acts to anchor GLUT4 within the cytoplasm. When AS160
is phosphorylated through Akt action, GLUT4 exocytosis o¢thysault et al., 2007,é&akamoto

and Holman, 208). Activation of AS160 via the PI3K/Akithway has been observed in both rat
(Bruss et al., 20Q%\rias et al., 2007kand human skeletal musc{®eshmukh et al., 2006

Karlsson et al., 2006Reduced activation of AS160 has been observed in hidatsson et al.,
2005 and rodent(Lessard et al., 200Bakamoto and Holman, 200&0dels of insulin
resistanceand has been shown to changdthvagein rat skeletal muscl@Gupte et al., 2008

AS160 may therefore represent a point at which to study the effects of age and exercise on the

activity of the PI3K/Akt and AMPK signaling pathways in equine skelesalen

The obijective of this study was to evaluate insulin sensitivity in young and aged mares, and to
evaluate the role of molecular signaling mediators related to glucose uptake in skeletal muscle
of young and aged horseghis study tested the hypothesthat glucosénsulin homeostasis,

and activation oAMPactivated protein kinas€AMPK), the protein kinase Akt, and the Akt
substrate protein of 160 kDa (AS160) in equine skeletal muscle are altered bysabaotaximal

exercise and by aging.

Materials and methods

Animals

Twelve unconditioned Standardbred mares weeparated into an aged group<6; average

age = 22.6& 2.25 yearsand a young groumEb6; average age = 552.8 years)Standardbreds

have low genetic diversity and high inbreeding caedfits(McCue et al., 201 Petersen et al.,

2013, therefore a random sampling of young and aged mares was deemed to be an appropriate

model for this experiment. lres were housed in twacre drylots and givead libitumhay,



92

water, and mineral blocks. Feed was removed before exercissangle collection. All mares
were previously acclimated tive equine exercise physiology @atory and procedureNone

of the mares exhibited phenotypic signs of pituitary pars intermedia dysfunction or equine
metabolic syndrome, such as lack of coaddiing, hirsutism or abnormal fat distributigiller

et al., 2008. All horses were of similar body weight and body cdaditThis experiment took
place during the early spring, but mares did not exhibit any signs of estrus, indicating that the
study took place within the seasonal anests period. All methods and procedures used in this

experiment were approved by thHeutgers University Institutional Animal Care Review Board.

FSIGT

Three mares were randomly selected for modified frequently sampled intravenous glucose
tolerance (FSIGT) testing each day for four consecutive days. Mares were brought into stalls the
morningof the test at 07:0hoursand weighed on an electronic scale. Grass hay and water

were availablead libitum A jugular catheter was inserted percutaneously using sterile

techniques and with lidocaine anesthesia.

Baseline blood samples were collected&t30 and 08:59. At approximately 09:00 the test

began with infusion of a glucose bolus of 0.3 g/kg body weight (dextrose solution 50%, Phoenix
Pharmaceutical, St. Joseph, MO) over two minu¢20 minutes following the glucose dose, an
insulin bolus (Honulin R, Eli Lilly & Co, Indianapolis, IN) of 30 mU/kg body weight was

administered. No mares exhibited signs of hypoglycemia during or after the test.

Blood samples were collected &0, 0, 1, 2, 3, 4, 5, 6, 7, 8, 10, 12, 13, 16, 19, 22, 23, 24, 25, 27,
30, 35, 40, 50, 60, 70, 80, 90, 100, 120, 150 and 180 min after glucose administration. Samples
were placed in prehilledlithium heparinblood collection tubes (Vacutainer, Franklin Lakes, NJ)

and centrifuged at 3,000xg at 4 °C for 10 min. Plasma fara@hation of insulin concentration
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was frozen at80 °C. Insulin concentration was determined via radioimmunoassay (RIAYCoat
Count, Siemens, Los Angeles, CA) kits previously validated for use in(Rogsetone et al.,

1991). Samples were counted for 1 min in a gamma counter (Packard Instrument Co, Meridan,
CT)Within assay cdicient of variation for insulin was 2.66%®lasma glucose concentration

was determined via enzyraglectrode interface (ABL 800 Flex, Radiometer, Westlake, OH).

