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ABSTRACT

This study investigated the effects of hifgt (HF) diet and chronic endurance exercise
(Ex) on the regulation of thermogenic capacity in both brown adipossstie (BAT) and
subcutaneous (§Cwhite adipose tissue (WAT), and how it affects wHmdey energy
expenditure (EE)Analysis of tissue mass, P&EG | y R cohtént, presence of multilocular
adipacytes and palmitate oxidation revealed that HF diet increased the thermogenic capacity of
BAT while Exsuppressed itConversely, Exduced the browning of th6&CWAT, indicated by
an increased number of multilocular adipocytes, as wellP&&@w " I v R contént, and
palmitate oxidation,whereasHF diet attenuated this effectDespite reducing thermogenic
capacity of BATExincreased wholédody EE during the dark cycle. We propose that exercise
induced browning of SC WAT reduces thermogenic capaaty@bodyregionsto manage the
increased heat production of exercise, andreases it in peripherakgions toadjust metabolic

rate.
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1. INTRODUCTION

Throughout the past few decades, the prevalence of obesity has increaseoh at
alarming rate and continues to grow on a worldwide scife A sedentary lifestyle in
combination with poor eating habitesults inthe hypertrophy and hyperplasia ofigpocytes,
leading to various other metabolic disorders such as type 2 diabetes, coronary heart disease,
and cancet”. In orderto prevent these chronic diseases anwhintain a stable and healthy
body weight, the tight regulation aénergy intake (El) and energy expendé (EE) is required.

The accumlation of adipose tissue results from an imbalance of EI and EE in which the former
exceeds the latterpotentially leading to obesity in the lortgrm. Conversely, weight loss
occurs when EE surpasses El causing an energy deficit that is compensategd ther b
mobilization of fat stored in the white adipos#ssue Unfortunately, weight loss is often
accompaniedy the activation of energygparing mechanisms that oppose further fat reduction
and favour thereturn to initial body weight by decreasing metdlmorate and wholebody
energy expenditurg Therefore, the success rate ofisttherapeutic approach is lonQurrent
research is focused omgaining a betterunderstandingof the molecular and metabolic
mechanisms involved in the development of obesity, d@hd effective therapies that could

improve the outcome of obesity and its assded metabolic disorders.

It iswell-established that there are two types of adipose tissue with unique morphology
and function identifiable in both human and murine mammals; white adipose tissue (WAT) and
brown adipose tissue (BAT). The primary functiof WAT is to store energy and secrete
hormones, whereas BAT functions to regulate thermogenesis by dissipating energy in the form
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of heaf. The presace of BAT allows for high rate$ fatty acid and glucose uptake and the
clearance of plasma lipids, leaving less substrate available for storage in theTW&kétore,
these two tissues play a major role in adjusting energy storage and dissipatidare of great

interestto the study ofmetabolic regulation and wholbody energy expenditure

Importantly, exercise also has profound effects on the regulation of body weight and
whole-bodyEE It is well known thasympathetic nervous syste®NS$activity increases during
exercise when compared before and after training under conditions of same relative infensity
SNS activity and circulatingatecholamines strongly stimulate BAT activity through the
activation ofb3-adrenergicreceptorso i-AR) which leads to an increase in the expression of
thermogenic genes as well as lipol§fSisSince adrenergic receptors in the WAT are also
stimulated by exercise to increase lipolysis, it has been proposed that exercise may also induce
the expressionof thermogenic genes, in the WAT (a process called "browning”). White
adipocytes with increased expression of thermogenic genes are called "beige" or "brite"
adipocytes and display a browike phenotypé®. Although classical brown adipocytes are
located in designated depots and have high thermogenic capacity, beige adipocytes found in
WAT are also capable of dissipating energy in the form of heat and could be potentially used as

a target forincreasing wholdody energy expenditure.

Recent studies have provided evidence that endurance exercise can induce browning of
white adipocytes through a myokine called iriSirHowever, exercise in itself is thermogenic
and it would seem counterintuitive to increase BAT activity and heat production wkertise
already creates a state of increased body temperature. Although exercise increases SNS activity
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and circulating hormones that can potentially activate BAT, it has been reported that
endurance training decreases the oxidative adpa of mitochondra isolated fom the
interscapular BAT (iBAT) of ritsThis provides evidence that chronic endurance exercise
actually reduces thermogenic activity classical BAT. Based on these findings, it seems that
chronic endurance exercise exerts opposite effects on thermogenic capacity of BAT and WAT;
however, limited information is available regarding this effect. Therefore, the aim of this study
was to deermine the effects of chronic endurance exercise on thermogenesis in classical BAT

and WAT and the impact on whel®dy energy expenditure.



2. LITERATURE REVIEW

2.1 Energy Balance
Regulation of body weight is controlled by El and EE. When El is HgneEE, there is

a surplus of energy that leads to an increase in energy stores and weight gaversay, if EE

is higher than Elweight loss occursTotal daily energy expenditure (TDEE) includesalbas
metabolic rate (BMR}thermic effect of food (TBFand activity thermogenesi¢AT) Adaptive
thermogenesis may also occur in response to overfeedingoochanges ofenvironmental
temperature. BMR represents the amount of energy required to sustain vital functions at rest in
a postabsorptive state andiccounts for ~60% of TDEE BMR variance is accounted for by
body mass and is influenced by the relatively mor less active internal organs and cell type
metabolismt*. The hermic effect ofood (TEF) ecounts for 1615% of TDEE and represetite
increased EE required thgest, absorb, and store foodctivity thermogeneais accounts for the

final 2530% of TBE andcan be separated into 2 components: exeraiskted activity
thermogenesis (EAT) and nerercise activity thermogenesis (NEAThile EAT represents the
amount of energy expended for volitional exercise activisiesh as sportNEAT accounts foEE
required fordaily living activities such as sitting, walking, talking, and shopSimmge people do

not take part in any exercise and therefore their EAT can be close to zero. ThusisNEAT
determining factor ofthe large variance imctivity thernogenesis that contributes to overall
TDEEAIthough it is difficult to mesure, NEAT can bestimated by NEAT=TDEHEVIR+TBF
Previous studies have shown that NEAT can increase with a positive energy balance and
decrease with a negative energy balanCensequently NEATs biologically regulated to adjust

TDEE and maintain energy balafice



2.1.1.Weight loss andody weight regulation

When an individual loses weight, TDEE decreasesontrast, if an individdagains
weight, TDEE increasdsdividuals who lose 120% of initial body weight have significantly
lower TDEE®. Alterations in BMR, DIT and AT contribute to these adaptations and counteract
weight loss through biological mechanisms such easanced skeletal muske efficiency,
decreased sympathetic nervous system (SNS) tone, and reduced circulating concentrations of
fat reducing hormones such as leptin, thyroxine, and triiodothryoniné> Therefore, these
energysparing mechanisms may be the cause of tive soiccess rate of weight loss and it is of
great interest to find ways to decrease metabolic efficiency or increase TDEE through an

increased BMR, DIT or AT.

2.2White Adipose Tissue
White adipose tissue (WAT the primary organ fortriglyceride(TG)storagefor use as

metabolic energyandit also acts as a thermal insulatorhe quantity of body fat varies widely

in mammalsand typically accounts for20%of body massn humansand can increase to >50%

in obese individualsSuch variability demonstrates the delicate balance of factors controlling
the storage and breakdown of triglycerides. WA an essential orgdor life andtransgenic

mice without WAT (named AZIP/F1) display adverse physiological consequences such as
delayed growth, decreased fecundity, premature death, and enlarged ofyavice lacking

WAT are also diabetic and have elevated insulin, glucose, free fatty acids and triglyceride levels

18 Although the surplus of WA associated with many metabolic disordstsch as obesity
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the absence of WA@sdemonstrated by AZIP/F1 mice indicates that WAT is requiréal a
healthy lifeand contributes greatly to energy metabolismeproductive function and disease

susceptibiliy™®.

WAT isa highly active metabolic and endore organ thatis regulated by multiple
external influences such as autonomic nervous systetivigg blood flow, hormonesand
autocrine and paracrine feedbacWAT possesses the ability to modulate its own metabolic
activity through hypertrophy of already existing adipocytemnd hyperplasia or differentiation
of new adipocytesin addition to is role as an energy storage compartmeadjipocytescan
also secrete endocrine and paracrine factors called adipokines to regulate metabolism in
peripheral tissues such as the liver and central nervous sy$téfiimately, the amount of TG
stored withn adipocytes 3§ a reflection ofnet EI:EEand the pathways of fat storage
(lipogenesispnd breakdown(lipolysis)are carefullyregulated to maintain wholebody energy

balance'®,

2.2.1.WAT distribution and morphology

White adipocytes are unilocular and contain one large lipid droplet that comprises
majority of the cdlsurrounded by a layer of cytoplasm and an offset nucl&igure 1)It looks
ivory or yellow in olour and can be found distributed throughout the bodg. humans and
rodents, white adipose tissue can be found under the dkinmed subcutaneous fat; anitlcan
also be found surrounding internal organis the intraabdominal cavitytermed visceral fat

Although white fat can be found distributed throughout the body, each depot may have
6



physiological difference¥. The capacity for triglyceride storage is large as the lipid droplet can
encompass more than 95% of the entire @id cell size can fluctuate greatly from-2860um

in diameter'’.

(A) (B) Plasma Membrane

Lipid Droplet
(LD)

Figure 1. Subcutaneous inguinal fat kit H&E staining and microscopic analysis (A).
Representation of a white adipocyte (B) with one large lipid droplet (LD) and offset nucleus (N).

2.3.Regulation of lipolysis in adipocytes

The rate ofipolysis is determined by the actual energy requiretsenf the body ands
regulated by hormonal and paracrine and/or autocrine signals. These sigmgla response to
different physiological situations such psriods of fastingor exerciseor whenglucose stores
are limited. In order to spare glucoser the central nervous systenfiatty acids (FA) become
the major substrateof energy production for muscles and peripheral tissaed thus, lipolysis
occur€®?! In this context, the process of lipolysisiisperative to breakdowrthe triglycerides
stored within adipocytes to release glycerol andif@ the plasmaFAs that exit the adipocyte
are bound to albumin which facilitates their transport through the blood to be utilized for
oxidation in the skeletamuscle, heart and livéf. WAT lipolysis is regulated by the opposing
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action of various hormones, nrdy catecholamines and insulin and therefptee net release
of FA from WAT is determined by the balance between these hormones that stimulate and

suppress lipolysis, respectively.

2.3.1. Lipolytic pathway

In response to fasting or exercis@sulin secretion is decreased amdtecholamines
such as epinephrinena norepinehphrineare released into the blood streaVAT lipolysis is
stimulated throughdirect sympathetic innervatioand @techolamines bind 2  daMrénerpic

NB O S LJA8RYIcatéd on the surface of adipocytesy G KS LI F &Yl WEB-YiOINT vy S
Il Rwa | NB SELINSDaaS RAdR/arekodnd in yodets¢¢ 5K SADR s coupled

to an intracellular Grotein coupled receptor (G} that activates adenylyl cyska (AC)The
effector, ACthen catalyzes theonversionof ATPo cyclic AMP (cAMPcreased cAMP levels

bind to the subunits of cAMBependentprotein kinase A (PKANd its activatiorthen initiates

two processes; the phosphorylation and activation of hormseesitive lipase (HSL), and the
phosphorylation, and thus deactivation, of perilip{fRLIN) Normally, PLIN coats the lipid
droplet and protets it from lipases in a basal state to maintain lipid contedhce PLINis
deactivated, it undergoes a conformational change which allows HSL (in the cytosol) access to
the lipid droplet andit also releases comparative gene identificatia® (CGB8) which is an
activator of adipose triglyceride lipase (AT&t¥. Once TG mobilizati is initiated, ATGL

hydrolyzes TGs to diacylglycerol (DAG) and HSL breaks down DAG to produce monoacylglycerol

(MAG)(Figure 2) Finally, MAG lipasMGL)releases the glycerol backbone and theafifrA.
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Free FA are then released from adipocytesthe drculatory system and are taken up by

peripheral tissues for oxidation @an be reesterified into T&?:#1:2"28

Fasting/exercise

+
. . Catecholamines Fid state
+
Insulin
W— o

:."Gs Gi \ ®

Plasma B-AdR \O a-AdR %

Membrane ATP 7
PKA «<—— cAMP PDE3B /

238 p3k

Fatty Acid

Glycerol

Lipid Droplet

Fatty Acid

Figure 2: Schematic representation of catecholamiimeluced lipolysis in an adipocyte.

[ F GSOK2f I YA y-ISENByASYNE A O AdR)S t0eb ladifivaites Beotein  coupled
receptor (GPCR) located on the plasma membrane. GPCR activatedyhdyclase (AC) that
produces cyclic AMP (cAMP). High levels of cAMP activate protein kinase A (PKA) that
phosphorylates hormone sensitive lipase (HSL) and perilipin (PLIN). PLIN releases comparative
gene58 (CGB8) that activates adipose triglyceridipase (ATGL) that hydrolyzes triglycerides
(TG) to diacylglycerol (DAG), and Hi$troyzesDAG to monoacylgcerol (MAG) and MAG

lipase (MGLjeleases the final fatty acid and glycerwisulin secretion in a fed state leads to a
cascade of events thatoanteracts cAMP production through phosphoidesterase 3B (PDE3B)
activity.

The mobilization of FA and glycerol from TG is facilitated in three successive reactions.
ATQ is responsible for the first stegnd its importance has been demonstrated in AKGL

mouse models. Without ATGL, mice displayed substantial TG accumulation throughout the



body, leading to cardiac dysfunction and de&f’ In addition, ATGL and gene
mutations lead to neutral lipid storageiskase characterized by systemic abnormal TG
accumulation in tissues such as bone marrow, skin, and mistién response tochronic
endurance exercise, ATGL expression and HSL phosphorylaticnease, resulting inan

increased lipolytic capacity and higher FA oxidation of the skeletal nifiscle

2.3.2 Anti-lipolytic Pathway

Lipolysis can be inhibited by catecholamine (0 K I i 6 JA¢RR onitte cell uBace
of the adipocyted ¢ &eSeptor signalghe inhibitory GPCR (Gi) that blocks the activityAGr
which leads to the subsequent decrease in cAMP formation and thus lipolysis is inhibited
downstream (Figure 2) This cascade can also be affected by the presence of insiitina
postprandial state, exogenous energy sources are available and the need for endogenous
substrate is reducedconsequentlythe breakdown of TG to release FA for fuel is not required
The man hormone mediating th suppressionof TG breakdowris insulirf®?. Insulin is a
potent antklipolytic hormoneand is released by pancreaticcells following a meal. When
insulin binds to its plasma membrane receptor, it leads to the phosphoryation of insulin
receptor substratel (IRSL) on the tyrosine residueand the subsequent activain of
phosphatidylinositol 3kinase (PIXk). PI3k then phosphorylatesand activatesprotein kinase
B/Akt (PKB/Akt), an@®KB/Akt phosphorylateghosphodiesterase 3B (PDE3B) which catalyzes
the degradation of intracellular cAMP Consequently, thelegredation of cAMPinhibits the

activation of PKA which leads to the-ghosphoryation of HSL and PLIN and thus, the process
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of lipolysis is halted. Furthermore, insulitanalso stimulatethe re-esterification of FAo form

Td.8,20,26

2.4.The fate of substrates derived from lipolysis

Following the hydrolysis of TG, glycerol and FA can be utilized in- extdaintra
adipocyte metabolic pathways. Glycerol is not utilized by the @dife and is transported out
of the cell to the plasma by an aquaglyceroporin protein known as aquaporin 7 A7)
Without Agp7, mice displayed impaired glycerol realeaand sesre fastinginduced
hypoglycemid’, thus demonstrating thémportance ofAqp7as aglycerol chanel. Glycerol in
the circulation is taken up by hepatic aquaporin 9 (Agp9) to be utilized as a gluconeogenic

precursor?.

As previously mentioned;A can be released into the blood aricculating FAound to
albumin are taken ug-Atransporter proteins in peripheral tissuesich as skeletal muscfer
fuel. Any unusedirculating FAwill return to the adipocyte to be resterified into T&. FAs
that stay within the cell are either degraded by peroxisomes or channeled towards the
mitochondria for oxidation. FA are transfed into the mitochondria via the carnitine shuttle
system and aré -oxidized to yield acetyl CoA for the citric acid cy{€AC)Following theCAC
nicotinamide adenine dinucleotiddNADH and flavin adenine dinucleotide ABH) enter the
electron transport chain (ETC) aakkctrons released through theTQesults inthe pumping of
protons from the mitochondrial matrix to the inner membrane spatée electric potential

created across the inner membrane drives the movement of protons back into mitochondrial

11



matrix throughthe ATP synthaseomplex and thusATP is produed andcan be used for

energy

2.5.Energy status and AMBctivated protein kinase (AMPK)

AMPK is an energy sensing arignalling enzyme that increases ATP production by
enhancing gluase uptake and fatty acid oxidatidn the skeletal muscleand adipose tissue
AMPK is a key regulator of energy metabolism and constantly monitors the energy status of a
cell by sensing changes intracellular adenosine monophosphateAMP):ATP ratio broght
about by exercise or fasting conditions. A decrease in ATP leads to an increase in AMP
generation that competes with ATP on the Bateman domain of AMPK. The binding of AMP
induces a conformational change and allows AMPK to be phosphorylated on thenitheeo

residue 172 (ThL72) andthus AMPK becomes active.

2.5.1. AMPK signaling

Due to the variations in energy demas@nergysensingAMPK plays an important role
in regulathg mitochondrial oxidation. Once activated, AMPK phosphorylates and inactivates
acetylCoA carboxylase (ACC) which leads to the suppression of matohyproduction.
Malonyl coA inhibitsnner-mitochondrial membrane proteirtarnitine palmitoyltransferasd
(CPT1), the ratelimiting step that blocks longhain FA (LCFA) entry into the mitochondria.

Thus, when malonyl e isreduced CPT1 isdisinhibited and LCFA can enter the mitochondria

12



for i -oxidation and subsequently ATP productidif=*¥(Figure 3) This is supported byeports

of marked increases in AMPK phosphorylation and decreased muscle medgnydf rats

exposed to exercidé®. Furthemore, chronic AMPK activation also induces the expression of
perixosomeproliferator-activated receptor gamma coactivatoralpha (PGGL 0 = |y A Y LJ2 NI
transcription factor for mitochondrial biogene$is Thus, AMPK upegulates the oxidative

capacity ofskeletalmuscle by multiple mechanismBurthermore, the activation of AMPK and
consequently the entry of LCFAttee mitochondria is also important for the function of UCP

which will be discussed in further detail in a later section.

In addition toitsoleinl £ t 2 Ay 3 [/ C! A Y { oxidatliSAMPHais®2 OK 2 Yy R
plays an importantole in FA oxidation # modulatinglipolysis Some studies have proposed
that AMPK exerts a prlipolytic effect in adipocytes, while others have suggested an- anti
lipolytic effect. AMPK activation has been shown to have an -Bpdlytic effect by
phosphorylating HSL on a seiresidue that antagonizes the phosphorylation of HSL by PKA.
This mechanisnhas been proposed to be an energgaring mechanism that limitsthe
breakdown of TGn WATto reduce the potential energy cost of-gsterifying FA that are not
used”<*. Interestingly, prolonged MPK activatiorleadsto the prevention of TG storage and
the promotion of energy dissipation through aimcrease of ATGLcontent, decreased
lipogenesis andncreased FA oxidation despitie inhibition of HSt** When chronically
activated, AMPK also promotesdterations in gene expression of mitochondrial biogenesis
markers such aPG@uh = t t ! wi-1ZBy mgdRlatirgtH8L and ATGL in an antagonistic

manner,AMPKdemonstrates a timelependentfunctionasa cellular energy sensto regulate
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the release of FA into the circulatiaand to upregulate genes that promote lipid utilizatio

rather than storag&-**

Muscle cell AMPK

JATP : MPAMP
®ampx
ACC ®\ACC
(active) (inactive)
M Malonyl Co-A J Malonyl Co-A LCFA

Mitochondria

LCFA

B-oxidation
ATP production

Figure3: An increase in intracellular adenosine nophosphate (AMP) activates AMPK, which
phosphorylates and inactivates actef§bA (ACC) which suppresses malaoyl production.
Suppressed malonyl ed production leads to the deinhibition of carnitine palmitoltransferase 1

(CPTL) and lonegchain fattyr OA R&a 6[ / C! 0 Ol y S y-aki@ahdn.i KS YA (2 OK 2

2.6. Brown Adipose Tissue

Throughout history, humans have endurpdriodsof food scarcity and cold weather.
Fortunately, we have been able soirvive these environmental stressorgedtothe presance of
adipose tissue. As previously described, WAT acts as an insulator and an energy storage organ
that allows us to cope with the changing availability of exogenous food soargsarying
environmental conditions Another fat depot that has also aided in our survivh as a

thermoregulatory organs the brown adipose tissu€BAT) BAT was first described in small
14



mammals as a hibernating org&rand n contrast to WAT,He function of BATs to regulate
thermogenesis by dissipating energy in the form of Aé4t Although it was previously
believed thatfunctional BAT was only found in newborns to survive the cold stress of birth,

investigatorshavemore recentlybeen ableto detect BAT imdulthumansusing PET/CT scéfs

A dudrole for BAT has been proposexside from its role as a thermoregulatory organ
in response to coldit has also been suggestdo function as a metaboregulatory organ i
response to large caloric load The mitochondria of BAT contain a specializeotgin called
uncouplng proteinl (UCPL), which allows for protons to translocate from the intermembrane
space to the mitochondrial matriwhile bypassing the ATP synthase comp(Eigure4). This
processs called nonshivering thermogenesisndresultsin the generation of heat, rather than
ATP®. The high rates of fatty acid andugbse uptake in BAT allow for the clearance of plasma
lipids leaving less substrate available for storage in the WAT. It has been estimated that basal
metabolic rate can increase by up to 20% from just 50 g of fully activated'BRTevious
studies have also shown that there is a negative correlation between the amount of BAT, and
body fat or BMI®*®and animals with more functional BAT were less likely to develop obesity
and type Il diabete¥. This suggests that metabolically active BAT may be of thet@peaiue
for obese individuals andherefore, the thermogenic capacity of BAT is not only important for

the regulation of body temperature, but al$or EE and maintenance of bodseight.

Importantly, other uncoupling proteins have been discovered in 84h as UCGP and
UCP3; however, they are not essential for thermogenésisin isolated brown adipocytes
from UCPL ablated mice, no thermogenesis could be induced with norepinephrine (NE) nor FA

15



stimulation. In these cells, U&Pand UCE were present butlid not substitute for UCR asa
thermogenic protein. This establishes the importance of {1C&s the only physiologically
thermogenic uncoupling protein and that no other mechanisms dristhermogenesiother

than the mediation by UGP>*.

Outer mitochondrial membrane
FA Cytosol

GLU

Inner mitochondrial membrane

NAD+ Matrix
FADH

i

Intermembrane
space

Work

Mitochondrion

Figure4: Schematic representation of a mitochondrion in brown adipose tissue (BAT). Fatty
FOAR&a oO0C! 0 FyR 3f dedatids and @ycdlysis respediseN,Hand yield
nicotinamide adenine dinucleotideNADH and flavin adenine diucleotide (FADH). The
electron transport chain (ETC) on the inner mitochondrial membrane releases free energy from
NADH and FADHhat is used to pump protons from the mitochondrial matrix to the
intermembrane space. The presence of uncoupling prelefdd CP1allows for protons to leak
across the inner mitochondrial membrane and uncouples oxidative phosphorylation from
adenosine triphosphateXTH synthesis Heat is created instead of ATP.

2.6.1. BAT distribution and morphology

BAT is lghly vasculased and is populated with brown adipocytes containingultiple

small lipid dropletgmultilocular)with a vast number of mitochondriavith abundant cristae
16



(Figure5)®2. The tissueppearsbrown in colour and can be fourid various regions thraghout

the body.In rodents,the largest BAT compartments are foubdtween the scapulae (termed
interscapular BAT, iBAT) and surrounding the aorta (gerrperiaortic BAT, aBATRecent
research has used 18kiorodeoxyglucose (18FDG) to trace glucose uptake within theman
body. An increase in 18DG uptake indicates the presence of active BAT. Using this method,
researchers havefound that human BATIis mostly located in the lower neck and
paracervicaléupraclavicular regidit®®. It has also been founih a kiteshaped sheet between

the scapula of infanfS. . NBR 6y | RA LJ2 O-AdR D@ theSshrlatefite cell and the

tissue is densely innervated by tegmpathetic nervous systerSK$>.

(B)

Hgure 5: Brown adipose tissue with H&E staining and microscopic analysis (A). Representation
of a brown adipocyte (B) with multiple small lipid droplets (BBY numerous mitochondria.
The nucleus (N) is round and centrally located

2.6.2 .Transcriptional controlof BAT

Prolonged cold exposure is a strong activator of BAT recruitment and function. Cold

temperatures sensed by thermoreceptors in the skin elicit sympathetic outflow and the growth
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of blood vessels to facilitate oxgg delivery and heat exchang&everal transcriptional factors
that govern BAT development have been discovered including PR dooramining proteinl6

(PRDM16) and peroxisome proliferatorO i A @ (i S ReoabtiBat@alui 2BmMIy*

PRDM16 is highly expressed in BAT and acts by binding to transcriptional factors such as

CCAT/enhancebinding proteins [ k 9 ), peroxisome proliferatoiactivated receptor gamma

(t t !)wand peroxisome proliferateactivated receptor alphat(t ! )wahd PGen h that are
important for brown fat differentiation PRDM16 converts myoblasts and white fat precursors
into UCPL cortaining thermogenic adipocytes and PRDMEkBockout models show no
thermogenic characteristics and have an increased expression of white fat ‘Gefiésis,
PRDM16 is a critical determinant oAB lineage during embryonic developme&everal factors

have been shown to modulate brown adipocyte differentiation by regulating PRDM1

expression and activity, such as banerphogenetic protein (Bmp%

PGG@wm his induced by cold exposuemnd exerciseandis highly expressed in tissues with
abundant mitochondrial content such as BAiVer, and skeletal muscl# is a master regulator
of mitochondrial biogenesis and xmlative metabolism and it directly increases the
transcription of thermogenic genes such as UCF® PGau SELINBaarzy | yR
directly regizf I G S R -adlrénergid¢/ P isignallingind is phosphorylated and activated by
p38 mitogenactivated protein kinase (MAPK)response to sympathetic stimulatioActivated
PGauh NB3Idz | 6§Sa GKS SELINBaaAzy 2thnsdifididass Sy A O
& dzOK | aRetinoblastomad family members (pRb and p107) and nucleaem@ssor
Rip140 repress P@Eh | OG A @A (& Iregsien ab BAX Gfecifit gebeelfs Batking
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PGG@wm hcandifferentiate into mature brown adipocytes, howevtire induction of thermogenic
genes in thesecells vas impaired indicating that PG® h Ad AYRSSR
thermogenesi¥. Therefore, thermogenesids controlled by the positive regulators or

repressors oPGG@wu transcriptional activity.

2.6.3.1 eAdrenergicsignalling is required for thermogenesis

A f (0 KNBS -Adezoedepbis hiave beeh idéntified in BAT, however, the role of
i My R-AdRS is noyet well understoodi eAdRs have the highest expressiorBATand is
a key player in cell signalling processeBransgenic mice that are unable to synthesize
catecholamines displayed impaired BAT functibny’ RAdRIess mée were thermogenically
inactive and were unable to maintain body temperature at 4°C. In additBA] taken from
these mice were lae unilocular adipocytes with n&JCP1 and type Il deiodinase DIO2
expression and oxidation did not increase with pharngaé 2 3 AaQdnibt stimulation
Interestingly,although food intakebetweenthe i -less and wildtype mice were equakless
mice exposed to a HF dieteveloped obesify*®. These findings confirm thsignificanceof i -
AdR for thermogenic function of BAT and the maintenance of body temperaareell as for

the metaboregulatory function of BAT and its defense againstidiiced obesity;
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2.6.4. Fatty acids are thermogenic substrates

No thermogenesis can occur without first activating lipolysis and all experiments that
induce lipolysis in BAT also simultaneously induce thermogénésitowng the activationof
I -AdRlipolysis occurs agreviously outlinedand FA are released. Some FA may leave the cell
for fuel for peripheral tissues whileemaining FA boundly FA binding proteins in the cytosol
are channeled towards the mitochondria. Importantgng chainFAs (LCF#8) are required as
substrate fori -oxidation andthermogenesisandthey are also involved in the function of UCP
1. Within the mitochondria, UGR in the resting stateis inactive and requires LCFAs to become
activated Although thecurrentunderstanding of the LCFéependent mechanism of U&Pstill
remains elusive, ihas been proposed that an allosteric interaction of FA on-UGRG to its
activation by overcoming thenucleotideinhibition of UCPL?®®®! Two other theories of LCFA
involvementwith UCPL1 includeits action as a cofactor, and action as a proton shuttle. In the
cofactory theory, LCFA are localized to binding sites withinJt©Ract as stepping stones for
protons as they pass through the membrane. The shuttling theory suggests that protons are not
transported through UCR, but that probns enter the mitochondridy translocating fatty acid
anions through UGR®®%%! Despite multiple theories of how LGF#re involved with UGR
activation, it is welbaccepted that LCFAs or its derivative are directly involved in the

physiological activation of UER
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2.6.5. BAT and dieinduced thermogenesis (DIT)

Aside fromits role as a thermoregulatory organ, BAT has also demonstrated a rDlg im
response to high caloric loathcreased heat production during chronic overfeeglis largely
mediated by BAT thermogenesighis has been interpreted as defensive mechanism that allows
the organism to adjust metabolic rate according to energy intakel availability BAT is
activated in rodents after overeating to preserve energglabce and limit weighgain,
resulting in DI¥®2 BAT has been shown to undergo hypertrophy accompanied by an increased
respiration rat&® and blood flow’” following a single meal in rats, and an increased glucose
uptake aftera single meal in humafts In addition, UCR ablatedmice demonstrated no diet
inducedincrease inoxygen consumptionMQ,), showing hat DIT is mediated by the presence
and activation of UGR™. Takentogether, this data indicates an importanble of BATIn the

overdl thermic effect after a meal.

2.7.WAT and BAT plaisity

Despite major structural and functional differences between WAT and BAT, both types
of adipose tissue can acquire features of one another with appropriate physiological
stimulug®. Within WAT, clusters of UEPexpressing adipocytes with thermogenic capacity can
develop (a process called "browning"). White adipocytes with increased expression of
thermogenic genes are called "beige" or "brite" cells and displayoablike phenotypé®.
Although classical brown adipocytes are located in designated depots and have high

thermogenic capacity, beige adipocytes found in WAT are also capable of dissipatigy ene
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the form of heatand consequently, the browning process of WAT has emerged as a potential

target for the prevention and treatment of metabolic abnormalities.

Temperatures below thermoneutrality induce the activation of SNS, a strong stimulator
for BAT activation.Noradrenaline levels in iIBAT were higher in animals exposed to cold
environments and lower in warracclimatized mice. Brown adipocytes from waaaclimatized
mice were characterized by a unilocular lipid droplet and did not expresslUd&Pnonstrating
that brown adipocytefunction andmorphology changes according to physiological stinfilus
WAT conversion to BAT has also been suggesyenh itro studies usig human Sdissue.
tt! w! | 32y Aa tiassfedtioh fduced UCPexpression in thes&c adipocyted®’.
Taken together, thiglata demonstrates that the adipose organ is plaatid each depot has the
ability to take on features of one anotheinterestingly, the capacity of inducing beige
adipocytesin WAT varies within each depot. It appears that the Sc Ing fat depot is more
susceptible to undergo browning in comparison to visceral fat depstiseige adipocytes are
found mostabundantly within Sc Ing depot of rat$®®° In addition, PRDM16, a key driver of
brown fat cell developmenis highly expresseth Sc Ing fat icomparison to other mouse WAT
depots. A reduction in PRDM1®hibits the inducton of the thermogenic gene program in Sc
Ing cellsresulting in the reducedrecruitment of beige adipocytes in WATh contrast,
transgenic oveexpression of PRDM16 led to the development of beige adipocyte formation
within WAT%®® Primary human subcutaneous adipocytes showed an enhancedlik@AT
phenotype after FNDC5/FGF21 treatment in comparison to visceral adipd@ytksther

demonstrating that the indction of a brown phenotype is depot specifiddditional depot
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specific traits of WAT have also been propcesedias been suggested that adipocytes have a
maximum cell volume in which it cannot further expand by hypertrophger conditions of
positive energy balanceThe maximum volume, also known as critical cell size, is genetically
determined and adipocytes that have reached this stage will trigger an increase in cell number.
It has beenreported that visceral fat depts such as the epididymal and senteric depots

have a higher critical cell size and are more prone to hypertrophy while inguinal fat depots are

more prone to hyperplasfd

2.7.1.Endocrine factors thatriduce WATbrowning

Several factors have been reported to regulate brown and beige adipocyte formation
and differentiation. Notably, bone morphogenic protein 7 (Bmp7) has proven essential for
brown fat development. Bone morphogenic proteins are a parthe transforming growth
factori FlF YAf & YR 6SNBE 2NAIAyLffte GK2dzaKUG G2
such as bone formation. However, it has been discovered that Bmps are multifunctional and
also play an important role in adipogenesis. Although most Bmps such as Bm@®mg
enhance WAT adipogenesis, Bmp7 is unique in induciogin and beige adipocytes with
functioning thermogenic capacityhrough the induction of brown fat regulators such as
PRDM16 and PQEZR% " Treatment with Bmp7 ipreadipocytes led to the initiation of a full
brown adipocyte transcriptional program marked by significant increases of'‘PERRM16,
C/EBPs as well as UCPBmp7 treatment significantly increased P&& | & $ St € Fa

respiratory factorl and cytochrome C, demonstrating signs of increased mitochondrial
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biogenesisan important aspect of brown fat cell developmeitt addtion, there was a 5old
increase in mitochondrial density in Bmp7 treated cells. Taken together, this data demonstrates
that Bmp7 activates brown adipogenesis inglucing factors important for brown fat cell
development and mitochondrial biogenesis. Bimpas proven to be a physiological necessity
for BAT development as demonstrated by Bripibckout mice At birth, Bmp7Zknockout mice
had 5670% less iIBAT mass in comparison to type littermates. In addition, the expression of
UCP1 was nearly absent ibrown fat from Bmp#hull embryos. The role of Bmp7 in energy
homeostasis was also studied in C57BL/6 mice. Injeeiitin adenovirusencoding for Bmp7
led to a significant increase in brown fat mass wiih changes to WAT mass. Moreoyveo
changes to pisical activity or food intake were reported bam increase in energy expenditure
was observed, leading to a significant reduction in weight gaoh Bmp injected micen
comparison to controls. This establishes an essential role of Bmp7 in brown fabpiesazitin
vivo'™,

Fibroblast growth factor 21 (FGF2%)a circulating hormoneeleased by the liveto
stimulate gluconeogenesisind ketogenesisduring conditions of prolonged fastiffg In
response to FGH stimulation,differentiated mouse adipocytes andumanprimary adipocytes
showed stimulated glucose uptakend the overexpression of FGF21 in transgenic mice led to
improved insulin serivity and reduced plasma triglyceride concentrati6h®. In response to
fasting, FGF21 isecretal to increase lipolysiand the release oA which are used for
oxidation and/or are converted into ketonethat canbe usedby the braid®>"* Importantly,
FGF21 plag/an important role in the regulation of carbohydrate and lipiettabolism,and it

also seems to affect thermogenesis in classical BAT and YWolWwing i -adrenergic
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stimulation In response to cold expose, circulating FGF21 and FGF21mRNA levels in BAT
increased®’® and treatment withexogenous=GF21 resulted in the tegulation of brown fat
genes in human adipocytés and promoted thermogenic activity in isolated brown
adipocyte$®. FGF21 administration iob/ob mice resulted irup-regulation of genes involved in
lipid metabolism such as UGPPGEh = | { [ = it WAT, andt WEP in BAT"". In
addition, these mice showed an increased net energy expenditure, an elevated core body
temperature, and a reduced total adiposity with no changes in physical aéfivifiaken
together, this may suggest that FGF21 administration led to an increased energy expenditure by
the induction of metabolically activated adipose tisSuelnterestingly, beige adipocyte
formation and expression of thermogenic genes were seen in subcutaneous inguinal fat, but
not epididymal WAT, demonstrating a depsjecific response of FGFRuced browninglt
has also been demonstrated that FGF21 expression is indudsd BATand inguinal WAT
following cold exposuraithout any changes in livaand circulating levels of FGE21*"8 This
suggests that FGF21 is not only released by the liver, but can also be induced doydBAAT
andactsas an autocrine factdf.