Acute exercise tests and sample collection

The exercise test in this study employed a ciogsr design in which mares were randomly
assigned taexercise (E) orontrol (C) groupsandwere then crossedover so that each horse
served as its own control. Prior to undergoing an acute bout of submaximal exercise, all mares
first underwent an incrememat exercise test on a Satdighspeed treadmill to determine the

velocity at which blood lactate reaches 4 mmaNAag).

After completion of thancremental exercise teseach horse completed an acugabmaximal

exercise testvhich consisted of runningt the velocity corresponding witth asuntil fatigue

Every testing day three horses completed the exercise tests and three horses served as standing
controls. Four weeks after the acusebmaximal exercise test®rses were crossedverso that
previoudy exercised mares were usedstanding contrad, and previouly standing control

mares completed the acuteubmaximakxercise tests.

Whole blood was collected via indwelling catheteliimum heparinblood collection tubes,

with plasma separated for analysis of insulin and glucos&daand-1 min prior to exercisegnd

0, 30,60 min 2, 4, 24 and 48 hourgostexercise Time matched blood samples were collected
from control horses. Plasma insulin meentrations were determined via RIA as described above.
Within assay coefficient of variation for insulin was 6.8B%sma glucose concentration was

determined via enzymelectrode interface at the same timepoints, as described above.
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Percutaneous skefal muscle biopsies of the gluteus medius were obtained in a-tma&ched
manner from exercised andontrol horses via Bergstrém biopsy needle at a site-thirel the
distance along a line running from the tuber coxae to the root of thgltadholm and Piehl,
1974). Biopsies were taken 80 minutes prior to the bout of acute exercise, immediately
following exercise, and at 4, 24 and 48 hopost-exercise Biopsies war obtained from a
depth of 8 cmand amples were immediately frozen in liquid nitrogen and storeeBaf C until

analyzed via western immunoblotting.

Western Immunoblotting

Skeletal muscle samples were suspended in lysis buffer (1%-Xrit60, 50 mM HEES, 80 mM

i -glycerophosphate, 2 mM EDTA, 2 mM EGTA, 10 mM NaF, 0.1% SDS, supplemented with 0.1
MMPMSFy >3kYf SIOK 2F FLINRGAYAYS €SdzZlSLIGAYZ | yR
NaO) and homogenized via mechanical disruption (BeadBug Microtube Idnoineg

Benchmark, Edison, NJ). Samplese incubated at 4 °C for one hour with gentle agitation then
centrifuged 10,000xg for 10 min. The resulting supernatants were assayed for protein with the
BioRad Protein Assay (BioRad, Hercules, Ca). Proteinseyemated by S2olyacrylamide

gel electrophoresis (PAGE) on 10% gels for AMPK and Akt or 12.5% gels for AS160. Proteins were
transferred to PVDF (0.45 mM; Millipore, Bedford, MA) membraBgsal sample loading and
successful protein transfer was verdiby Ponceat$ stain (&@iosciences, St. Louis, MO).

Membranes were blocked for 1 h at room temperature indiidfered saline+0.05% Twe&®

(v/iv) (TBST) and 5% noifat dried milk (w/v), andvere incubated with primary antisera at 4°C
overnight with getle agitation.Primary antibodies forAMPK and AMPK (Santa Cruz

Biotechnology, Dallas, TX}ARt and Akt (Cell Signaling Technology, Danvers, MA),-&%1 60

and AS160 (Milliporeillerica, MA) predicted to work in equine samples were used to detect
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proteins of interest A polyclonal primary antibody for GAPDH (Imgenex, San Diego, CA) was
used to confirm equal loading aridr signal quantificationMembranes were then washed in

TBST and incubated for 1 h at room temperature with appropriate HBRjugated secondary
antibodies. Peroxidase activity was detected with ECL Prime (GE, Pittsburgh, PA). Band intensity
for proteins of interest was quantified via densitometry (FluorChem, ProteinSimple, Santa Clara,
CA), with values made relative to a standarchpbe. Quantification of phosphorylated proteins

was made relative to total protein signals, while total protein quantification was made relative

to GAPDH signal.