Atrial natriuretic peptide(ANP) and brain natriuretic peptide (BNP) &sy hormone
releasedby the heart forregulation ofhemodynamic homeostasis, howevehey havealso
been $own to promote lipolysis and beige adipocyte development within VT
Comparabldo the responseof adipocytego catecholamines, natriuretic peptides activate the
guanylyiclyclase containing natrretic peptide receptotA that generates the second
messengercGMP whichactivates cGM#fependent protein kinasein response to cold

temperatures Similar to PKA, PKG phosphorylates the same targetsag®nists and thus
25



lipolysis increases. In human adipocytes, ANP treatment increasedMPGC | Y RL ! / t
expressionaccompanied by an increased mitochondrial biogenesis and increased respiration.
BNP infusion in mice robustly increased AGC | Yy R expesgion in both BARnd WAT
and correspondinglyesulted in arincrease in respiration and energy expenditiire

Irisin, another factor secreted by skeletal musthat regulates the browning of WAT

will be discesed in further detail in a later section.

2.7.2. Molecular and physiological regulators of beifiite fat

The "browning" process in which white adipocytes change to -UGRpressing
beige/brite adipocytes occurs following thermogenic stimulus sucpra®nged cold exposure
or treatment withi eagonists. Contrary to previous beliefs, it appears that classical brown
adipocytes differ in cell lineagehen compared tdbeige/brite adipocytesMyf5+ progenitor
cells give rise to skeletal muscles and browgipacytes,while white and beige adipocytes
derive from a Myf5 cellular lineag&*{Figue 6) This suggests that brown adipocytes are
different from inducible beige adipocytes even at the precursor stagee molecular
mechanism that mediates the indtien of beige adipocytes in WAT from the Myfirecursor
cellinvolves the ugregulation ofPGauh Yy R t wSamc® {AYAf I NI G2 (KS
Of FaaAaoltf .1¢3x twHamc |Ffaz2z AYyaSNIOdGa 6A0GK (N

C/EBPgswhich are key regulatorsf adipogenesisto activate the thermogenic program

Thereis alsoevidence that white adipocytes have the capacity to convert into inducible

brown/beige adipocytes through transdifferentiatiofFigure 6) After 10 days of cold
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acclimatization, it was found that the total numbef adipocytes in adult femalaice were not
significantly diferent from mice kept at thermoeutrality. However, the number of brown
adipocytes in colgcclimatizd mice increased significantly proportion to the number of
white adipocytes that were lostn addition, there was no evidence of ggosis or mitosis
which suggests the direct transformation of white to brown adipocytes also known as

transdifferentiatiorf™.

WAT and BAT have the ability to acquire metabolic features of one another depending on
physiological stimulus. Whether this is caused by de novo recruitment of clasgidabiB
transdifferentiation of already mature adipocytes to thermogenic beige adipocytes remains

unclear.

&

Mesenchymal cell

Brown adipocyte Beige adipocyte White adipocyte

Figure 6: Schematic representation of the origin of fat cells. Brown adipocytes derive from
Myf5+ cell lineage precursorsid Myf5 precursors give rise to white and beige adipocyi&k

In addition, there is evidence of white adipocytes converting to beige adipocytes through
transdifferentiation (B).
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2.7.3. Effects of exercise on WAT and BAT plasticity

It is well documentd that endurance training increases P@C¢ O2y 1Sy i Ay Kdzy
rodents?®2 Human white adipocytes that overexpressed MGC f SR (2 | y-1 Ay ONBI
mRNA expression and FA oxidafforHowever, sercise results in a large amount of heat
production as a consequence of repeateduscle contractions andJCP1 mRNA and
thermogenic activity of BAT decrease rats following exercis&®% In fact, the oxidative
capacity of isolated iBAT mitochondria was reduced as a result of endurance training marked by
reduced levels of cytochrome oxidase actitityDverall, the reduced thermogenic capacity of
BAT in response to endurance exercise has been considered physiologically advantageous due

to the increase in body temperature as a resultbfonicexercise in the trained ste.

Physiologically, SNS activity and circulating catecholamines strongly stimulate BAT activity
through the activation ob3-AdR, which leads to an increase in the expression of thermogenic
genes as well as lipoly$ts. It is well known that SNS activity increases during exercise when
compared before and after training under conditions of same redaiintensity, however
thermogenic capacity of BADllowing exercise is decreased regardless of the increased SNS
activity. It has been pred dzif @8 RSY2y aidiN} §SR ( KI-AUR fetéfdr 2 y ISR
agonist,R0168714 selectively dowriNB 3 dzf H(iR3w&> iYor NJ SR o6& I RSONBI
and loss of receptor numben brown adipocyte®. Thisdown-regulation byi -AdR agonists
ddz33Sa0a GKS LI2&a&AoAf A dadrendrdicstimulatdiRtiircigitBréhik S E L2 ¢
endurance exercise caaisoR 2 gy NB 3-4dR lexp@ssioniinoclassical BAiferestingly,

GKSY YAOS 6SNB a-agonstzALILEE3, WIRpbsikive lbrown adipocytes
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appeared within the Sc Ing fat pad but not in the visceral fatotlethis indicates a depet

specific response to brownifiy

Since adrenergic receptors in the WAT are also stimulated by exerdrsmaase lipolysis, it
has been suggestl that exercise may also induce tbgpression of thermogenic genésthe
WAT. This mechanism has been proposed to be induced by aMP@eEpendent myokine
called irisin. Irisin is cleaved from the ectodomain bfdhectinrdomain containing protein 5
(FNDC5produced inthe skeletal muscle during exercise and is reledas&ml the circulation to
signalwhite adipocytes in Sc tissues to undergo browhiny humans, serum irisin levels were
higherafter submaximal exercisa comparison to maximal exercissuggestinghat endurance
exercise as a more potent stimulator of irisin release following exéfcidewever, te role of
irisin in exercisenduced browning of Sc Ing fat has been challengesl.expectedin vitro
contraction of human myotubes induced P&® SELINB&adA2Yy X K26SOSNJ Cbt
altered. In addition, muscle biopsies from humparticipantsalso showed no differences in
FNDC5 expressioim response to exerci8é Therefore, the discrepancy of filmdys across
studies indicates a possiblalternative mechanism behind thérowning of Sc Ing fat.
Interestingly, i has been reported that FNDC5 and irisin increase in Sc fat following exercise

and consequently, irisin hadsobeen proposed to behave as an adipolfif€,

In murine mammals and humans, classical BAT is highly vascularised and is found close to
the heart so that the heat produced can be etigely distributed throughout the bodyin
response to chronic endurance exercise, body temperature rises as exercise is thermogenic in
itself. As a consequence, it seems physiologically relevant for BAT thermogenesis to decrease to
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avoid overheating. Importantly, Sc Ing fat is located peripherally and an increase in beige
adipocytes within this fat depot may increase energy dissipation without increasing core body
temperature. Therefore, the browning of Sc Ing fat may be important for the regulation af WA
metabolism and wholdody energy expenditure in response to chronic endurance exercise. It
has been demonstrated that adiposkerived stromal/progenitor cells (hASCs) taken from
human Sc WAT can efficiently be converted into beige adipocytes with famgio
characteristics of typical brown adipocyt&sThis exhibits the possibility thatumanscan
convert WAT to beige adipocytes upon stimulation and is a potential targetlfi@r whole

body energy expenditure.

2.8. Significance oWWAT/BAT plasticityand its effect on wholebody energy expenditure

Up until a few decades ago, it was assumed it humans had too little brown fat
to substantially affect body weight. Howew recent imaging studies have revealed the
presence of extense depots of brown fat in adut8®’ Converting whiteinto brown
adipocytesgives rise to the possibility of dissipating energy beyond thermogenesis of classical
BAT depots and holds tremendous promise for the treatment of obesity and its associated

metabolic diseases.

Upon the discovery of UCGP and its energy dsipating capabilities chemical
mitochondrial uncoupling using 2dinitrophenol (DNP)has been tried as a weighiss
therapy. Similar to activated UCP, DNP works as a chemical uncoupler that allows protons to

leak across the mitochondrial membrandtilizing FA and glucosend leaving less substrate for
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storage in WATHowever, high doses of unregulated respiratory uncoupling causes deleterious
side effects including hyperthermia and de#thideally, strategies should be developed to
enhance respiratory uncoupling selectively in adipose tisskerther studies are required to
determine the molecularmechanismshat can increase BAT activity in a safe and effective

manner.

The discoveryid o | 32 y A & ( 4243hdx® 8&hown demarKaldevambesity and
anti-diabetic effects in rodents andasinducedthe BAT phenotypin WAT® Despite of this,
GKS LIKeaAz2f23A0Ff MNBohi§d limedTo dde, thedgidrmadeutialF |
AYRAAGNE KEa y20 0688y adz00Saa fagahis thayis HyB St 2 LIA
specific to adipose tissy@nd the risk of side effects t8 4t KSNJ 2 NH | y-dece@@ y (i | A y A
subtypesis substantial Poor pharmacokinetic properties and oral bioavailability are also

obstaclef’and(i K S vy dzY 6ASREJinzhdman WAT seems to be lower in humans and thus,

G§KS ST 7T A-BdRAgoniR iF mimintal o

Takentogether, the data in this literature reviesuggests that both WAT and BAT are
very plastidissueswith the ability of acquiring metabolic features of one another depending on
the physiological stimulyssuch as exercise, djeand cold exposureFurther studies are
required to determine the molecular mechanisms that affect WAT and BAT plaaticitiiolds

tremendous possibilities in hopes to treat obesity.
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3. OBJECTIVES AND HYPOTHESIS

Currently, there is no clear consensus regarding the effects of chronic endurance
exercise on the thermogenic capacity of BAT and WAT. Therefor@bibetiveof this study
was designed to determine the effects of chronic endurance exemmis¢hermogenesis in

classical BAT and WAT and the impact on wholdy energy expenditure.

Based on the current concept thahronic endurance exercise decreases the oxgat
capacity of isolated mitochondria from BAT, and that endurance training may promote
browning of WAT, hypothesizethat chronic endurance exercise will decreatbee overall
thermogenic capacity of classical BAT and increase thermogenic capacity oFMWA&rmore

| hypothesize that these adaptations will lead to an r@lencreased wholdody EE.
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4. STATEMENT OF LABOUR

All experiments conducted in this study were carried out in equal contribution by
Michelle Victoria Wu(MVW) and George Rbpaulos (GB) MVW's involvement included
exercisetraining of animals, collection of food intake and body weight data, extraction of
tissues, western blottingf adipose tissue sampleand palmitate oxidation. Due to the logistics
of this experiment, theco-author of this manuscript is GBaily measurements of food intake
and body weight, training of animals, extraction of tissues and palmitate oxidation experiments
were equally shared responsibilities between GB and MVW. In addition, GB was alsadimvolve
the preparation of tissues for microscopyd determination of serum irisin leveMalidation of
the PGauh | yGA02Re ¢l a | faz2 NBIJdZANBR 6& GKS NBOJA
conducted additional experiments that are not included in the sise These experiments
involved knockdown of PG@h Ay [c YdzaOf S OSftfazx 6KAOK gSNB
blots to probe for PG@&h Ay (i A avud dz§ & 2200 2tdii/-wY A @35 SINYSHE LINBS/a & A Y
which were required by the reviewers, were contktt by MVW. Additional assistance was
required from Steven Hung, who has completed his MSc. Degree in Dr. Ceddia's lab at York
University His contributionwas essential in the collection of blood from animals under strict
YUACC guidelines, and he alstedin western blotting experiments ghuscle samples.

Dr. Rolando Ceddia is the primary investigator and supervisor of this project and this
research was funded by the Natural Sciences and Engineering Research Council of Canada

(NSERC) grant 31182811
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5. MATERIALS AND METHODS

5.1. Reagentg; Fatty acid free bovine serum albumin (BSAgatnitine and CoA and palmitic

acid were purchased from Sigma (St. Louis, MO). DTT, ATP, ADP and nicotinamide adenine
dinucleotide phosphate (NADP) were obtainednfr Bioshop Canada Inc. (Burlington, ONJ. [1

14C] palmitic acid was purchased from GE Healthcare Radiochemicals (Quebec City, QC). The
irisin kit was purchased from Pheonix Pharmaceuticals (Burlingame, CA). cOmplete ULTRA
tablets and phosStop inhibitors wepurchased from Roche Diagnostics (Mannheim). Specific
antibodies against ATGL, AMPK! Bt Y ¢ K N T +adin wené Rourchased from Cell
Signalling Technology Inc. (Beverley, MA). TheWwGC | Y A0 2R& 61 & FTNRBY aAf

CA) and the antibodies amst UCPL and FNDC5 were purchased from abcam (Cabridge, MA).

5.2. Experimental Procedureg Male Wistar rats had ad libitum access to a4faw(LF) diet or
high-fat (HF) diet. Food intake (FI) and body weight (BW) measurements were taken on a daily
basis, and blood was extracted every 2 weeks. Additionally, in vivo metabolic parameters such
as energy expenditure (EE), respiratory exchange ratio (RER) and ambulatory activity was
measured at the end of the 8 week protocol. By the end of the study, imasd adipose tissue

was extracted for further analysis and lean body mass was determined. Important proteins for
thermogenesis (UCP, PGCHh) were analyzed in adipose tissue, and oxidative capacity ex vivo
was also measured. This experiment was desigoedentify the thermogenic adaptations of
adipose tissue in response to endurance training and the potential molecular mechanisms that

alter wholebody energy homeostasis. All experimental procedures were approved by the York
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University Animal Care Contieie, permit number: 201414, and were carried out under strict
YUACC guidelineall surgery was performed under Ketamine/Xylazine anesthesia, and all

efforts were made to minimize suffering.

5.3. Animals¢ Male albino rats of the Wistar strain fromh&les River Laboratorieseighing
~200g (initial weightvere used for this experiment. Upon arrival, the animals were given 1
week to acclimatize to the new environment prior to initiating any of the experimental
procedures. In order to assign each aalrto an experimental group, the rats were subjected to

an exercise protocol selection process to determine rats unwilling to exeftise.screening
process consisted of 3 separate treadmill exercise sessions. Each session started-wiithh a 5
warm-up petiod set at a constant 5% inclination and 10m/min speed. Following the warm

the inclination was raised to 10% and remained constant while the speed was increased by
2m/min every 2 min up to 30m/minAny rats unwilling to run were excluded from this spud

Only 10% of the animals did not meet the inclusion critedaimals that ran for the longest
duration of time were then selected and randomly assigned to one of four experimental
groups; Sedentary (Sed) LF, Exercise (Ex) LF, Sed HF, and Ex HFw&he kept in a constant
23°C temperature environment with a fixed -bBur light(07:0019:00)/12hour dark
cycle(19:0607:00) withad libitum access to water and either lofat (LF) diet (10% fat, 70%
CHO, and 20% protein) or higgt (HF) diet (59.9% faR0.1% CHO, and 20% protein) obtained
from Research Diets Inc. Animals were housed in individual cages so that FI and BW could be
measured daily.
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5.4. Exercise Protocokk In order to determine the initial training protocol, specialized
treadmills conneted to the Comprehensive Laboratory Animal Monitoring System (CLAMS)
from Columbusinstruments were used to conduehaximal oxygen consumption/Q max

tests at week 0, 2, 4, and 6 of the study. Animals were continuously monitored while running an
incremental speed and inclination protocol until exhaustion was reached. Exhaustion was
characterized by the rats remaining on the shock pad for longer than 5 consecutive seconds, or
at which pointoxygen consumptionMG) did not increase, or if th&kEReacheda value of 1.

See Table 1 for the \d@ax protocol. Animals in the exercise groups were subjected to 1 hour
of treadmill running at 785% V@max, 5 days a week for 8 weeks and the exercise protocol
was adjusted accordingly to maintain exercise intenitpughout the study. At the beginning

of the study, the average speed was 24m/min and progressed to 42m/min by week 8. Animals
in the sedentary groups were also placed on the treadmills at a speed of 2m/min for 1

hour/day, 5 days a week for 8 weetksenaure equal conditions

Time (min) Speed (m/min) Incline (%)
0 0 0
5 10 0
7 12 5
9 14 10
11 16 10
13 18 10
15 20 10
17 22 10
19 24 10
21 26 10
23 28 10
25 30 10
27 32 10
29 34 10
30 36 10
32 38 10
34 40 10
36 42 10
38 44 10
40 46 10
42 48 10
44 50 10

Tablel. VO, max protocol
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5.5. In vivo metabolic parametersg¢ The CLAMS was also used to perform all in vivo
measurements of V&€ carbon dioxide production (V@QOspontaneous ambulatory activity and
RER. Abulatory activity was measured by a system of infrared beams that detect animal
movement. Respiratory exchange ratio was calculated by the ratio of ¥WOBD (RER=MG/

V(G). A lower RER (0.7) indicated greater fat oxidation, while a higher RER ¢lic@}eith
greater carbohydrate oxidation. Energy expenditure (heat) was calculated by multiplying the
calorific value (CV= 3.815+1.232x RER) by. V®leasurements using the CLAMS were
performed at week 8 of the diet and exercise protgc hours after thdast exercise bouand
animals werekept in the CLAMS for 25 houilhe first hour was discarded as the time required
for the rats to acclimatize to the new cage environment and the remaining 24 hours were

monitored encompassing the ligl@7:0019:00 h)and dark cycl€19:0007:00 h)

5.6. Tissue extraction and organ mass Following the 8 week endurance exercise and diet
protocol, animals were dissected 48 hours after thet lagut of exercise to ensure that all
results were a consequence of chronic arghce exercise and not from an acute exercise bout.
Animals were weighed and anesthetized (Ketamine/Xylazine, 0.4mg and 8mg/100g BW). SC
inguinal (Ing) WAT, epididym@tPID), retroperitoneal (RETRO), iBAd aBAT were carefully
excised and weighed. A gimn of each adipose tissue depot were used for palmitate oxidation
and another portion immediately snap frozen for further analysis. A scalpel was used to detach
the entire skin of the animal including the head and weighed separately. The abdominal and
thoracic cavity was incised longitudinally which exposed internal organs that accounted for the
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viscera. Lean body mass (LBM) was measured by weighing the remaining carcass consisting of

skeletal muscle, bones, and the skinned head, liver, heart and kidneys

5.7. lrisin determination in the serum¢ Blood was extracted immediately after exercise at
week 6, and also during resting conditions at week 8 of the study. For resting irisin levels, blood
was collected from the saphenous vein 24h after the last lmb@xercise, in a fed state. For the
determination of irisin immediately after exercise, blood was collected from the saphenous vein
immediately after running for 1h at 785% V@ max for exercise trained animals, and after
exposure to the treadmill fori at 2m/min for sedentary animals. Irisin was determined using

the ELISA Kit from Pheonix Pharmaceuticals Inc.

5.8. Palmitate oxidation ¢ After extraction, sample®f soleus (Sol) and extensor digitorum
longus (EDL) muscles (=100 mg), B8AIT and aBA{F100 mg),and SC Ing fat (~300 mg) were
thoroughly minced in ice cold SETH buffer (300 mM sucrose, 2 mM EDTA, and 10 4HMLTris
pH 7.4). The solution was then homogenized in arcad PotterElvehjen glass homogenizer
and 400m of the tissue homogenatavas transferred to plastic scintillation vials containing
1.6ml reaction mixturg150mM sucrose, 5mM Mg£IB0mM kel, 30mM potassium phosphate
buffer, 2mM EDTA, 2mM ADP, 15mM -HiSl, 1% BSA, 0.75mM palmitate, 1mM
carnitine,.25mM CoA, pH7.4pntaining 02 nCi/ml [1-**C] palmitic acid. Cold andGlabeled

palmitate were complexed with fattgcid free bovine serum album{BSAefore being added
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to the reaction mixture. Within the plastic scintillation vial, an isolated eppendorf tube
containing a loosglfolded filter paper was moistened withghenylethylamine/methanol (1:1
vol) to collect**CQ. After 1 hour of incubation at 37°C, the media was acidified withrAGi
sulphuric acid (5N) to releaséCQ. Scintillation vials remained sealed for anatheur of
incubation.  Subsequently, the filter papers were transferred to scintillation vials for
radioactivity counting of*C. Rates of palmitate oxidation were measured by the production of

“cQfrom the [1-**C] palmitic acid.

5.9. Adipose tissue magshology ¢ Upon extraction of each fat pad, small samples (60 mg)

of each fat depot was removed for microscopy. Within Sc Ing WAT, two samples were collected;
one from the upper portion of the tissue, and another from the middle portion of the tissue
with a visible brown appearance. Samples were fixed in 4% paraformaldehyde, 0.1 M
phosphate buffer solution (pH 7.4) and stored at room temperature for 24 hours. Tissues were
then washed and stored in 70% ethanol and subsequently sent to the Toronto (fentre
Phenogenomics for sectioning and hemotoxylin and e@di&E)staining. In order to prevent
biased selection of cells and cell measurement for the determination of average adipocyte area,
two independent investigators measured 3 randomly selected fieldsiew of 150 cells for

each animal.
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5.10. Western blot analysig Upon extraction, adipose tissues were immediately snap frozen in
liquid nitrogen and homogenized Igsisbuffer [25 mM TrisHCI, 25 mM NaCl, 1 mM MgQ.7

KCI, 1% Nonidet-80, and potease (cOmplete ULTRA tabletsand phosphatisgPhosStop)
inhibitors (pH 7.4) Homogenates were centrifuged for 10min at 16,000 rpm at 4°C and the
infranatant was collected. An aliquot of each sample was used to determine protein
concentration using theBradford method. Samples were diluted 1:1 with Laemmeli sample
buffer [62.5mM TrisHCI, pH 6.8; 2% (wt/vol) sodium dodecyl sulfate; 50mM DTT; 0.01%
(wt/vol) bromophenol blueland heated at 95°C for 5 mbefore loading onto sodium dodecy!
sulfatepolyacryamide gel(SDSPAGE) and then transferred to polyvinyl difluoride (PVDF)
membranes(Bio-Rad Laboratoriespliquots of cell lysates containing -50ug of protein were
usedto determine the content of UGP (33kDA) PGCla (113kDA) total AMPK, phospho
AMPKrhi172(62KkDA) ATGL(54kDA) GAPDH36KDA) FNDC5 (22kD/And b-actin (45kDA) Blots
were scanned and the density was detened using the ImageJ Program. The values
(expressed as arbitrary units) were obtained by dividing the density of the bandeoésh by

S A (i KaBtiNdriGAPDH from the same blot (as indicated by figure legends). SimitdxN{PR

was normalized by total AMPK.

5.11. Statistical analysesg Graph Pad Prism 5 was used for all statistical analyses. The
significance of differencebetween two groups was determined by atiiolr A f SR § (1 dzZRSy (
test, and by onevay or twoway ANOVA for multiple comparisons. A Bonferroni gust test

was used when differences were identified.
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6. RESULTS

6.1. Effects of endurance training and higfat diet on body mass, LBM, and adiposity Body

mass of Ex LF and Ex HF rats 1286 lower than Sed LF and Sed HF controls (Table 2). LBM of
Ex LF and Ex HF rats were also reduced7By in comparison to Sed LF and Sed HF animals
(Table 2). In Ex LF and HK animals, the masses of Epid, SC Ing, and Retro fat pads were
significantly reduced by 33% and 30%, 40% and 26% and by 42% and 37% respectively, when
compared to Sed LF and Sed HF controls (Table 2). As expected, HF feeding significantly
increased adipaty in all three fat pad masses by 1:73.3 and 1.86 times in Sed HF animals

when compared to Sed LF controls (Table 2.) Endurance training prevented this increase in
adiposity induced by HF feeding. Epid, Sc Ing, and Retro fat pads of the Ex HE aeiraal

similar to Sed Econtrols (Table 2).

Sed LF ExLF Sed HF Ex HF

Body mass (g)  481.50 = 8.54 428.43 * 10.29° 524.20 + 8.77 464.89 * 9.73“
Fat pad mass (g)

Epid 8.16 + 0.55 5.49 + 0.36" 14.09 + 0.77° 9.83 + 0.934
SC Ing 1141 + 0.67 6.79 *+ 0.32° 14.89 + 0.87° 11.00 = 0.85¢
Retro 678 + 0.78  3.94 +0.23* 12.61 + 0.85° 7.95 + (0.78¢
LBM (g) 20430 *+ 6.14 271.60 * 522° 29520+ 42 273.80 + 56°

@ p < 0.05 is versus Sed LF and Sed HF.

"’p =2 0.05 is versus Sed LF, Sed HF, and Ex HF.

“p < 0.05 is versus Sed LF, Ex LF, and Ex HF.

4 p < 0.05 is versus Ex LF and Sed HF. Two-way ANOVA is n = 18.

Table 2. Effects of chronic endurance exercise training and fiéghdiet on body mass,
adiposity, and LBM. Measured at the end of the study.
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6.2. IBAT mass and assessment of uniltanudroplet area¢ IBAT mass significantly increased

with HF feeding (1.84bld) when comparing Sed HF mamails to Sed LF animals (Figure &nd

C). Chronic endurance exercise reduced iIBAT mass by 39% and 26% when comparing Sed LF to
Ex LF, and Sed HF and HF animalstespectively (Figure & and C). Microscopic analysis
revealed that iIBAT extracted from Sed LF and Sed HF animals displayed typical multilocular
brown adipocytes, while Ex LF and Ex HF animals displayed larger unilocular lipid droplets
resembing adipocytes normally found iwhite adipose tissue (FigureéBY. In fact, wilocular
adipocyte area was-®ld higher in iBAT taken from an Ex LF animal than a Sed LF animal, and

1.84fold higher in EXF than Sed HF animals (Figubg.7
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Figure7. Chronic endurance training and hifgt (HF) diet exert antagonistic effects on mass

and unilocular lipid content in the interscapular brown adipose tissue (iBAR). iBATs
dissected fromsedentary (Sed) or endurance exercise trdifEx) rats, fed either a lofat (LF)

or HF diet. (B) Microscopic images (20x magnification) of H&E staining of iBAT samples. (C)
Average iBAT mass and (D) unilocular adipocyte area of all four groufis05pvs. Sed LF; #

p<0.05 vs. Sed LF, Ex LF, EXTH<®05 k3. ExLF; 8p dnp Gad { SRO.Op@Ial{ SR |
other conditions. Twavay ANOVA (n=8).

LF HF
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6.3. PGGla and UCPL content and palmitate oxidation in iBAT and aBAPGCla and UCHL
contents of iBAT and aBAT were increased byfddband2.55fold, and by 3.38old and 2.21

fold when compared to SedF rats, respectively (Figuré-8). Conversely, animals in the Ex LF
group revealed a reduction in PA& and UCPFL content by 69% and 63% and by 79% and 45%,
respectively, when compared toe® LF animals. Importantly, chronic endurance exercise
completely attenuated the HHBiet induced effect of increased PG& and UCP1 in iBAT and
aBAT (Figure BF). A similar trend was found in palmitate oxidation of IBAT and aBAT.
Palmitate oxidation deeased by 65% and 72%, and by 45% and 51% in iBAT and aBAT,
respectively, when comparing Ex LF and Ex HF animals to Sed LF and Sed LF animals and
increased in iBAT {®ld) and aBAT (2-told) of Sed HF rats when compd to Sed LF controls
(Figure & andH). These results indicate that chronic endurance exercise reduces, and HF

feeding increases thermogenic capacity of iIBAT and aBAT.
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Figure 8. Interscapular and aortic brown adipose tissue (iIBAT and aBAT, respectively) were
extracted from sedentary (Sed) or enduranttained (Ex) rats fed either a lefat (LF) or high
fat (HF) diet. Ex and HF diet increases-B&and UCFL content, as well as palmitate oxidation
in iIBAT and aBAT. Representative blots (A, B) and densitometrysianall PGCQa (C, D), UGP
1 (E,F) contents, and palmitate oxidation (G, H) in iBAT and &B&Tin was used as loading
control for all western blot experiments. ¥9.05 vs. Sed LF; #@05 vs. all other conditions.
Oneway ANOVA (n=8).
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6.4. Morphological analysis and mean adipocyte area of the Sc Ing fat depdipon visual
analysis of the Sc Ing fat depot, the middle region of the tissue was browner in animals exposed
to chronic endurance exercise than sedentary animals, although the upper extremihe of
tissue emained white (Figure®and B, G and H). Samples of the upper and middle regions of
the tissue were used for H&E staining, as indidaty the black circles (Figurd@nd B, G and

H). It was found that the middle and upper regions of therfgcfat fromSed LF (Figure 9C and

D) and Sed HF Figured&hd J) rats contained unilocular adipocytes, typical of WAT. The upper
extremities of the Ex LF (Figure 9E) and Ex HF (FigQrar®@mals also contained typical white
adipocytes, but interestinglythe middle region of the SC Ing fat depot taken from an Ex LF
(Fgure 9F) and the Ex HF (Figutd 8nimal showed the appearance of multilocular adipocytes,
typical of what is seen in BAT. Furthermore, when comparing the middle regions of the SC Ing
fat depot between Ex LF and Ex HF animals, the former contained a much larger area occupied
by multilocular brown adipocytes (FigureF9and L). These findings suggest that chronic
endurance exercise induced the browning of SC Ing fat, and HF feeding attethiateffect. It

is also to be noted that the mean adipocyte area taken from the upper extremity of the SC Ing
fat depot was significantly higher in the Sed HF animah thia other conditions (Figure X).
Intriguingly, this robust increase in mean adiptecgrea of Sed HF animals was not seen in the
middle region of the Sc Ing fat (Figur@B). Additionally, the mean adipocyte area in the middle
region of the fat depot was also reduced by 30% in Ex LF rats and by 36% in Ex HF rats when
compared to their SBE LF and SED Hbntrols (Figure 1B). These findings suggest that the
adipocytes located in the middle region of the Sc Ing fat pad are not only capable of inducing a

brown-like phenotype, but are also resistant to HF feeding induced hypertrophy.
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(A)

Figue 9. Chronic endurance training induces browning and the presence of multilocular
adipocytes in the subcutaneous inguinal (SC Ing) fat depot efdo@F) and highat (HFfed

rats. Left and right SC Ing fat depots taken fromles#tary (Sed) and endurance trained (EX) rats

fed either a LF (A, B) or HF (G, H) diet for 8 weeks. Samples from the upper extremity and
middle region of the SC Ing fat depots, as indicated by the black circles, were used for H&E
staining and microscopy alysis. Representative images (20x magnification) of adipocytes from

Sed (C, D) and Ex (E, F) rats fed a LF diet and Sed (I, J) and Ex (K, L) rats fed a HF diet are shown.
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Figure10. Chronic endurance training reduces mean adyge area in the upper (A) and middle

(B) region of the subcutaneous inguinal (SC Ing) fat depot-felighlF) feeding increases mean
adipocyte area only in the upper region. Samples of the upper and middle regions of the SC Ing
fat depot (as indicated ifrigure 3) were taken from sedentary (Sed) or endurance trained (EXx)
rats fed either a lowat (LF) or higHat (HF) diet. *g0.05 vs. Sed LF; #@O05 vs. all other
conditions. Onevay ANOVA (n=8).

6.5. PGCla, UCP1, and ATGL content, AMPK phosphorytat, and palmitate oxidation in

the Sc Ing fat depot In order to determine whether or not the middle region of the Sc Ing fat
depot actually contained functional brown adipocytes, important proteins involved in
thermogenesis and oxidative capacity of thesue was measured. PG&, UCPL, and ATGL
content, and AMPK phosphorylation were increased in Ex LF animals-fpldd(FigurellA

and B), 6.13old (Figurel1lA and C), 4.8fold (FigurellD and E), and 3:®ld (FigurellF and

G), respectively, whesompared to Sed LF animaRBGGla, UCPL, and ATGL content, and
AMPK phosphorylation also increased in Ex HF animals when compared to Sed LF controls, but
to a much lesser extent than what was seen in Ex LF animals (EitA+#¢). In Sed HF rats,

PGCla was downregulated by 78% and U&Pwas almost undetectable. No alterationgre
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observed for ATGL content &MPK phosphorylation in Sed HF rats when compared to Sed LF
controls. These findings are compatible with palmitate oxidation results in which toweda
capacity of Ex LF animals was 3@8 higher than Sed LF controls, and no significant
alterations were apparent between Sed HF rats and Sed LF animals. Taken together, these
findings indicate that chronic endurance exercise induced the browning dhgfat and the
appearance of these browlike adipocytes was accompanied by functional thermogenic

adaptive responses. Conversely, HF feeding attenuated these effects.
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Figure 11. The middle region of subcutaneous inguinal (B8G) fat was extracted from
sedentary (Sed) or endurance trained (Ex) rats fed either afdoLF) or higiiat (HF) diet.
Chronic endurance training and hifgt (HF) diet reduces PAE@ (A,B), UCR (A,C), and ATGL
(D,E), contents, as well as AMPK gitasylation (F,G), and palmitate oxidation (H) of the SC
Ing fat depot.b-actin was used as loading control for all western blot experimentsO’@b vs.

Sed LF; #49.05 vs. all other conditions. Oweay ANOVA (n=8).
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6.6. UCPL content in visceral fat depts ¢ We also wanted to test whether exercise also
induced the browning of visceral fat depotdpon visual inspection, there was no browning
that occurred in neither Epid, nor Retro fat pads. We algomeasured UGP content inboth

fat pads (Figure 12). UCP1 was not detected under any of the experimental conditions
indicating that Sc Ing fat was the only WAT depot that underwent browning under chronic

endurance exercise conditions.

Epid

Sed Sed

Ex Ex

LF HFE & LF B &
Sed Ex OSed Ex % Sed Ex Sed Ex ¥
UCP-1 ® TUCP-1 B
[-actn e e e o o - - B-actn == - - —-— - - -

Figurel2. Neither endurance exercise (Ex)rioghfat (HF) diet affected UGPcontent in both

the epididymal (Epid) and retroperitoneal (Retro) fat depots. The Epid and Retro fat pads were
extracted sedentary (Sed) or Ex rats fed either a-flaw(LF) or HF dieb-actin was used as
loading contrd for all western blot experiments. A sample of interscapular brown adipose
tissue (iBAT) containing & of protein was used as a positive control for UICBamples of

Epid and Retro fat pads containedrgDof protein.
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6.7.PGauh | YR Cbs5/p 02yiGSyd IyR LI fgPs@uh i O 23/HASK G
increased by 25 3.45, and 3.58 fold in soleus muscles fronxEEF,SedHF, and EHF rats

when compared toSedLF rats (Figura3A and B). No significant differerecevere found in

FNDC5 content in soleus muscles across all experimental conditions (EgArand C).

Palmitate oxidation results showed a 2.2.1, 2.45 fold increase in Ex LF, Sed HF, and Ex HF

rats repectively, when compared to Sdd- rats (Figurd3D). Similar findings for PGCh X

FNDCS5, and palmitate oxidation were found for EDL muscles (data not sfiiage}her, these

findings indicated that chronic endurance exercise caused a robust training effect in skeletal

muscle; however, it did not affectNDC5 content in these tissues.
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Figurel3. Soleus muscles extracted from sedentary (Sed»we8k endurancerained (EX) rats
fed either a higkfat (HF) or lowfat (LF) diet were assayed for R&G O2y 1Sy (i 06!
content (A, C), as well as palmitate oxidation (BGAPDH was used as loading controkG®5

vs. Sed LF; #0.05 vs. all other conditions. Oweay ANOVA (n=8).