Statistical analysis

Data were analyzed for main effects using a-tway ANOVA for repeatedeasures to evaluate

the differences between young and aged mares in respect to insulin and glucose during the
FSIGTT. A twway ANOVA for repeated measures was used to evaluate the effects of age and
exercise for plasma insulin and glucose, anMPK, ANPK, PAkt, Akt, PAS160 and AS160 in

skeletal muscle (SigmaStat 3.1, Systat Software, San JQs@y€a8 under the curve were

calculated for insulin (AUCI) and glucose (AUCQg) (SigmaPlot 9.0, Systat Software, San Jose, CA).
Posthoc comparisons of meansane conducted using StudeiteumanKeuls for paiwise

multiple comparisons where appropriateinear regression analysis was used to determine
correlations between factorsyhere appropriate The null hypothesis was rejected when

P<0.05.
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Frequently sampled intravenous glucose tolerance test

Insulin sensitivity (St)the capacity of insulin to promote glucose dispogdlcose effectiveness

(SGYX; the capacity of glucose to mediate its own disposal without change in plasma insulin;

acute nsulin response to glucose (AlRgjuantification of endogenous insulin secretion in

response to the glucose dose; adidposition indeXDI)¢ci KS A Y RSE {deh & RS&AONA 6
responsiveness while accounting for both endogenous insulin secretion (AlRg) aere

determined in each mare by FSIGT testing and Minimal Model analysis qHddfiaan et al.,

2003. Minimal Model analysis revealed no difference between the means of young and aged

maresfor Sl, SG, AIRg DI (P>0.05)(Table 41). Area under the curve for both insulin (AUCI)

and glucose (AUCQ) were not different between young and aged nRu@9%)(Figure 41).

Also, there were no differences in baseline insulin or glucose between young and aged mares

(P>0.05).
Table 41

Young Aged
Insulin sensitivity (SI) (I/mU/min) 2.32+£0.96 2.46 £1.06
Glucose effectiveness (it 0.020 + 0.003 | 0.025+ 0.003
Acute insulin response to glucose (AIRg) (mU x min/l) | 70.74 £ 30.67 | 162.14 + 38.94
Disposition index (AIRg x SI) 101.61 £ 48.54 | 424.63 + 216.44

Table 41. FSIGT result€omparison of minimal model data for young (n=6) and aged (n=6)
mares. Data are expressed as mean = s.e. There was no difference between young and aged
horses for insulin sensitivity, glucose effectiveness, acute insulin response to glucose or
dispositionindex £>0.05).
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Figure 41
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Figure 41. Insulin and glucose during the course of a frequently sampled intravenous glucose
tolerance (FSIGT) tedtlean £s.e.plasmainsulin and glucose concentrations in young mares
(4-1.A) and aged mares-MB) during=SIGT testing fror30 to 180 minutes.
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Plasma insulin and glucose in response to exercise

RIA determination of plasma insulin concentration in response to acute submaximal exercise
showed that pyung mares had an elevated insulin concentration &=0(009 and 4 P=0.007)
hours while aged mares had elevated insulin atB@®(001) and 60R=0.001) minutes post
exercisg however there was no significant difference between age groups at these times

(P>0.05) Figure 42). Neither age nor exercise caused a significant change in RLOE).

Glucose concentration in response to acute exercise, as determined via eelyti®de
interface, revealed that young mares had elevated plasma glucose concentratidns at
(P<0.001) 30 (P<0.001) 60 minutegP<0.001)and2 hours postexercise P<0.001), while in
aged maregllucose remained elevated only a{f<0.001) 30(P=0.006) and60 minutes
(P=0.037) post-exercise Plasma glucose concentration in young mares was significantiyegre
than in aged mares at ®£0.008), 30F=0.009) and 60 minute®£0.041)post-exercisgFigure
4-2). Exerciseaused an increase in AUCg in youPeg(007) and agedP£0.031) mares;
however there was no difference in AU@ge to age P>0.05) There was no difference in
plasma glucose concentration or AUCg betwgeang and agedtanding contromares

(P>0.05).