6.8. Circulating irisin and FNDC5 content in Sc Ingcf&irculating irisin levels did not tef
among the four experimental groups under resting conditions at week 8 (FitdAg nor
immediately after exercise at week 6 (FigurdB). Following the 8 week chronic endurance

exercise and HF diet protocol, animals fed a HF diet seemed to haveléxgés of circulating
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irisin when compared to those on a LF diet. However, these values did not reach statistical
significance. FNDC5 content of Sc Ing fat from Ex LF animals significantly increased, while the
content in Sed HF animals was markedly redu@édure14C and D). Exercise seemed to
attenuate the affect of HF diet and raised FNDC5 content of Ex HF animals to levels similar to

the SED LF controls (Figu4C and D).
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Figure 14. Serum irisin levels measured under regtinonditions 24h after the last bout of
exercise at week 8 (A), and immediately after exercise at week 6 (B). Chronic endurance
exercise increases FNDC5 content in subcutaneous inguinal (SC Ing) fat (C and D). The middle
region of the SC Ing fat depot wased for the determination of FNDC5 contehtactin was

used as loading control. ¥9.05 vs. Sed LF; #@O05 vs. all other conditions. Oweay ANOVA

(n=8).

6.9. 24-hr ambulatory activity and energy expenditure There were no significant differences

in ambulatory activity and energy expenditure across all four groups during the light cycle
(Hgure 15A-D) However, there was a significant decrease (23%, 29%, and 35%) in ambulatory
activity of Sed HF animals when compared to Sed LF, Ex LF, and Ex HF raspeaisvely,

during the dark cycle (FigurE5A and B). In addition, energy expenditure analysis revealed a
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significant increase af4.2% in Ex LF rats, and 17.8% in Ex HF rats when compared to Sed LF
animals during the dark cycle (FigutBC and D). Thacrease in energy expenditure of Ex LF
and Ex HF animals is not due to alterations in ambulatory activity as this variable was not

changed during the dark cycle.
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Figure 15. Effects of chronic endurance training (Ex) and Hah(HF) diet on spontaneous
physical activity and wholbody energy expenditure. 24 hour measurement of ambulatory
activity (A, B) and energy expenditure (C, D) at the end of the 8 week endurance exercise
protocol. The rats were allowed to rest for 24tpgor to being placed in the Comprehensive
Laboratory Animal Monitoring System (CLAMS) from Columbus instrumert3.0%vs. Sed LF;

# p<0.05 vs. all other conditions. Twaay ANOVA (n=8).

56



7. DISCUSSION

The findings of this studyevealed that thermogeasis is antagonistically regulated
under conditions of chronic endurance exercise and HF feeding in classical BAT and SC Ing WAT
which is important for the regulation of wholeody energy expenditureEnergy surplus
through a HF diet increased the mass,(F@ and UCPL contents and palmitate oxidation in
iIBAT and aBAT, while in Ex LF animals, these variables were markedly reduced. These results are
compatible with our findings that endurance training caused an accumulation of unilocular
adipocytes in iBATand aBAT, indicating reduced thermogenic capacity in these tissues.
Conversely, the middle portion of the Sc Ing fat depot of Ex LF animals displayed higher levels of
PGGla, UCPL, and ATGL content, along with increased AMPK phosphorylation and palmitate
oxidation, and HF feeding attenuated these effects. These molecular changes in combination
with the observed presence of U@mositive multilocular adipocytes in the Sc Ing tissue of Ex
LF animals indicated an increased thermogenic capatitgse findigs are in agreement with
previous studies in which exercise induced the browning of #X&TIn addition, the middle
region of the Sc Ing fat depot was more responsive to browning induced by exercise than the
upper region. In fact, the middle region dfe Sc Ing tissue displayed an increase in multilocular
adipocytes, UGR content, and rate of oxidation when exposed to chronic endurance training.
These observations were not found at the proximal or distal extremities of this fat depot.
Furthermore, themean adipocyte area in the extremities of the Sc Ing fat increased in Sed HF
animals, whereas the middle region of the fat depot remained unchanged. This indicates that

the middle portion of the Sc Ing fat is not only capable of browning induced by exdoaisit is
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also resistant to adipocyte hypertrophy induced by HF feeding. These results are compatible
with the sitespecific differences in thermogenic capacity we found in the Sc Ing fat depot in
rats. Previous studies in mice have reported major depat strainspecific differences in UEP

1 expression, indicating that the Sc Ing fat depot is more prone to acquiring a ik@vn
phenotype than visceral fat depot®!*## |n this study, we demonstrated that exercise
induced browning of WAT in rats is also deppecific, since we found an increased LCP
contentand the presence of multilocular adipocytes in Sc Ing WAT but not in Epid or Retro WAT

in response to exercise.

Previous studies have shown that moderate to high intensity endurance training
increases SNS activity and circulating catecholariaed importantly, BAT activity is strongly
stimulated by catecholaminés In our study, V&max tests were conducted every two weeks
and training intensity for endurance exercise animals wagt kat a constant 785%
throughout the study, so circulating catecholamines were expected to increase during exercise.
Despite of this, thermogenic capacity of BAT and WAT were antagonistically regulated. Chronic
heat exposure from exercise seemed to owder the catecholaminégnduced BAT activity
normally observed in centrally located fat depots by decreasing thermogenic capacity of iBAT
and aBAT, but not in peripheral body regions such as the Sc Ing fat depomndtaarwhether
these antagonistic ef@G & ' NB RdzS (2 | RIA Y Ha8iNdBrgidirecéptos i NRA 0 dz
and catecholamine response, or by other exergistuced factors independent of

catecholamines.
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In this context, previous studies have suggested that exercise induces the browning of
Sc Ing WAT by stimulating the release of a-®®@@ependent myokine called irisin. Irisin has
been proposed to derive from the cleavage of the FNDCS5 receptor under exercising conditions
andresults in thebrowning andincreasedUCP1 expression in subcueus adipose tissde.
In order to assess whether aidating irisin could mediate the exerciggduced browning effect
found in this study, we measured circulating irisin levels and FNDC5 coktentound that
chronic endurance exercise and HF diet both caused robust increases i PGCO2 y (i Sy i
palmitate oxidation in Sol and EDL muscles. However, we diddetgct any significant
alterations in FNDC5 content. Furthermore, circulating irisin levels under resting conditions
were unaffected by endurance exercise and HF feeding. It is possible that icsgasad
transiently after exercise and values obtained under resting conditions may have missed such
an effect. Therefore, we also measured circulating irisin levels immediately after exercise at
week 6 of the study. We found no significant differencessasrall four groups of animals. Our
findings are compatiblevith other studies reporting lack of muscle FNDC5 and irisin release
after exercise®”®* It has also been reported that FNDC5 and irisin can be released by
adipocytes®, therefore, wealso measured FNDC5 content within the Sc Ing fat depot. Similar
to PG@u " | v R cdntertt, chronic endurance exercise significantly increased FNDC5
content, while HF diet markedly reduced it. These findings suggest that locally produced FNDC5
in the adpose tissue rather than circulating irisin could have mediated the browning effect seen

in the Sc Ing fat depdbllowing exposure to chronic enduranegercise.
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Exercise is thermogenic in itself and a large amount of heat is produced as a
consequence ofepeated muscle contractions. Thus, a reduction in BAT activity is expected and
has been demonstrated in previous studieOu findings were consistent with this since iBAT
and aBAT had reduced UCRcontent and oxidative capacity as a consequence of chronic
endurance exercise. This result can be explained by the adaptive response terepuiate
thermogenesis in response to r@mic exercisenduced heat production. Besides exercise and
cold temperature, structural and functional alterations in BAT are also regulated by diet
induced thermogenesis (DIT)*>% In mice, UCR ablation eliminated DIT and the animals
developed obesity when living at thermoneutralit). In addition, it has been reported that
glucose uptake in BAT increases afteneal in humans®. These studies indicate the role of
BAT in reducing metabolic efficiency and increasing energy expenditure. In our study, the
increased thermogenic capacity of IBAT and aBAT in sedentary animals exposed to HF diet is
also compatible withthe adaptive response of increased DIT under conditions of energy

surplus.

Regular exercise is often prescribed to facilitate and maintain weight96sghis study
confirms that chronic endurance exercise reduces body weight through a reduction in adiposity
and LBMIn the final week of training, ambulatory activity and EE were measured. There were
no significant alterabns in spontaneous ambulatory activity, yet energy expenditure of Ex LF
and Ex HF animals was 14.2% and 16.8% higher, respectively, when compared to Sed LF
controls during the dark cycle. Despite having a decreased iBAT and aBAT thermogenic capacity,

the resting EE of endurance trained animals was significantly higher than controls. It appears
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that the browning of Sc Ing fat could have contributed to this increase in EE as demonstrated by
the increase in UCP content and palmitate oxidation found in thenduranceexercised
animals. However, it seems paraxodical for the body to facilitate the browning of Sc Ing fat and
increase thermogenesis when chronic endurance exercise is already thermogenic in itself. It has
been proposed that exerciseduced browningf Sc Ing fat could have evolved from shivering
related muscle contractions in response to cold stress. When shivering occurs, muscle
contractions lead to the release of myokines that allow the browning of white fat, and in this
context, muscle contractits due to exercise could also lead to the release of hormones that
activate adipose thermogene$ts’® In our study, the rats lived in thermoneutral environments
and were not exposed to cold stress. Typicétlgrmogenic tissues such as IBAT and aBAT
displayed a decrease in mass, UICéntent, and oxidative capacity when exposed to chronic
endurance exercise. Therefore, it seems unlikely that the browning of the Sc Ing fat depot
occurred in order to enhanceom-shivering thermogenesis and increase heat production.
Instead, this response suggests a compensatory mechanism in which the body induces
browning of Sc Ing fat depots to regulate whaledy energy expenditure in response to the

decreased BAT mass andidity in core regions.
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8. CONCLUSIONS

When comparing the thermogenic capacity of classical BAT and WAT fat depots, the
effects of exercise are paradoxical. In fact, the opposite resposses inBAT and WAT to
chronic endurance exercise and HF dliedve toplay a very important role in regulating whele
body energy expenditurédur resultsdemonstrated that the thermogenic capacity of WAT and
BAT is antagonistically regulated by chooendurance exercise and HF demd the alterations
seen in thes animals may reflect a compensatory mechanism in which the browning of Sc Ing
fat occurs to allow the organism to regulate whdledy energy homeostasis in response to the
decreased thermogenic capacity of BAT located in the central core area. Thisastetized by
a reduction in thermogenic capacity of classical BAT, accompanied by the browning of Sc Ing fat
in response to chronic endurance exercise. This shift of thermogenic capacity from core regions
to peripherally located tissues may allow the angan to adjust wholédody energy
expenditure by activating thermogenesis when required, while simultaneously coping with the
chronic heat production induced by exerciSehesenovel findings also raised the following
guestion: How does the antagonistic @t of exercise on classical WAT and BAT affect whole
body energy expenditure®@ur n vivofindings demonstrated that there were no differences in
ambulatory activity,however;the energy expeniture of exercised animals werggnificantly
higher thanthe sedentary controlsNot only this, but the animals in the chronic endurance
exercise groups showed smaller BAT mass and lower thermogenic capacity. Therefore, the
higher energy expenditure seen in these aninw@isld be explained by the browning of Sc Ing

fat observedin animals exposed to exerciseherefore, even though the metabolic alterations
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to classical BAT and WAT in response to exercise seem paradoxical, they may be of great
physiological relevance in regards to whbledy energy expenditure. Cotievely, our results
provide novel evidence that the browning of Sc WAT may play an importalg moregulating
whole-body energy expenditure and could potentially be used as a therapeutic approach to

treat obesity and its related metabolic disorders.
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9. FUTURE DIRECTIONS

In our study, we observed that exercise exerts an antagonistic effect on thermogenic
capacity of brown and white adipose tissue. The mechanisms that lead to this paradoxical effect
remain to be determinedlt is well understoodthat LJ12 f @ aAa Aa O2y UNRff SR ¢
receptors during exerciseiduced increasgin catecholamine releasend the rate of lipolysis
is regulated in two ways; 1.) the variation in the regulating signal and 2.) the variation in
responsiveness to thregulating signalThe density of receptors found in each adipose tissue
depot vary to a greatextent®. Obesity is associated with a decreased lipolytic effect in
response to catecholamine stimulation due to alterations in adrenergic signaling pattways
Ourresults could be conferred tgimilark R LJG A @S NBalLl2yasSa GKdold F FFS
i -receptors and catecholamine release within eachdapot in response to exercise and HF
diet. Therefore, the aim of my future studies is to determine whether chramdurance

exercise changes the distribution of adrenergic receptors or NE release in classical BAT and Sc

Ing WAT.

9.1. Distribution of adenoreceptors in different fat depots

Adrenoreceptors play a crucial role tine regulation of TG storage within adipocytes.
¢ KS 02 Yo AyIyiuRA@Ingcefors mediate the lipolytic response of adipose tissue to
catecholamines. When the body requires increased energy or rate of heat production, a signal

is transmitted via the SNS amNEis released from local nerve endigs b 9 0 AgRRtEat (1 2 |
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are coupled to a Gtimulatory protein that activate&Cwhich will then catalyze the conversion

of ATP tocAMP. Increased cAMP levels lead to the activatioRiKAwhich then initiates two
processes; the phosphorylation and actiea of HSLand the phosphorylation, and thus
deactivation, ofPLIN These two steps are vital for the breakdown D&to free FAwhich are

used as acute substrate for thermogenesis, and importantly to regulate-1UG€&ivity.

| 2y @S NIERE are> coupld with Ginhibitory protein, which inhibits AC activity and
decreases cAMP levels and thus reduces the rate of lipolysis downsftéarithe balance
between adrenoreceptor subtypes regulates lipolytic drive and thus, is an essential factor for
thermogenesis. There are specieand depotspecific differences in the expression of
adrenoreceptor subtypes that modulate to fat cellnfition 23, In this context, one major
objective | wish to address in my future studies is to exarhinf®@ RA AGNA O dzi A2y RA 7
|y RAd ireceptors in the BAT and WAT, and importantly within the different regions of Sc Ing
fat. The exercisenduced browning respomswas only seen in the middle portion of the Sc Ing

fat, indicating a possible variance of adrenergic receptor distribution in comparison to the
dzLILISNJ SEGUNBYAGE d |-AdK forh& i§ M rBidole)Ndiiandof the/Sc th fat
could theoreticallyhave resulted in an increased rate of lipolysis which could have allowed for

the increased thermogenesis seen in our results. Thus, it is important to investigate the
02 YO0 A Yl G-AI2WR-AGRF thah mediate the lipolytic effect of catecholamines, and
consequently alter the thermogenic capacity of different fat depots. In order to confirm our
KeLRGKSaSas ¢S oAttt +layaraecEptors iK SachRypd of Ngsue dgi A 2 v

measuring their protein content through western blot analysis.
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9.2. Catebiolamine release in different fat depots

In addition to the various adrenoreceptors expression in each type of fat, the amount of
catecholamines released at nerve endings is also an important determinant of lipolytic activity
and thermogenic capacity. Gatholamines such as NE, attach to binding sites on fat cells
according to the affinity of each adrenoreceptor subtype. It has bedd® LJ2 & SRAIRI KI G h
AYKAOAG fALREeara i NBad oA GAR inadlatefligplgstst 4 2 F
when exposed to high levels of catecholamines such as physical exercise. During exercise, high
b9 O2yOSYyiNI A2y a-ARWARK Y& aliKSdzA yERBRR G2 NE |
This supports the idea that NE may exert dual actions in the cell depending on the
concentration of NE available at the adipocyte Ie¥el In fact, it has been demonstrated that
catecholamines play ddrent roles in lipolysis at rest and during exercise in human
subcutaneous fat tissué®. Therefore, it would be interesting to investigate the amount of

catecholamines, specifically NE, releabgdherve endings in both types tiésue.

It is well known that exercise transiently increases SNS activity, and catecholamine
release stimulates BAT thermogene&i$ Surprisingly, in the present study, we see that
exercise reduces thermogenic capacity of BAT and increases it in specific portions of the WAT. It
could be possible that chronic exercise mediates the amount NE releasieel BAT versus the
WAT.To confirm our hypothesis, we waksess the capacity of NE release in each fat depot by
measuring Tyrosine hydroxylase (TyrH) and dopanfiee RNR E&f 84S ORI | 0T GKA
enzymes for catecholamine synthesis. Low levelst @&f NJ 2NJ Ri | gAff aAr3dy
capacity to synthesize NE. This information will further elucidate the regulation of

thermogenesis in classical BAT and WAT in response to exercise.
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11. APPENDICES

11.1. Appendix A: Detailed Experimental Methods

11.11. Determination of irisin in the serum using ELISA kit from Pheonix Pharmaceuticals

(CATHEK67-29)

This Enzyme Immnoassay Kit contains an immunoplatepated with a secondary antibody

and the nonspecific binding sites are blocked. The secondary antibody can bind to the primary
peptide antibody that is also bound with biotinylated peptide and pepstindard. The
biotinylated peptide interacts with streptavidinorseradish peroxidise (8ARP) that catalyzes

the substrate solution (containing 3,3',54&-tramethylbenzidine, TMB) and hydrogen peroxide
that produces a blue solution. Adding hydrochlaeid (HCI) stops the enzyrsebstrate

reaction and the solution turns yellow. The intensity of the yellow colouring is directly
proportional to the SAHRP amount and inversely proportional to the amount of peptide in the
samples. A standard curve of knowoncentration is established first and the unknown
concentration of the samples can be determined by extrapolation of the standard curve.

Kit Reagents
1. 20x assay buffer concentrate
96 well immunoplate
Acetate plate sealer (APS)
Primary antibody
Standardpeptide
Positive control
Biotinylated peptide
Streptavidirhorseradish peroxidise (SARP)
. Substrate solution (TMB)
10.2N HCI
Note: Kit components must be equilibrated to room temperature before starting the assay.
After rehydration, use solutions as soonpassible.

© 0N OGh WD
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Preparation of peptide standard solutions

Standard # Standard Vol. 1x Assay Buffer Concentrations
Stock 0 1000 pl 1000ng/ml
#1 100 pl of Stock 900 pl 100ng/mi
#2 100 pl of #1 900 ul 10ng/mi
#3 100 pl of #2 900 ul 1ng/mi
#4 100 pl of#3 900 ul 0.1ng/ml
Protocol

1. Dilute 20x assay buffer concentrate (50mL) with 950ml of,.68dfhis will make it a 1x
assay buffer solution. Use this solution to dilute or dissolve all other reagents.

2. Centrifuge and rehydrate the standard peptide with Johllx assay buffer. Vortex.
Now, the concentration of this stock solution is 2000ng/ml. Allow solution to sit at room
temperature to be completely dissolved. Vortex and centrifuge immediately before use.

3. Centrifuge and dilute samples with 1x assay buffafferent samples may require
different dilution factors to ensure samples are within dynamic range of the standard
curve.

4. Centrifuge and rehydrate positive control with 200ul of 1x assay buffer, primary

antibody with 5mL of 1x assay buffer, and biotaigh peptide with 4ml of 1x assay

buffer. Allow solutions to sit for 5 mins to completely dissolve and mix well.

Leave Al and A2 empty as blanks.

Pipette 50pul of 1x assay buffer into B1 and B2 as total binding.

Add 50ul of prepared peptide standards int@Ng in duplicates.

Add 50yl of positive controls in duplicates.

Add 50ul of samples into designated wells in duplicates.

10 Add 25l of primary antibody into each well EXCEPT the blank well

11.Add 25pl of bitinylated peptide into each well, EXCEPT the blalk we

12.Seal the immunoplate with APS. Incubate for 2 hours at room temperature on an orbital
shaker.

13. Centrifuge SAIRP vial and pipette 12ul into 12mL of 1x assay buffer to malkéRTA
solution. Vortex vigorously.

14.Remove APS from immunoplate, discard conterftdhe wells.

15.Wash each well with 1x asay buffer, discard the buffer, invert and blot dry. Repeat 4
times

16.Add 100ul SARP solution into each well.

17.Reseal immunoplate with APS. Incubate for 1 hour at room temperature on orbital
shaker.

© 0N O
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18.Remove APS frormimunoplate, discard contents of the wells. Wash and blot dry
immunoplate 4 times again.

19.Add 100ul TMB substrate solution into each well. Reseal plate with APS. Incubate for 1
hour at room temperature on orbital shaker. Protect immunoplate from light & th
point.

20.Remove APS from immunoplate, add 100ul 2N Hcl into each well to stop the reaction.
The colour should change from blue to yellow and gently tap plate to ensure thorough
mixing.

21.Load immunoplate onto Microplate reader and read absorbance O £brat.

Results

Standard curve should show a reverse sigmoidal shape and is constructed by plotting the
known concentrations on the-xxis and cooresponding O.D. reading on thexig.

The standard curve shows an inverse relationship between O.D. almsarlaad peptide
concentration. As standard concentration increases, the yellow colour intensity should
decrease which results in a reduced O.D. absorbance.

The concentration of the peptide in each sample is determined by locating the O.D. of each
sampleon the Yaxis and the a horizontal line should intersect with the standard curve. At this
point, a vertical line will intersect the-ais to show corresponding peptide concentration of
the sample.

Note: if the samples were diluted prior to the assay, toecentration calculated must be
multipled by the dilution factor.

The final results are expressed as irisin (ng/ml)
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11.12. Complexationof Palmitate

©CoNoO~wDdhPE

Prepare 30mL of SETH Buffer (Recipe found in palmitate oxidation buffers section)
Add 3.75g FAree BSASgmaCat#A3803 to get a 12.5% solution

Heat to 50°C in water bath

Take 1600mg palmitic acid (Sigma CaBbB5) to put into a 2mL eppendorf

Dissolve palmitic acid with 100ul NaOH (10N) and vortex vigorously

Add palmitic acid into preheated medium whg#grring. (note; it will precipitate)

Pour into falcon tube, protected from light

Incubate in 50°C water bath for 4+ hours while shaking atZ8lpm

After the incubation period, filter solution to get chunks out using a 10mL syringe and
sterile strainer

10.pHto 7.4
11. Aliquot solution and store aR0°C

11.1.3.Determination of FA using Wako Pure Chemicals HR Series MHRAKIt

1. Dissolve Reagent A into Solvent A
1 4.1mg of Reagent A per 1mL of solvent A (calculate total volume you need for
samples and standards)
2. Add 0.5mL of Reagent A solution into each cuvette and incubate for 5 min at 37°C
3. Dissolve Reagent B into Solvent B
1 10.6mg of Reagent B per 1mL of solvent B
4. Add 0.25mL of Reagent B solution into each cuvette and incubate for 5 min at 37°C
5. Read alDD550nm
Quvette | ImEqg/L| H0 Reagent| | Reagent| | Optical | NEFA Conc.
NEFA | (uL) A Sol. N B Sol. N Density (mEq/L)
Std (uL) (mL) C (mL) C 550nm
Blank - 12.5 0.5 U 0.25 U 0 (Ref) 0
0 - 12.5 0.5 B 0.25 B 0 0
Low Std| 6.25 6.25 0.5 A 0.25 A read 0.5
Mid Sd | 12.5 - 0.5 T 0.25 T read 1.0
High 25 - 0.5 E 0.25 E read 1.97
Std
Sample| 12.5 - 0.5 0.25 read TBD




11.1.4.Palmitate Oxidation Buffers

Seth Buffer(pH-7.4)
300mM Sucrose

2mM
10mM

EDTA
TrisHCL

Reaction Mixture (pH7.4)

150mM Sucrose

5mM MgClI2

30mM KCI

30mM Potassium phosphate buffer
2mM EDTA

2mM ADP

15mM TrisHCL

1% BSA

0.75mM Palmitate

1mM

Carnitine

0.025mM CoA
0.2uCi/ml  [1-**C] Palmitic acid

11.15.

9

10.

Palmitate Oxidation Protocol

Following extraction, weigh tissues (~100mg musdé&0mg BT, ~300mg WAT) and
place into 200pl of iceold SETH buffer

Depending on weight of tissue, add additional SETH buffer to yieled@®Qwt/vol)
dilution

Homogenize solution in an i@®ld PotterElvehjen glass homogenizer for approx. 30
seconds

Take 400l of tissue homogenate and pipette into plastic scintillation vial containing
1.6mL of reaction mixture

Place isolated well containing loosely folded piece of filter paper inside of scintillation
vial and cap using rubber stopper

Include 2 blanks and 2 tals

Gasify each scintillation vial for approx 1 minute, and incubate for 1 hour at 37°C
After 1 hour, add 200pl (1:1, vol/volyghenylethylamine/methanol onto loosely folded
filter paper in the center of the well, and 200ul of30Q (5N) to acidify media

Incubate for 1 hour at 37°C

Collect filter papers and transfer to corresponding scintillation vial containing 10mL of
ECOLITE+ liquid scintillation cockilsiP Biomedicals Cat #018824 &5\ place in
scintillation counter for radioactivity counting
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11.1.6.Wedern Blotting Buffers

10x Running Buffer (p+8.3)

30.34g Tris base
1449 Glycine
10g SDS

Dissolve contents in 1L of dgHand store at room temperature.

1x Running Buffer (pHB.3)

10% 10x Running buffer

90% ddH0

Mix solutions and store at room teperature.

10x Transfer Buffer (p#B.3)

30.3g Tris base

1449 Glycine

Dissolve contents in 1L of dgH and store at room temperature.

1x Transfer Buffer (pH8.3)

10% 10x Transfer buffer
20% Methanol
70% ddH,0

Mix solutions and store aR0°C prio to use.

10x Wash Buffer

60.57g Tris base

87.669 Sodium Chloride (NaCl)

Dissolve contents in 1L of dglH store at room temperature.

1x Wash Buffer

10% 10x Wash buffer

90% ddH0

Add 500pl/L of Twee0 and NF4O.

Mix solutions and store at rooneimperature.

Blocking Buffer
3% BSA (w/v: 1.5g/50mL)
Dissolve in 1x Wash buffer, store at 4°C.

Antibody (Ab) Buffer

1° Ab 1part blocking buffer + 2 parts wash buffer + 0.02% NaAzide (stock @)ddH
2°Ab 1part blocking buffer + 2 parts wash buffer (N@Azide).
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Typically 1:100a.:5000 dilution is appropriate for an Ab, may vary depending on how good the
signal is.

Resolving gl Tris Buffer (1.5M) (p348)
90.869/500mL ddkd

Stacking gel Tris Buffer (0.5M) (p#18)
30.3g/500mL ddpd

10% APS Solution

10% (w/v) Ammoniumperoxide Sulfate in d@H
Use 0.1g/mL

Store at-20°C.

10% SDS Solution

10% (w/v) Sodium dodecylsulfate in d@H
Use 1g/10mL

Store at room temperature.

Lysis Buffer for Protein Determination prior to Western blot

Reagent ConcentrationMW
NaCl 135mmol/L (MW=58.44)
MgCh 1mmol/L (MW=203.3)

KCl 2.7mmol/L (MW=74.55)
Tris (pH 8) 20mmol/L (MW=121.14)
Triton 1%
Glycerol 10%

Prepare lysis buffer stock and store-20°C. Aliquot desired volumes and add
protease(cOmplete ULTRA Tables)l phosphatise (PhoStop) inhibitors just prior to use.

Laemmli Sample Buffer (2x|Bio-Rad, Cat#160737)
Per 1mL: 950ul of 2x Laemmli sample buffer
p n x-BMerdaptoethanol
Store at room temperature. Dilute the sample (1 in 2) with sample buffdramil for 5min.
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11.1.7.Preparation of tissue lysates:

=

After extraction, tissues are snap frozen and storeeBarC.

Weigh tissues and add to 250ul lysis buffer. (~20mg skeletal muscle, ~70mg BAT,
~200mg WAT).

Homogenize tissue. Keep on ice as muelp@ssible to avoid heating up the sample.
Centrifuge homogenate for 5min at 13,000rpm at 4°C.

Remove middle aqueous proteiich layer and place in a fresh microtube.

Add 100ul lysis buffer to residual fat cake and pellet for additional extraction if
necessary. If so, repeat stepsb3

Centrifuge extracted sample for 1min at 13,000rpm at 4°C and transfer to a fresh
microtube. Discard any residual cell debris.

Take an aliquot from each sample for protein determination by the Bradford method.
Dilute samplewvith 2x Laemmli sample buffer (1:1 v/v), vortex well and boil samples for
5min.

10.Samples can be used immediately for western blots or store8GC.

ouakw N

~
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11.1.8.Western Blotting Protocol

Preparing the Gel/Gel Recipes

Note: Use low % acrylamide gel when prabfor large proteins, and a higher % acrylamide gel

for smaller proteins.

Resolving Gel

RESOLVING GEL 2 gels (8%) 2 gels (10%)
ddH0 9.4 mL 8.2 mL
30% Acrylamide (37:5:1) 5.4 mL 6.6 mL
TrisHCL (0.5M, pH 6.8) 5mL 5mL
10% SDS 0.2 mL 0.2 mL
Temal 20 L 20 uL
10% APS 100 pL 100 pL

Add APS and Temed immediately prior to pouring the gel into plates. Pipette a thin layer of
Isopropanol over the top of the gel to prevent resolving gel from drying out. Allow gel to set

(approx. 20min).

Stacking Gel

STACKING GEL (4%)

2 gels (10mL)

ddH0 6.1 mL

30% Acrylamide (37:5:1) 1.3 mL
TrisHCL (0.5M, pH 6.8) 2.5 mL
10% SDS 0.1 mL
Temed 10 pyL

10% APS 50 pL

Once the resolving gel is set, pour out Isopropanol and carefully blot excess with filter paper.
Paur stacking gel on top of resolving gel. Put combs in place. Allow gel to set (approx. 20min).

Running the Gel

1. Take samples out 680° freezer and place on ice.

O NOGAWDN

dye runs off the gel.

9. At this point, you can prepare 1x transfer buffer. Once transfer buffer is well mixed,

Place gels into tanks, and add 1x running buffer to fill the tank.
Once samples have thawgsbpin in centrifuge for a few seconds.
Take out combs and pipette 7uL BRad protein ladder.
Add samples into each well accordingly.
Top up running buffer to make sure tank is full.

Match electrodes ugblack to black and red to red.
Turn on the voltagéor 60V for 2min, then turn it up to 110V for approx. 1.5hours until

cover with parafilm and place in th80°C freezer until ready for transfer.
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Transferring the Gel onto a membrane

1.
2.

7.
8.
9.

Fill Pyrex dish with cold transfer buffer.

Cut out equal sized membranes and dip in methanol to activate. Also cut out equal sized
filter papers and prepare the appropriate number of foam pads.

Place membranes in trarefbuffer after activation.

Once dye has run off the gel, remove the gels from tank and soak in transfer buffer.
Carefully remove glass plates. Cut off and discard combs of the gel. Loosen gel from the
glass plate with scraper. Allow to sit in transfer fleuf

In the pyrex dish, place the black side of the cassette on the bottom, and place two
foam pads and 3 filter papers on top. Ensure there are no bubbles.

Carefully place gel on top of filter paper and use the roller to get any air bubbles out.
Make suregel is in the correct orientation so that the ladder will end up on the left side

of the membrane when removed.

Note: transfer runs from negative (black) to positive (red). Always ensure proteins will
run from gel to the membrane.

Carefully place the nmabrane on top of the gel and roll out any bubbles.

Place 3 more filter papers on top and roll out any bubbles.

Add one more foam pad and roll out any bubbles.

10. Carefully close sandwich and place into transfer tank. Make sure black matches black

and red ma&ches red.

11.Place iced pack in tank to keep buffer cold. Attach lid by matching electrbdek to

black, and red to red. Surround transfer tank with ice to keep cold.

12.Turn on transfer at 120V for 2.5 hours or at 60V overnight.
13.Check on temperature thiaghout transfer time to ensure no overheating.

Probing the membrane

1.
2.

ook w

~

Prepare containers to hold blocking buffer fsmch membrane, approx. 10mL.

Once transfer has finished, open cassettes and quickly place membranes in containers
with blocking buffer.

Allow the membranes to surf in the blocking buffer for 1hr at room temperature.

Pour out blocking buffer and add 1°Ab.

Incubate overnight at 4°C. Ensure containers are fully sealed to avoid evaporation.
The next day, remove 1°Ab and wash membranes 5x fmiri@ach with 10mL 1x wash
buffer to rid the membrane of any unbound Ab.

Add 2° Ab and allow membranes to surf for 1hr at room temperature.

Remove 2°Ab and wash membranes 5x for 10min each with 20mL 1x wash buffer to rid
the membrane of any unbound 2°Ab.

Membranes are ready for developing
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Developing the membrane

1.

w

For each membrane, use 3mL chemiluminescence (Milliponeinata Forte Western

HRP Substrate, Cat # WBLUFQOBPEr membrane and incubate for 3 minutes.

Dip membranes into ddif to rinse and placen transparency inside cassette.

In the darkroom, expose film for desired time.

Place film in developer for a few seconds until signal appears. Dip into water and to stop
the reaction, place in fixer solution. Ensure ample fixing time.

Rinse with wateand allow to dry.
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Thermogenic Capacity Is Antagonistically Regulated in
Classical Brown and White Subcutaneous Fat Depots by High

Fat Diet and Endurance Training in Rats
IMPACT ON WHOLE-BODY ENERGY EXPENDITURE"

Received for publication, June 21, 2014, and in revised form, October 22,2014 Published, JBC Papers in Press, October 25, 2014, DOI 10.1074/jbc.M114.591008

Michelle V. Wu', George Bikopoulos', Steven Hung, and Rolando B. Ceddia’
From the Muscle Health Research Center, School of Kinesiology and Health Science, York University, Toronto,

Ontario M3J 1P3, Canada

Background: Brown adipose tissue (BAT) is important for cold-

and diet-induced thermogenesis.

Results: Obesity and chronic exercise antagonistically regulate thermogenic capacity of BAT and subcutaneous white fat (SC WAT).
Conclusion: Endurance exercise reduces thermogenic capacity in classical BAT while increasing it in the SC WAT.
Significance: Browning of the SC WAT may be potentially used to treat obesity.

This study investigated the regulation of thermogenic capac-
ity in classical brown adipose tissue (BAT) and subcutaneous
inguinal (SC Ing) white adipose tissue (WAT) and how it affects
whole-body energy expenditure in sedentary and endurance-
trained rats fed ad libitum either low fat or high fat (HF) diets.
Analysis of tissue mass, PGC-1« and UCP-1 content, the pres-
ence of multilocular adipocytes, and palmitate oxidation
revealed that a HF diet increased the thermogenic capacity of
the interscapular and aortic brown adipose tissues, whereas
exercise markedly suppressed it. Conversely, exercise induced
browning of the SC Ing WAT. This effect was attenuated by a HF
diet. Endurance training neither affected skeletal muscle FNDC5
content nor circulating irisin, but it increased FNDC5 content in
SC Ing WAT. This suggests that locally produced FNDC5 rather
than circulating irisin mediated the exercise-induced browning
effect on this fat tissue. Importantly, despite reducing the thermo-
genic capacity of classical BAT, exercise increased whole-body
energy expenditure during the dark cycle. Therefore, browning of
subcutaneous WAT likely exerted a compensatory effect and
raised whole-body energy expenditure in endurance-trained rats.
Based on these novel findings, we propose that exercise-induced
browning of the subcutaneous WAT provides an alternative mech-
anism that reduces thermogenic capacity in core areas and
increases it in peripheral body regions. This could allow the orga-
nism to adjust its metabolic rate to accommodate diet-induced
thermogenesis while simultaneously coping with the stress of
chronically increased heat production through exercise.