Finally, there were no differences in baseline insulin and glucose between young and aged

mares P>0.05).

Regression analysis

Linear regression analysis revealed a significant correlation between plasma insulin and plasma
glucose concentrations following exercise in both aged.31;P=0.022) and young mares

(R=0.376;P=0.008).



99

Figure 42. Mean * s.e. fasma insulinand glucoseconcentratiorsin response tcacute
submaximal exercisePlasmainsulin (42.A) and glucose {4.B) concentrations in young (n=6)
and aged (n=@Amares in response to acute submaximal exercise or standing coData. points
represented are those collectddbm before exercise or control treatments3Q and-1 min),

and at 0, 30, 60 min, 2, 4, 24 and 48 peseércise or standing control. A deltg) 6ymbol

denotes an exercise related difference. Different superscripts (@p@¢sent differences due to

age.
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Figure 42
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Western immunoblotting

Skeletal muscle content of several proteins believed to be involved with glucose uptake was
guantified via western immunoblotting and densitometry in samples from young and aged
mares that underwent acute submaxal exercise or standing control treatmenkgures 43,

4-4 and4-5illustrate western immunoblotting results for AMPK, Akt and AS160 in, respectively.

Phosphorylated AMPE-AMPK)vas not altered by acute submaximal exerdiseither age
group(P>0.05) and was not different between young and aged standing con{R»8.05).Total
AMPK was not altered by acute exercise in either age group, and was not different between

either young or aged standing control hors€s@.05)(Figure 43).

Concentratims of phosphorylated Akt {Rkt) were not altered by exercise in young and aged
mares P>0.05), and were not different between young and aged standing conieGd5).
Additionally, total Akt concentrations were not altered by age or acute submaximadisse

(P>0.05), and were not different between young or aged standing control hoFsgsré 44).

Concentration of phosphorylated AS166AB160) was not altered in young or aged horses
under either exercised or standing control conditioRs{.05).TotalAS160 protein
concentrations also did not change in young or aged horses undergoing either acute submaximal

exercise or standing control treatment3>0.05)(Figure 45).
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Figure 43. RPAMPK and AMPIgrotein content in equine skeletal muscle in responseacute
submaximal exerciseExample of typical western immunoblotting results in skeletal muscle
samples from young mares (n=634A) and aged mares (n=6348). Samples were taken before
exercise (Pre), and at 0, 4, 24 and 48 hours post exerciseekamised horse (E) had time
matched standing control (C) samples taken on separate testing days. Chemiluminescence
signals at 63 kDa correspond withtARIPK and total AMPK, while signals at 37 kDa correspond
with the loading control GAPDH. Chemilumineseesignals werguantified via densitometry,
with valuesnormalized to a control sample run on each §&dlues are reported as mean * s.e.
arbitrary units.Band quantification showed no change in eitheAMPK (43C) or total AMPK (4
3.D) content due to ge oracute submaximadxerase
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Figure 44. P-Akt and Aktprotein content in equine skeletal muscle in response to acute
submaximal exerciseExample of typical western immunoblotting results in skeletal muscle
samples from young mares (n=644A) and aged mares (n=644B). Samples were taken before
exercise (Pre), and at 0, 4, 24 and 48 hours post exercise. Each exercised horse (E} had time
matched standing control (C) samples taken on separate testing days. Chemiluminescence
signals at 60 kDa correspond withARt and total Akt, while signals at 37 kDa correspond with
the loading control GAPDH. Chemiluminescence signalsquarrgified via énsitometry, with
valuesnormalized to a control sample run on each §&llues are reported as mean * s.e.
arbitrary units.Band quantification showed no change in eithefAlR (44.C) or total Akt (4.D)
content due to age oacute submaximadxercise.
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Figure 45. P-AS160 and AS16frotein content in equine skeletal muscle in response to acute
submaximal exerciseExample of typical western immunoblotting results in skeletal muscle
samples from young mares (n=654A) and aged mares (n=6548). Samples were taken before
exercise (Pre), and at 0, 4, 24 and 48 hours post exercise. Each exercised horse (E} had time
matched standing control (C) samples taken on separate testing days. Chemiluminescence
signals at 160 kDa correspond wittAB160 and total AS160, while signals at 37 kDa correspond
with the loading control GAPDH. Chemiluminescence signals were quant#fiddnsitometry,

with values normalized to a control sample run on each gel. Values are reported as mean * s.e.
arbitrary units. Band quantification showed no change in eith&iS250 (46.C) or total AS160
(4-5.D) content due to age or acute submaximegreise.
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Discussion

Insulin sensitivity, glucosk y & dzf A Yy K 2 Y-&®IRfdnctibnawkrd assesset iniyoung and
aged mares via FSIGT and minimal model analysis. The data indicate that there was no
difference in insulin sensitivity, gtose effectiveness, acute insulin response to glucose or
disposition index between unfit young and aged Standardbred mares. This indicates that the
horses used in this study had no overt signs of equine metabolic syndrome or other endocrine
dysfunction. Pevious work from our lab has indicated that mares over the age of 20 had
AAIAYATFAOLyGt e | f G SWal Rnctoy(Madabwshi et al.S2008 fourtret@l G & | Yy R
2012. The difference from previous work to that reported here may be due to the observation
that all mares used in the current study were of similar weight and body condition score. The
literature indicates that decreased insulin sensitivity and developmeimsaflin resistance in
horses are primarily caused by weight gain and obesity, increased chronic inflammation, and
diets high in starch and sug@foffman et al., 2003-rank et al., 2006/ick et al., 200/Vick et

al., 2008 Adams et al., 20Q%arter et al., 2000 Dietary restriction and weight loss have proven
effective at improving insulin sensitivifilcGowan et al., 209)Z&nd reducing systemic
inflammation(Adams et al., 2009While exercise traing can alter insulin sensitivity in young,
mature and aged horsdMalinowski et al., 2002StewartHunt et al., 2006Liburt et al., 201},
exercise training without dietary restriction will not reverse insulin resistance in obese horses
(Carter et al., 2010 Advanced age may therefore only exacerbate mtlinsulin sensitivity
occurring primarily due to obesity and systemic inflammation. More pronounced differences in

this study may have been observed through the inclusion of young lean, young obese, aged lean

and aged obese groups.

Data reported here indate that changes in plasma insulin and glucose concentrations in

response to acute submaximal exercise are not altered by age. However, the timing of the
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insulin response to exercise was different between young and aged mares. Young mares had
peak plasmansulin concentration at 2 hours peskercise as compared to peak plasma insulin
concentration at 30 minutes postxercise in aged mares. Plasma glucose concentrations are
elevated in both age groups at the completion of exercise, and decline througtingé@es post
exercise in aged mares, and 2 hours paetrcise in young mares. Differences in plasma insulin
and glucose dynamics between young and old mares are most likely related to altered cortisol
levels in aged mares. Cortisol typically peaks at Blutas postexercise in horses, and will

remain elevated through 1 hour paesiercisg(Gordon et al., 200McKeever et al., 2034Aged
horses have a decreased cortisol response to acute exdrigehov et al., 1999Malinowski et

al., 2006. Cortisol and insulin hawopposing roles concerning energy homeostasis: cortisol is
responsible for energy substrate mobilization, while insulin mediates cellular glucose uptake
(McKeever et al., 2034An altered cortisol response to acute exercise in aged horses may
explainthe earlier rise in plasma insulin concentration and the blunted concentration of plasma
glucose seen here. Additionally, cortisol signaling through glucocorticoid receptors may be
impaired in aged horses, further diminishing its effectiveness as a noedifienergy

homeostasis. Inhibition of glucocorticoid receptors with age has been suggested in the
comparative literaturgRoth and Livingston, 197RBalimi, 1984Peiffer et al., 1991Periman et

al., 2007, but no known studies have examined their activity in horses.