Adipose tissue can be broadly classified into whiteand brown
(1). Although WAT? is specialized to store energy, BAT has a

* This work was supported by Natural Sciences and Engineering Research
Council of Canada Grant 311818-2011 (toR.B. C.).

' Both authors contributed equally to this work.

2To whom correspondence should be addressed: Muscle Health Research
Center, School of Kinesiology and Health Science, York University, 4700
Keele St., North York, Ontario M3J 1P3, Canada. Tel.: 416-736-2100 (Ext.
77204); Fax: 416-736-5774; E-mail: roceddia@yorku.ca.

3The abbreviations used are: WAT, white adipose tissue; AMPK, AMP-
activated protein kinase; ATGL, adipose triglyceride lipase; CLAMS, com-
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great capacity to dissipate energy in the form of heat (2). In its
activated state, BAT utilizes glucose and fatty acids for heat
production via the mitochondrial uncoupling protein-1 (UCP-
1), thereby reducing the availability of substrate for storage in
WAT. It is now recognized that adult humans have significant
amounts of inducible BAT (3-6). In fact, two populations of
these inducible brown fat cells have been identified as follows:
classical brown and “beige“ adipocytes (7, 8). The former dis-
plays all the features of the typical brown fat cell found in
rodents and is activated upon cold exposure. The latter does not
seem to have the same developmental origin as classical BAT,
but it can be induced to acquire a “brown-like” thermogenic
phenotype and potentially increase whole-body energy expen-
diture (8).

It has been suggested that humans have a population of qui-
escent beige adipocytes dispersed within the WAT (particularly
in the SC WAT) that can be recruited to promote energy dissi-
pation (8) and therefore can be targeted for the treatment of
major metabolic disorders such as obesity and type 2 diabetes.
In this context, it has been reported that chronic endurance
exercise (9, 10) has the ability to promote the expression of
thermogenic genes in white adipocytes (“browning” of the
WAT) and increase whole-body energy expenditure. Such
effects have been proposed to be induced by a myokine released
during exercise (irisin) derived from the cleavage of fibronectin
domain-containing protein 5 (FNDC5) that promotes brown-
ing of the SCWAT (9). These findings established a direct novel
relationship between endurance exercise and browning of
WAT with important potential implications for the regulation
of whole-body energy homeostasis. However, the contribution
of exercise-induced WAT browning to whole-body energy
expenditure has been questioned. Particularly, because exercise
is thermogenic in itself, it seems counterintuitive that it would

prehensive laboratory animal monitoring system; DIT, diet-induced ther-
mogenesis; BAT, brown adipose tissue; aBAT, aortic BAT; SC WAT, subcuta-
neous WAT; Sed, sedentary; Ex, endurance-trained; HF, high fat; LF, low fat;
SC Ing, subcutaneous inguinal; Epid, epididymal; Retro, retroperitoneal;
ANOVA, analysis of variance; iBAT, interscapular BAT; LBM, lean body mass;
Sol, soleus; EDL, extensor digitorum longus.
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augment heat production by conferring brown-like features to
WAT. Also, it has been reported that oxidation of pyruvate,
a-ketoglutarate, palmitoylcarnitine, and succinate were reduced
by at least 50% in mitochondria isolated from interscapular
BAT (iBAT) of rats subjected to treadmill running for 5-6
weeks when compared with sedentary counterparts (11, 12).

These studies provide evidence that chronic endurance exer-
cise actually reduces thermogenic activity in classical BAT.
Based on these findings, it seems that chronic endurance exer-
cise exerts antagonistic effects on thermogenesis in classical
BAT versus SC WAT. Currently, limited information is avail-
able with regard to the thermogenic capacity of classical BAT in
comparison with SC WAT under conditions of chronic endur-
ance exercise. Additionally, even though the extent and mech-
anisms by which exercise-induced browning of WAT affects
whole-body energy expenditure are of great interest, they
remain largely undetermined. Therefore, the aim of this study
was to determine the effects of chronic endurance exercise on
thermogenic capacity in classical BAT and SC WAT and the
impact on whole-body energy expenditure. To accomplish this,
we assessed alterations in major molecular determinants of
thermogenesis in classical brown and SC Ing WAT, as well as
circulating irisin and FNDCS5 content in skeletal muscle and SC
WAT. Because classical BAT plays an important role in diet-
induced thermogenesis (DIT) and regulation of whole-body
energy homeostasis (13-15), we also assessed molecular mark-
ers of thermogenesis (PGC-1a and UCP-1 content) and palmi-
tate oxidation in iBAT and aortic BAT (aBAT), as well as in SC
WAT from sedentary and chronically endurance-trained rats
fed either LF or HF diets. Here, we provide a detailed analysis of
the physiological and molecular mechanisms by which thermo-
genic capacity is regulated in classical BAT and SC WAT and at
the whole-body level under diet-induced obesity and chronic
endurance exercise conditions.

EXPERIMENTAL PROCEDURES

Reagents—Fatty acid-free bovine serum albumin (BSA),
L-carnitine, CoA, and palmitic acid were obtained from Sigma.
DTT, ATP, ADP, and nicotinamide adenine dinucleotide phos-
phate (NADP) were obtained from BioShop Canada Inc. (Bur-
lington, Ontario, Canada). [1-'*C]Palmitic acid was from GE
Healthcare. The irisin kit (catalog no. 067-29) was from Phoe-
nix Pharmaceuticals, Inc. (Burlingame, CA). Protease (cOm-
plete ULTRA Tablets) and phosphatase (PhosStop) inhibitors
were from Roche Diagnostics. Specific antibodies against
ATGL, AMPK, P-AMPKa (Thr-172), and B-actin were pur-
chased from Cell Signaling Technology Inc. (Beverly, MA). The
PGC-1a antibody was from Millipore (Temecula, CA), and the
antibodies against UCP-1, FNDC5, and GAPDH were pur-
chased from Abcam (Cambridge, MA).

Animals, Selection Protocol, and Diet—Male albino rats from
the Wistar strain (Charles River Laboratories, Montreal, Que-
bec, Canada) weighing ~200 g (initial weight) were maintained
at a constant temperature (23 °C), with a fixed 12-h light/12-h
dark cycle. The protocol containing all animal procedures
described in this study was specifically approved by the Com-
mittee on the Ethics of Animal Experiments of York University
(York University Animal Care Committee, permit number

34130 JOURNAL OF BIOLOGICAL CHEMISTRY

2011-14) and performed strictly in accordance with the York
University Animal Care Committee guidelines. All surgery was
performed under ketamine/xylazine anesthesia, and all efforts
were made to minimize suffering. Prior to assigning animals to
each experimental group, each rat was subjected to a screening
exercise protocol to determine the ones unwilling to exercise.
The screening protocol consisted of three separate treadmill
exercise sessions, each starting with a 5-min warm-up period
with constant inclination and speed set at 5% and 10 m/min,
respectively. Subsequently, the inclination was increased to
10% and maintained constant, although the speed was
increased by 2 m/min every 2 min up to 30 m/min. Rats that did
not run beyond the speed of 20 m/min for at least 20 min all 3
days of the selection period were excluded from the study. Only
10% of the animals did not meet the inclusion criteria. The
selected animals were then randomly divided into four groups
as follows: 1) sedentary fed a LF diet (Sed LF); 2) endurance-
trained fed a LF diet (Ex LF); 3) sedentary fed a HF diet (Sed HF);
and 4) endurance-trained fed a HF diet (Ex HF). The animals
were fed ad libitum purified ingredient diets from Research
Diets Inc. Rats on the LF diet groups were provided with food
containing 10, 70, and 20% of the total calories from fat, carbo-
hydrate (sucrose levels matching the HF diet), and protein,
respectively (catalog no. D12450]). The HF diet groups were
provided with food containing 59.9, 20.1, and 20% of the total
calories from fat, carbohydrate, and protein, respectively (cata-
log no. D12492).

Determination of Organ Mass and Lean Body Mass (LBM)—
Body composition was assessed as described previously (16).
Briefly, at the end of the study, Sed and Ex rats were weighed,
anesthetized (ketamine/xylazine 0.4 and 8 mg per 100 g of body
weight), decapitated, and exsanguinated. A longitudinal ante-
rior skin incision from neck to tail was then made. A scalpel was
used to detach the entire skin consisting of fur and SC WAT
from the carcass of each animal. At this point, the SC Ing fat
depot was carefully excised and weighed. A similar procedure
was carried out to remove the skin from the head. The head and
body skins were weighed separately. The iBAT was removed,
thoroughly trimmed of any visual white adipose tissue present,
and weighed. The abdominal and thoracic cavities were then
incised longitudinally, and the internal organs were exposed.
The aBAT was excised along with the liver, kidneys, and heart
and individually weighed. The remaining abdominal organs as
well as the lungs were all accounted for as viscera. Next, the
epididymal and retroperitoneal fat depots were removed and
weighed. The mass of the remaining carcass consisting of skel-
etal muscle and bones combined with the skinned head, liver,
heart, and kidneys was used as LBM (16).

Determination of Irisin in the Serum—Irisin was determined
by using ELISA kits from Phoenix Pharmaceuticals, Inc. Blood
was extracted under resting conditions at week 8 of the study
and also immediately after exercise at week 6 of the study. For
the determination of resting irisin, blood was collected from the
saphenous vein 24 h after the last bout of exercise in the fed
state. For the determination of irisin immediately after exercise,
blood was collected at week 6 with all animals (including the
sedentary groups) immediately after running for 1 hat 70 - 85%
of peak VO,.
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Peak Oxygen Consumption (Peak VO,) and Training Protocol—
Toset the initial training intensity and to adjust it as the animals
improved their running ability, peak VO, tests were conducted
at weeks 0, 2, 4, and 6 of the study. Specially designed treadmills
connected to the comprehensive laboratory animal monitoring
system (CLAMS) from Columbus Instruments (Columbus,
OH) were used to apply an exercise protocol of incremental
workloads to determine peak VO, in rats. To accomplish that,
all rats were placed on the treadmill, and VO, was continuously
monitored under resting (after 15-20 min of being in the tread-
mill chamber) and exercising conditions. After recording rest-
ing VO, values, the rats were exposed to a 5-min warm-up
period (10 m/min, 0% inclination). Subsequently, treadmill
speed was progressively increased (2 m/min every 2 min) until
exhaustion was reached (characterized by the rats remaining on
the shocking grid for 5 consecutive seconds) or at the point at
which increments in speed were not accompanied by increases
in VO,, and respiratory exchange ratio approached the value of
1. Treadmill inclination was increased to 5% in stage 1 and to
10% in stage 2 and then maintained constant until the end of the
test. Rats in the endurance training groups were exposed to
treadmill running at 75— 85% of peak VO,, 1 h/day, 5 days/week
for 8 weeks. To ensure equal conditions between the sedentary
and endurance-trained groups, all rats were placed on the
treadmill simultaneously. The treadmill speed for sedentary
animals was kept at 1-2 m/min during the entire duration (1 h)
of the training session. Treadmill speed was adjusted every 2
weeks to maintain the exercise intensity between 75 and 85% of
peak VO, throughout the study. For weeks 1 and 2, the training
sessions started with a warm-up period (3 min at 12 m/min, 0%
inclination, followed by 2 min at 14 m/min, 5% inclination).
Treadmill inclination was then increased to 10% and main-
tained constant, and the speed was progressively increased in a
manner that by the 20th min all animals had reached the
75-85% peak VO, training range and were then exercised at
that intensity for the remaining 40 min. The animals quickly
adapted to the training protocol. Thus, for weeks 3-8 the
warm-up lasted only 2 min and started at 24 m/min and 10%
inclination with the speed being progressively increased every 2
min. This was done in a manner that the training range was
reached within 10 min of the start and then maintained for the
remaining 50 min of each training session. The average tread-
mill speed required to maintain the training intensity also
increased from 24 m/min (week 1) to 38 m/min (week 4) and
then to 42 m/min at week 8. With this training regimen, the
total weekly mileage increased from 6.57 km at week 1 to 11.09
km at week 4, reaching 11.98 km at week 8. The intensity, fre-
quency, and volume of exercise chosen here have been previ-
ously demonstrated to significantly increase peak VO, in rats
(17). This training protocol is also compatible with exercise
prescriptions used in humans to improve cardiovascular fitness
(18).

Adipose Tissue Morphology—Morphological analysis was
performed using light microscopy as described previously (19)
with a few modifications. Briefly, upon extraction of the fat
pads, small samples (~50-100 mg) of iBAT and aBAT, as well
as of SC Ing and epididymal (Epid) white adipose tissues, were
removed. For the SC Ing fat depot, two samples were collected
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as follows: one with a visible brownish appearance localized
within the central portion of the tissue, and another clearly
white in appearance localized to the proximal (upper) and distal
(lower) extremities of the SC Ing fat depot. All fat samples were
fixed in 4% paraformaldehyde, 0.1 M phosphate buffer solution,
pH 7.4, for 24 h at room temperature. After fixation, tissue
samples were washed (three times) and stored in 70% ethanol.
Samples were subsequently sent to the Toronto Centre for Phe-
nogenomics (Toronto, Ontario, Canada) where they were
embedded in paraffin blocks, sectioned, and processed for
hematoxylin and eosin staining. Stained samples were viewed
using a Nikon Eclipse TiE inverted microscope (Nikon Canada,
Mississauga, Ontario, Canada) under X10 and X20 magnifica-
tion. Average adipocyte area was determined by two independ-
ent investigators who measured the area of 150 cells in three
randomly selected fields of view for each animal. This was done
to prevent the biased selection of cells for measurement. Area
was determined by NIS-elements basic research imaging soft-
ware (Nikon Canada, Mississauga, Ontario, Canada), and
images were captured with a digital Nikon DS-QI1Mc camera
(Nikon Canada, Mississauga, Ontario, Canada).

Western Blot Determination of UCP-1, PGC-1a, AMPK,
Phospho-AMPK, ATGL, FNDCS5, GAPDH, and B-Actin—
Immediately after extraction, tissues were snap-frozen in liquid
nitrogen and homogenized in buffer containing 25 mm Tris-
HCI, 25 mm NaCl, 1 mm MgCl,, 2.7 mm KCl, 1% Nonidet P-40,
and protease (cOmplete ULTRA Tablets) and phosphatase
(PhosStop) inhibitors, pH 7.4. Sample homogenates were then
transferred to microtubes and centrifuged (16,000 X g for 10
min at4 °C), and the infranatant was collected. An aliquot of the
tissue lysates was used to determine the concentration of pro-
tein in each sample by the Bradford method. Before loading
onto SDS-polyacrylamide gels, the samples were diluted 1:1
(v/v) with Laemmli sample buffer (62.5 mm Tris-HCl, pH 6.8,
2% (w/v) SDS, 50 mm DTT, 0.01% (w/v) bromphenol blue). To
determine the total and phosphorylated (Thr-172) forms of
AMPK (62 kDa), aliquots containing 80 pg of protein were sub-
jected to SDS-PAGE and then transferred to polyvinyldifluo-
ride (PVDF) membranes (Bio-Rad). To determine ATGL (54
kDa) and UCP-1 (33 kDa) contents in SC Ing fat, aliquots con-
taining 50 pug of protein were loaded onto the gels. Aliquots
containing 25 pg of protein were used to probe for UCP-1 con-
tent in lysates from iBAT and aBAT. All primary antibodies
were at 1:1000 dilution. The blots were scanned, and the density
of each band of interest was determined using the Image]J pro-
gram. Western blot data for ATGL, FNDC5 (22 kDa), PGC-1a
(~113 kDa), and UCP-1 were expressed as arbitrary units. The
values were obtained by dividing the density of the band of
interest by that of either B-actin (45 kDa) or GAPDH (36 kDa)
(as indicated in the figure legends) from the same blot. Simi-
larly, P-AMPK data were normalized by total AMPK.

Palmitate Oxidation—Samples of soleus (Sol) and extensor
digitorum longus (EDL) muscles (100 mg), iBAT and aBAT
(100 mg), and SC Ing fat (300 mg) were extracted and thor-
oughly minced in 200 ul of ice-cold SETH buffer (300 mm
sucrose, 2mM EDTA, and 10 mm Tris-HCI, pH 7.4). Additional
SETH buffer was added to yield a 20-fold (w/v) diluted minced
tissue sample. The solution was then homogenized in an ice-
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cold Potter-Elvehjem glass homogenizer (10—12 passes across
~305s). Subsequently, 400 ul of tissue homogenates were trans-
ferred to plastic scintillation vials containing 1.6 ml of the reac-
tion mixture (150 mm sucrose, 5 mm MgCl,, 30 mm KCl, 30 mm
potassium phosphate buffer, 2 mm EDTA, 2 mm ADP, 15 mm
Tris-HCI, 1% BSA, 0.75 mm palmitate, 1 mM carnitine, 0.025
mMm CoA, pH 7.4) containing 0.2 pCi/ml [1-"*C]palmitic acid.
Cold and labeled palmitate were complexed with fatty acid-free
BSA prior to adding to the reaction mixture. The rates of palmi-
tate oxidation by Sol and EDL muscles, iBAT, aBAT, and SC Ing
fat homogenates were measured by the production of *CO,
from [1-'*C]palmitic acid. The flasks where tissue homoge-
nates were incubated had a centered isolated well containing a
loosely folded piece of filter paper moistened with 0.2 ml of
2-phenylethylamine/methanol (1:1, v/v). After the 1-h incuba-
tion period, the media were acidified with 0.2 ml of H,SO, (5N),
and the flasks were maintained sealed at 37 °C for an additional
1 h for collection of the released '*CO,. Subsequently, the filter
papers were carefully removed and transferred to scintillation
vials for radioactivity counting (20).