Cellular uptake of glucose during and in response to acute exercise relies on contiachimed
GLUT4 translocation to the cellular membrgb®uen et al., 199QdJouen et al., 1990b
Holloszy and Hansen, 19%8ayashi et al., 1991oodyear and Kahn, 19p&ontraction
mediated skeletal muscle glucose uptake is believed to be due to activation of and signaling
through AMPKHutber et al., 1997Rasmussen and Winder, 19%7avvas et al., 199Hayashi

et al., 1998Rasmussen et al., 199Bergeron et al., 1999hlemann et al., 1999Kurth-Kraczek
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et al., 1999Hayashi et al., 2000Greater insuliindependent glucose uptake mechanisms may

be present in tissue from young animals, allowing for a delayed increase in plasma insulin
concentration while still repleshing cellular energy stores. Reduced ability of contraetion

induced glucose uptake mechanisms in aged animal tissue may explain the earlier rise in plasma
insulin concentration seen here. This may also explain why it has been previously reported that
agedmares had greater plasma insulin concentrations following acute incremental exercise to

fatigue (Malinowski et al., 2002

Information concerning AMPK activation in equine skeletal muscle is lackingxteasive work
has been done investigating AMPK activity in regards to exercise and aging. Activation of AMPK
was decreased in skeletal muscle from aged rats, although total AMPK protein content and
AMPKexpression was not diminished with affgiang et al., 2007 Altered expression and

activity of AMPK in skeletal muscle ocouconjunction with dieinduced insulin resistance in

rats (Kraegen et al., 2004&.iu et al., 2006 Chemical induction of AMPK activity is typically
accomplished by treatment with-&minoimidazole4-carboxamide ribonucleoside IBAR)
(McCaty, 2004. AICAR treatment and acute exercise normally activated AMPK in induced
AMPK expression in skeletal muscle of both normal and diabetic humans, with no differences
between groupgMusi et al., 200 AICAR treatmentReznick et al., 200yand acute exercise
(Reznick et al., 2007bjubicic and Hood, 200activated AMPK in skeletal muscle of young rats,

but aged rats displayed no change in AMPK activity in response to either stimulus.

The results reported here indicate that skeletal muscle AMPK activation is not different between
young and aged hees in response to acute submaximal exercise. Previous work has shown that
AMPK activity is exercise intensitgpendent, with activation occurring when muscle glycogen

levels are lowDerave et al., 2000V ojtaszewski et al., 2000Vojtaszewski et al., 200Zhen et
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al., 2003 Barnes et al., 20Q5Therefore differential activation of AMPK may occur in horses

undergoing strenuous exercise.

This study also investigated skeletal muscle Akt activity in response to acute exercise in young
and aged horsednsulinstimulated glucose uptake in skeletal nalesis believed to occur
approximately 3 4 hours postexercisgHansen et al., 1998which coincides with skeletal
muscle Akt phosphorylation occurring®hours following exercis@atta et al., 200P Evidence
suggests that Akt is activated byvitro skeletal muscle contractiofsakamoto et al., 2002
Sakamoto et al., 200Bruss et al., 200%akamoto et al., 200@\rias et al., 20079aEvidence for
exerciseinduced Akt activatioin vivo is mixed, with some studies reported increased Akt
phosphorylation following skeletal muscle contractiddader and Esser, 200%akamoto et al.,
2003 Katta et al., 2009 while others report no changes in Akt actiiityarkuns et al., 1999
Wojtaszewski et al., 1998Vadley et al., 2004 Contractiorinduced activation of Akin vitrois
reduced in aged skeletal musdgkunai et al., 2008Haddad and Adams, 200@&nd post
exercise Akt phosphorylation is blunted in skeletal muscle of aged hufRanst al., 2011 The
data reported here indicate that Akt is not activated in skeletal muscle following acute

submaximal exercise, and that aging does not affédtphosphorylation.

AS160 represents the convergence of inswdimd exercisénduced glucose uptake by skeletal
muscle.The role of AS160 in GLUT4 vessicle exocytosis was first identified in adifSayie st

al., 2003 Zeigerer et al., 2004In skeletal muscle, AS160 becomes activated through
phosphorylation in response to insulin or contractile actiuityitro (Bruss et al., 2005in mice
(Kramer et al., 2008&ramer et al.20069 and in humangBruss efl., 2005 Treebak et al.,

2007 Dreyer et al., 2008BAMPK likely stimulates GLUT4 translocation through phosphorylation

of AS160Bruss et al., 20Q0%ramer et al., 2006d reebak et al., 20Q7and Akt is responsible
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for AS160 phosphorylation in response to insgionzalez and McGraw, 2008equea et al.,
2012. Agerelated deceases in phosphorylation of Akt and AS160 were observed following
stimulation with insulifGupte et al., 2008 andAS160 activity is reded in skeletal muscle of
insulin resistant human@arlsson et al., 200and rodentgLessard et al., 200Thyfault et al.,
20071h. Arias and colleagues sought to elucidate thereiseinduced AS160 activation
pathway.Concerningontractionrmediatedglucose uptake by skeletal muscle, AMPK, Akt and
AS160 were all found to be phosphorylated pesercise, but it was concluded that exereise

induced AS160 activation was due to AMRHvdy alone(Arias et al., 2007a

Data on AS160 phosphorylation in equine tissue is limited, and indicate that in an unstimulated
state there is no difference in levels of phospylated AS160 in skeletal mus¢&aller et al.,

20119 or adipose tissu¢Waller et al., 2011Jbetween normal or insulin resistant horses.

However, these studies did not utilize acute exercise or other form of homeostatic perturbation.
To our knowledge, this was the firgudy to attempt characterization of AS160 activity in

skeletal muscle of young and aged horses following acute exercise. Our findings indicate AS160

activation was not altered by either age or acute submaximal exercise.

In conclusion, age alters the insulind glucose response to acute submaximal exercise in
horses; however age alone is not sufficient to alter insulin sensitivity in clinically normal mares.
Although the findings presented here do not indicate changes in AMPK, Akt or AS160 activity in
skeldal muscle, this does not preclude alterations in their activation in aged tissue. Exercise
intensity determines activation of AMPK and Akt, therefore the exercise test used may not have
been sufficient to provoke changes in their activation. Furthermaesstern immunoblotting is

a semiquantitative method of protein analysis; therefore a more nuanced approach may be

required for quantification of these proteins in equine tissue.
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Chapter 5

Conclusions and future directions
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Important Findings

The major findings of this study were: 1) acute submaximal exercise was a significant
physiological challenge in young and aged mares; 2) peakegestise plasma cortisol
concentrations were similar in young and aged mares, but young mares had elelagathp
cortisol concentrations for a longer period peastercise; 3) acute submaximal exercise

prompted a change ifL-m iexpression in blood, with young mares having greater changes in
expression; 4TNFh andIL-6 were not altered in blood following acusibmaximal exercise,

and no changes in cytokine expression were observed in musclepestise; SHSPD

expression in blood was altered pestercise in both young and aged mares, but young mares
had a greater change in and longer duration of HSP76eegjon following exercise; 6) in blood,
HSP9@xpression was altered following acute submaximal exercise in young horses only; 7) in
skeletal muscleiSP7@xpression increased immediately following exercise in aged mares, and
was increased at 4 hours peaxercise in both young and aged mares; 8) HSP90 expression in
skeletal muscle was increased at 4 hours goarcise in both young and aged mares; 9)

skeletal muscle HSP70 and HSP90 protein content were not altered by either age or acute
submaximal exeise; 10) timing and magnitude of plasma insulin and glucose concentrations
post-exercise were altered by age; and 11) there were no detectible changes due to age or acute
submaximal exercise for total or phosphorylated AMPK, Akt and AS160 in skeleta ofuscl

horses.

Limitations

While this experiment elucidated some of the mechanisms of cellular adaptation to exercise,
there were limitations to the study design and execution. First, a limited number of animals

were available for this study. A greater nunlzé young and aged horses, as well as inclusion of
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lean and obese young and aged mares, may have created enough power to observe statistical
differences in several of the parameters investigated. Additionally, this experiment used only

female horses. Inakion of both intact and castrated male horses could have provided clues for
determination of sexelated differences in cortisol, inflammatory cytokines, heat shock proteins

and mediators of GLUT4 translocation and energy homeostasis following acutesexerc

Second, while young and aged horses were significantly different in terms of chronological age,
the aged mares used in this study may have been phenotypically similar to ragieitiehorses.