Determination of in Vivo Metabolic Parameters—The CLAMS
was used to perform all automated in vivo determinations as
described previously (16). Briefly, the CLAMS measures oxygen
consumption (VO,), carbon dioxide production (VCO,), and
respiratory exchange ratio. Each cage is also equipped with a
system of infrared beams that detects animal movement in the
x and z axes, which was used to determine spontaneous ambu-
latory activity. Energy expenditure (heat) was calculated by
multiplying the calorific value (CV = 3.815 + 1.232 X respira-
tory exchange ratio) by VO,. Measurements using the CLAMS
were performed after 8 weeks of diet and exercise interventions.
The animals were placed in the CLAMS at 11:00 a.m. and 24 h
after the last exercise training session. The 1st h of data col-
lected in the CLAMS was discarded, because it is the time
required for the rats to acclimatize to the cage environment
(16). The rats were monitored for a 24-h period encompassing
the light (07:00-19:00 h) and dark (19:00—07:00 h) cycles.

Statistical Analyses—The significance of differences between
two groups was determined by two-tailed Student’s unpaired or
paired ¢ tests and for multiple comparisons by either one-way or
two-way analysis of variance (ANOVA) as indicated. The Bon-
ferroni post hoc multiple comparison test was used when dif-
ferences were identified. The Graph Pad Prism 5 software was
used for all statistical analyses.

RESULTS

Body Mass, LBM, and Adiposity—Body mass of the Ex LF and
Ex HF rats was ~12% lower than the Sed LF and Sed HF con-
trols (Table 1). Body mass of Sed HF rats was 8% higher than
that of Sed LF rats, although this did not reach statistical signif-
icance (Table 1). LBM of Ex LF and Ex HF rats was also reduced
by ~7% when compared with Sed LF and Sed HF controls
(Table 1). In Ex LF and Ex HF animals, the masses of the Epid,
SC Ing, and Retro fat pads were significantly reduced by 33 and
30%, 40 and 26%, and by 42 and 37%, respectively, when com-
pared with Sed LF and Sed HF controls (Table 1). As expected,
adiposity was significantly increased by HF feeding, which was
demonstrated by 1.73-, 1.3-, and 1.86-fold increases in the
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TABLE 1
Effects of chronic endurance training on body mass, adiposity, and
LBM

Total body mass, Epid, SC Ing, and Retro fat masses and LBM were measured at the
end of the study.

Sed LF Ex LF Sed HF Ex HF
Body mass (g)  481.50 = 8.54 42843 = 10.29" 524.20 = 8.77 464.89 = 9.73%
Fat pad mass (g)
Epid 816 =055 549*036"  14.09 = 0.77° 9.83 = 0.93¢
SCIng 1141 £ 067 6.79 = 0.32" 14.89 + 0.87° 11.00 =+ 0.85%
Retro 678 =078  3.94+ 023" 12.61 = 0.85° 7.95+ 0.787
LBM (g) 294.30 + 6.14 27160 +522° 29520 * 4.2 273.80 * 5.6°

“p < 0.05 is versus Sed LF and Sed HF.

b p < 0.05 is versus Sed LF, Sed HF, and Ex HF.

©p < 0.05 is versus Sed LF, Ex LF, and Ex HF.

“p < 0.05 is versus Ex LF and Sed HF. Two-way ANOVA is = 18.

LF HF
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FIGURE 1. Chronic endurance training and HF diet exert antagonistic
effects on mass and unilocular lipid content in the iBAT of rats. A, picture
of iBATs dissected from Sed and Ex rats fed either LF or HF diets at week 8. B,
respective microscopic images (20 magnification) of H&E staining of iBAT
samples from all groups of animals. Average iBAT mass (C) and unilocular
adipocyte area (D) are present within the iBAT of all four groups of animals. *,
p < 0.05 versus Sed LF; #, p < 0.05 versus Sed LF, Ex LF, and Ex HF; t, p < 0.05
versus Ex LF and Sed HF; #, p < 0.05 versus all other conditions. Two-way
ANOVA (n = 8).

masses of the Epid, Sc Ing, and Retro fat pads of Sed HF when
compared with Sed LF rats (Table 1). Conversely, endurance
training prevented the increase in adiposity induced by HF
feeding. In fact, the masses of the Epid, Sc Ing, and Retro fat
pads of Ex HF rats were similar to those of Sed LF rats (Table 1).

iBAT Mass and Assessment of Unilocular Droplet Area—
iBAT mass significantly increased (1.84-fold) in Sed HF when
compared with Sed LF rats (Fig. 1, A and C). Chronic endurance
exercise significantly reduced iBAT mass by 39% when compar-
ing Sed LF and ExLF (558.26 * 47.34 versus 338.23 & 27.12 mg)
and by 26% when comparing Sed HF and Ex HF (1028.39 *+
58.55 versus 756.66 * 39.84 mg) rats (Fig. 1, A and C). Micro-
scopic analysis revealed that iBAT of Sed LF and Sed HF rats
contained essentially multilocular brown adipocytes (Fig. 1B),
although the area of unilocular adipocytes was ~47% higher in
the latter than the former (Fig. 1D). Interestingly, the iBAT of
Ex LF and Ex HF rats was occupied by much larger unilocular
lipid droplets resembling white adipocytes (Fig. 1B). In fact, it
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intheiBAT and aBAT,

as well as palmi

respectively, brown adipose tissues. iBAT and aBAT were extracted from Sed or 8-week Ex rats fed either a LF or a HF diet. Representative blots (A and B) and
densitometric analysis of PGC-1a (C and D) and UCP-1 (E and F) contents and the assessment of palmitate oxidation (G and H) in iBAT and aBAT, respectively,
are shown. B-Actin was used as loading control. *, p < 0.05 versus Sed LF; #, p < 0.05 versus all other conditions. One-way ANOVA (n = 8).

was found that the area of unilocular adipocytes present in
iBAT was 3-fold higher in the Ex LF than Sed LF rats (768.6 +
15.08 versus 256.1 = 10.69 um?) and 1.84-fold higher in Ex HF
than Sed HF (689.8 = 27.04 versus 375.5 + 8.99 um?) rats (Fig.
1D).

PGC-1a and UCP-1 Content and Palmitate Oxidation in
iBAT and aBAT—Western blotting analysis revealed that in
iBAT and aBAT of Sed HF rats, the contents of PGC-1a and
UCP-1 were significantly increased by 3.5- and 2.55-fold and by
3.38- and 2.21-fold when compared with Sed LF rats, respec-
tively (Fig. 2, A—F). Conversely, PGC-1a content was reduced
by 69 and 63% and UCP-1 by 79 and 45% in the iBAT and aBAT
of Ex LF rats, respectively, when compared with Sed LF con-
trols. Furthermore, chronic endurance exercise completely
prevented the HF diet-induced increase in PGC-1a and UCP-1
in iBAT and aBAT (Fig. 2, A—F). These effects were accompa-
nied by increased palmitate oxidation in iBAT (2-fold) and
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aBAT (2.5-fold) of Sed HF rats when compared with Sed LF
controls, whereas marked reductions were found in palmitate
oxidation in iBAT (65 and 72%) and aBAT (45 and 51%) of Ex LF
and Ex HF when compared with Sed LF and Sed HF, respec-
tively (Fig. 2, G and H). These findings indicate that HF feeding
increases and chronic endurance exercise reduces thermogenic
capacity in iBAT and aBAT.

Morphological Analysis and Mean Adipocyte Area of the SC
Ing Fat Depot—The initial visual impression of the SC Ing fat
depot indicated that the middle region of the tissue was
browner in animals exposed to chronic endurance training than
in sedentary controls, although the upper and lower extremities
conserved their white appearance (Fig. 3, A and Band G and H).
To determine whether this was because the SC Ing fat depot
was acquiring a brown-like phenotype, samples of the upper
extremities and the middle regions of the tissue were used for
H&E staining (Fig. 3, A and B and G and H). It was found that
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FIGURE 3. Chronicendurance training induces browning and increases the number of multilocular adipocytesin the SCIng fat depot of LF- and HF-fed
rats. Pictures of left and right SC Ing fat depots from Sed and Ex rats fed either a LF (A and B) or a HF (G and H) diet for 8 weeks. Samples of the upper extremities
and middle regions of the SC Ing fat depots, as indicated by the black circles, were used for H&E staining and microscopy analyses. Representative images (<20
magnification) of adipocytes from Sed (C and D) and Ex (E and F) rats fed a LF diet or from Sed (/ and J) and Ex (K and L) rats fed a HF diet are shown.
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FIGURE 4. Chronic endurance training reduces unilocular adipocyte area in the upper (A) and middle (B) regions of the SC Ing fat depots, whereas a HF
diet increases unilocular adipocyte area only in the upper region. Samples of the upper and middle regions of the SCIng fat depot (as indicated in Fig. 3)
from Sed and Exrats fed either a LF or a HF diet for 8 weeks were extracted for microscopic analysis and determination of mean unilocular adipocyte area.*, p <

0.05 versus Sed LF; #, p < 0.05 versus all other conditions, One-way ANOVA (n =

the middle and the upper extremity regions of the SC Ing fat
from Sed LF (Fig. 3, C and D) and Sed HF (Fig. 3, I and ]) rats
contained essentially unilocular adipocytes typical of WAT.
Interestingly, the middle region of the SC Ing fat depot from Ex
LF (Fig. 3, E and F) and Ex HF (Fig. 3, K and L) rats were occu-
pied by a large number of multilocular adipocytes typical of
BAT, although the upper extremities of this tissue in Ex LF and
Ex HF rats were occupied by unilocular adipocytes. Further-
more, when comparing the middle regions of the SC Ing fat
depot between Ex LF and Ex HF, it was found that the former
contained a much larger area occupied by multilocular brown-like
adipocytes than the latter (Fig. 3, F and L). These findings sug-
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8).

gested that although chronic endurance training induced brown-
ing of the SC Ing fat, HF feeding attenuated this effect. It was also
found that the mean adipocyte area of the upper extremity of the
SC Ing fat pad was significantly increased (1.66-fold) in Sed HF
compared with Sed LF controls. Also, this variable was signifi-
cantly reduced by 35% in Ex LF rats and by 65% in Ex HF when
compared with Sed LF and Sed HF, respectively (Fig. 44). In the
middle region of the SC Ing fat depot, the mean adipocyte area was
also reduced by 30% in Ex LF rats and by 36% in Ex HF when
compared with Sed LF and Sed HF, respectively (Fig. 4B). How-
ever, this variable did not differ between Sed HF and Sed LF rats
(Fig. 4B). These findings indicated that adipocytes located in the
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FIGURE 5. Chronic endurance training increases and HF diet reduces PGC-1« (A and B), UCP-1 (A and C), and ATGL (D and E) contents, as well as AMPK
phosphorylation (Fand G) and palmitate oxidation (H) in the SC Ing fat depot. The middle region of the SC Ing fat was extracted from Sed or 8-week Ex rats
fed either an LF or a HF diet. B-Actin was used as loading control. *, p < 0.05 versus Sed LF; #, p < 0.05 versus all other conditions. One-way ANOVA (n = 8).

middle region of the SC Ing fat pad were resistant to HF-induced
hypertrophy, which is compatible with the increased presence of
multilocular brown-like adipocytes in this region.

PGC-1a, UCP-1, and ATGL Content, AMPK Phosphory-
lation, and Palmitate Oxidation in the SC Ing Fat Depot—To
test whether or not the middle region of the SC Ing fat pad
actually contained functional features of thermogenic brown
adipocytes, we measured the content of proteins involved in
thermogenesis and the oxidative capacity of the tissue. It was
found that PGC-1a, UCP-1, and ATGL content, AMPK phos-
phorylation, and palmitate oxidation were increased by 9.1-fold
(Fig. 5, A and B), 6.13-fold (Fig. 5, A and C), 4.84-fold (Fig. 5, D
and E), 3.8-fold (Fig. 5, F and G), and 3.35-fold, respectively, in
the middle region of the SC Ing fat pad of Ex LF when compared
with Sed LF controls. In Sed HF rats, the content of PGC-1a
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was reduced by 78%, and UCP-1 was almost undetectable. No
alterations were found for ATGL content, AMPK phosphory-
lation, and palmitate oxidation in the middle region of the SC
Ing fat pad of Sed HF rats when compared with Sed LF controls.
In Ex HF rats, PGC-1a, UCP-1, and ATGL content, AMPK
phosphorylation, and palmitate oxidation also increased but to
a much lower extent (2.28-, 2.9-, 3.18-, 1.71-, and 2.25-fold,
respectively) than in Ex LF rats when compared with Sed LF
controls (Fig. 5, A-H). These findings indicate that the exer-
cise-induced appearance of multilocular brown-like adipocytes
within the middle region of the SC Ing fat pad was also accom-
panied by functional thermogenic adaptive responses and that
HF feeding attenuated these effects.

UCP-1 Content in Visceral Fat—To test whether exercise-
induced browning effects were specific to the SC Ing fat depot
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FIGURE 6. Neither Ex nor HF diet affect UCP1 content in the Epid and Retro
fat pads. The Epid and Retro fat pads were excised from Sed and 8-week
endurance-trained rats fed either a HF or a LF diet. The whole tissues were
used for the determination by Western blot of UCP-1 content. B-Actin was
used as loading control. A sample containing 10 pg of protein extracted from
the iBAT was used as a positive control for UCP-1. All samples from Epid and
Retro fat pads contained 50 p.g of protein.

oralso took place in other white fat depots, we measured UCP-1
content in the Epid and Retro (Fig. 6) fat pads. UCP-1 was not
detected in these fat pads extracted from Sed LF, Ex LF, Sed HF,
and Ex HF rats (Fig. 6). These findings indicated that the SC Ing
fat was the only WAT depot that underwent browning under
chronic exercise conditions.

PGC-1a and FNDCS5 Content and Palmitate Oxidation in
Soleus Muscles—PGC-1a content in soleus muscles from Ex LF,
Sed HF, and Ex HF rats increased by 2.5-, 3.45-, and 3.85-fold,
respectively, when compared with Sed LF rats (Fig. 7, A and B).
No alterations in FNDC5 content were observed in Sol muscles
fromany of the HF and/or Ex conditions (Fig. 7, A and B). When
compared with Sed LF, palmitate oxidation in Sol muscles
increased by 2.4-fold in Ex LF, 2.1-fold in Sed HF, and 2.45-fold
in Ex HF rats (Fig. 7D). Similar findings for PGC-1a, FNDC5
content, and for palmitate oxidation were also obtained with
EDL muscles (data not shown). These findings indicate that
chronic endurance exercise caused a very robust training effect
in skeletal muscles; however, it did not alter FNDC5 content in
this tissue.

Circulating Irisin and FNDCS5 Content in Sc Ing Fat—After 8
weeks of the diet and exercise interventions, circulating levels
of irisin under resting conditions were similar among all groups
(Fig. 7E). When measured immediately after exercise at week 6,
circulating irisin did not differ among the four groups of ani-
mals either (Fig. 7F). Irisin levels in the serum of HF-fed animals
immediately after exercise were slightly lower than those rats
fed a LF diet; however, this was not statistically significant.
FNDCS5 content was significantly increased (3.4-fold) in the SC
Ing fat depot of Ex LF rats, and the content in Sed HF was
markedly reduced (65%) (Fig. 7, G and H). Exercise attenuated
the effect of HF diet and raised FNDC5 content in the SC Ing fat
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of Ex HF rats to values similar to those of Sed LF controls (Fig.
7, G and H).

Ambulatory Activity and Energy Expenditure—Ambulatory
activity during the light cycle did not differ significantly among
the groups; however, during the dark cycle this variable was 23,
29, and 35% lower in Sed HF rats than Sed LF, Ex LF, and Ex HF
rats, respectively (Fig. 8, A and B). Analysis of energy expendi-
ture expressed in kilocalories/kg of body weight revealed that
this variable did not differ among the four groups during the
light cycle, but it was significantly increased by 14.2% in Ex LF
rats and by 16.8% during the dark cycle in Ex HF rats when
compared with Sed LF controls (Fig. 8, C and D). Also, during
the dark cycle, energy expenditure was 13.3% higher in Ex HF
than Sed HF rats (Fig. 8, C and D).

DISCUSSION

Here, we provide novel evidence that thermogenesis is antag-
onistically regulated under conditions of chronic endurance
exercise and energy surplus (HF diet) in classical brown fat
depots and SC Ing WAT. This is supported by our observations
that in Sed HF rats iBAT and aBAT tissue mass, PGC-la
and UCP-1 contents, and palmitate oxidation significantly
increased, whereas in Ex LF rats these variables were markedly
reduced. Conversely, in the SC Ing fat depot of Ex LF rats PGC-
le,, UCP-1, and ATGL contents, AMPK phosphorylation as
well as palmitate oxidation were robustly increased, whereas
HF feeding attenuated these effects. These antagonistic effects
of exercise and HF diet on thermogenesis in brown and WAT
depots were also compatible with our findings that a large num-
ber of unilocular adipocytes typically found in WAT accumu-
lated in iBAT and aBAT from Ex LF and Ex HF rats, although
the SC Ing fat depot of Ex LF and Ex HF rats was enriched with
brown-like UCP-1-positive multilocular adipocytes. Further-
more, specific areas within the SC Ing fat depot were more
responsive to the browning effect of chronic endurance train-
ing than others. In fact, the exercise-induced increases in the
number of multilocular adipocytes, UCP-1 content, and rate of
palmitate oxidation were found in the middle region of the SC
Ing fat but not at the proximal and distal extremities of this fat
depot. Additionally, in Sed HF rats, the mean adipocyte area in
the extremities of the SC Ing fat depot increased, whereas the
middle region of this tissue remained unchanged. This indi-
cates that the middle region of the SC Ing fat depot contains
adipocytes that are resistant to hypertrophy under conditions
of energy surplus, which is compatible with the site-specific
differences in thermogenic capacity that we have found within
the SC Ing fat depot in rats. Studies in mice have indeed
reported major depot- and strain-specific differences in UCP-1
expression, indicating that the SC WAT is more prone to
acquiring a brown-like phenotype through transdifferentiation
than other visceral fat depots upon cold exposure (21). Here, we
show that the exercise-induced browning of WAT is also
depot-specific in rats, because increased UCP-1 content and
the presence of multilocular adipocytes were found in the SC
Ing fat pad but not in the Epid and Retro fat depots of these
animals.

It has been reported that moderate to high intensity endur-
ance training increases sympathetic nervous system activity
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