This observation is based on similar values fomé®@etween young and aged horses as stated

in Chapter 2, similar peak cortisol concentrations between young and aged horses following
exercise as stated in Chapter 2, and similar insulin sensitivity between young and aged horses as
stated in Chapter 4. Selectiof @ged mares for inclusion in this experiment was limited to

clinically healthy, sound mares from the resident heard of the New Jersey Agricultural
Experiment Station. Future work should include a greater number of phenotypically aged

horses.

Finally, quatification of skeletal muscle proteins of interest, such as HSP70, HSP90, AMPK, Akt
and AS160, was hindered by lack of adequately sensitive methods. As mentioned previously,
western immunoblotting is a serguantitative method, best suited for qualitativexperiments.
There are currently limited methods for tissue protein quantification. However, the results
presented here demonstrate that the proteins of interest are highly conserved among
mammalian species, therefore validation of new protein quantifaatnethods in equine tissue

is eminently feasible. Additionally, since AMPK and Akt are known transcription factors,
guantification of gene expression downstream of AMPK or Akt activation may provide an

indirect measure of their activity in young and ageliine tissue.
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Summary and Conclusions

The data from this study suggest that cortisol and insulin concentrations following a single bout
of exercise are altered in aged horses. This can have implications for energy substrate utilization
and recovery of @sdetal muscle. The alteration in peskercise plasma glucose concentrations

due to age reported here indicate that glucose mobilization and uptake in response to exercise

may be impaired in aged horses.

The changes in posixerciseHSP7@nd HSP9@xpresion in whole blood due to age may
indicate an impaired ability to respond and adapt to acute disturbances in homeostasis.
Additionally, earlier increased expressiorH8P70n aged skeletal muscle may indicate that

older horses have a lower threshold five heat shock protein response.

Finally, no changes were observed for skeletal muscle protein content of HSP70 or HSP9O0, or for
total or phosphorylated AMPK, Akt and AS160. These proteins are believed to be important for
the recovery from and adaptatioi exercise. The lack of observable changes in this study is

most likely due to the semjuantitative nature of western immunoblotting, and is not without

precedence in the literature.

Implications for future research

Several steps can be taken to build the findings presented here. First, validation of multiplex
protein assays may be necessary to assess changes in serum and tissue content of the proteins
of interest investigated here. With proper quantitative tools future investigations can also
expandto other members of the heat shock protein super family, inflammatory signaling

mediators such as JNK, and other members of the insulin signaling pathway in equine tissue. The
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highly conserved nature of these proteins makes validation of new techniqusghfEsand will

further establish horses as proper models for aging and exercise physiology.

While this study focused on a single bout of submaximal exercise, the effects of exercise
conditioning on molecular mediators of inflammation, insulin signalirdyadhaptation to
homeostatic disturbances should be investigated in response to exercise training. In particular,
acute exercise and exercise conditioning can be used to determine the functionality of the heat
shock protein response in young, aged and obdesses. These findings would have translatable
information for horse trainers working with aging horses or with horses coming out of extended

periods of inactivity.

Finally, HSP expression in whole blood may be a useful biomarker for thexgosise adative
response in horses. This study was limited in the number of skeletal muscle biopsies compared
to the number of whole blood samples. In whole blood HSP expression seemed to be most
altered at 2 hours posexercise. While HSP expression in skeletalafieusas altered at 4 hours
post-exercise, caution should be used when drawing direct comparisons between whole blood
and skeletal muscle HSP expression. With better{ina¢ched sampling of whole blood and
skeletal muscle postxercise, it can be determiddf HSP expression of whole blood can be a
suitable biomarker for the adaptive response to exercise in horses. This can be a useful tool for
assessment of adaptation to exercise in horses undergoing exercise conditioning. Also, the
potential of HSP expre®n as a biomarker can be useful for researchers studying insulin

resistance and aging in horses.
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