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ABSTRACT

The estrogen-rel ated receptor alpha (ERRa) isagene regulator that modu-
latestarget genes controlling metabolic and various functions and actively
promotes energy homeostasisin animals. Since aging in animalsis charac-
terized by deregulation in energy homeostasi s, whether ERRa. level under-
goes modulation during aging was investigated. Western analysis demon-
strated positive ERRou expression in various tissues, with the heart ex-
pressing the highest ERRa level. The level of ERRa in old (24 months)
mice’s heart, kidney and skeletal muscle was significantly reduced (by 46.50%,
38.40% and 30.30%, respectively) compared to young (3 months) mice.
Moreover, ERRa. level was unchanged in the small intestine, liver, lung,
uterus and brain of old mice as compared to young animal. The level of
ERRo-inducible enzyme, medium-chain acyl-CoA dehydrogenase (MCAD)
wasalso reduced in the heart (by 35%), kidney (by 40%) and skeletal muscle
(by 25%), including liver (by 30%) in old mice, but not in other tissues. The
unchanged ERRa. level in these tissues may be beneficial and help maintain
tissue energy balance and other functions. However, decreased cardiac,
renal and muscle ERRa along with MCAD level in the old animal might
disturb normal nutrient-sensing pathways which may have a negative ef-
fect on energy generation and homeostasis.
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INTRODUCTION

The estrogen-related receptor alpha (ERRa,;
NR3B1) is an orphan receptor of the ERR (NR3B)
subfamily of orphan nuclear receptor (ONR) group that
belongs to the larger family of receptors called the
nuclear receptor superfamily!. Theother members of

theNR3B subfamily indudeERR (NR3B2) and ERRy
(NR3B3)2¥, ERRa in expressing cellsare nuclear lo-
calized and upon sensing appropriatesigna(s) bindto
gpecific DNA sequencein the promoteregion to modu-
latetarget geneexpression*d, Sincephysiologicd ligand
for ERRaisunknown, itisthought to be constitutively
activehowever, largely dependent onitsfunctiona in-
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teraction with PPAR gamma co-activator 1a (PGC-
1ar) or PGC-1 for optimal gene activation!®”. ERRa
alsointeract with co-repressors such as RIP140 |ead-
ing to target gene repression®. Hence, ERRa target
genesmay beup-regulated or down-regul ated through
specific co-activator or co-repressor interaction, pro-
viding arobust regul atory system.

ERRa regulatescdlular energy metabolismand main-
tain energy balance®9. ERRa. controlsenergy balance
and other functionsthat hasametabolicbag's especidly
inorganswith high energy demand and metabolic activi-
tied1%12, ERRa. regul aestheexpresson of variousmeta:
bolic genes that participate in fatty acid B-oxidation
(FAO), gluconeogenesis, oxidative phosphorylation
(OXPHOS) etc.'>4, Theexpression of theERRa gene
(Esrra) istightly regulated which determineitscdlular
proteinlevd. Cdoricrestriction, cold exposureand phys-
cd exercisein animashave been shownto up-regulate
ERRa express onthat may help maintain energy homeo-
stasisthrough adaptivemechanismg >,

Aging affectsanumber of biochemica and molecu-
lar eventswhich may ater homeostatic balancesin ani-
malg*819, Agingisalso characterized by changesinthe
expression of multitude of genes, many of which codes
for transcriptiond factors. Aging a thebiochemicd leve
isametabolic processand thel ossof metabolic regula
tionisaccompanied withaging. Agingin micehasbeen
earlier shown to reducetheexpressionleve of gluco-
corticoid receptors (GRS) intheliver and kidney!8. In
theaged mouse cerebra cortex, estrogen receptor (ER)
o and B transcript level ismarkedly reduced?”. This
declineinreceptor leve may compromisemetabolicand
other cdllular functionsand may driveaginginanimals.

Aging leadsto metabolic changesandimbaancein
energy homeostasisin animal §1%21, However, the ef-
fect of agingon cdlular ERRa level isunknowninani-
mals. Modulation of ERRa levd duringagingmay have
asignificant impact on energy balanceand other cellu-
lar functions. Aging isaso characterized by progres-
sivechangesin cellular functiong?. Ascdlular func-
tionsand energy homeostasisisclosdly linked, any shift
inmetabolic homeostas smay negetively affect animas
physiology?3. Hence, ERRa. may haveapivotd rolein
maintaining energy homeostasis. Changesin ERRa leve
may affect cellular responsivenessto extracdlular Sig-
nals, thereby atering metabolic activitiesand energy
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homeostasis. Since aging leadsto decreasein energy
homeostasis, it ishypothesized that ERRa. level may be
modulated during aging. Hence, thisstudy was under-
takentofind out whether ERRa level ismodul ated dur-
ingaginginmice. Resultsshow tissue-specific decrease
iInERRa level. Moreover, thelevd of ERRa-inducible
enzyme medium-chain acyl-CoA dehydrogenase
(MCAD) was reduced in tissues where ERRa level
down-regulation wasaso observedintheold animal.

EXPERIMENTAL

Animalsand chemicals

Swissahbino (Balb/c) femalemiceof two different
age groups, young (3-months) and old (24-months)
were used in the study. Mice were maintained in an
animal house at 22°C + 2°C and subjected to 12 hr
light/12 hr photoperiod and fed with standard food pell et
(Amrut, India). Animalsweremaintained and sacrificed
in accordance with the guidelines of Indian National
ScienceAcademy (INSA guidelinesfor careand use
of animalsinscientific research, 2000), New Delhi and
approva by thelEC.

Tissueisolation

Animalswere sacrificed by cervical dislocation
(method approved by INSA). Tissueswerethen quickly
excised and removed, rinsed with chilled normal saline
(0.9 % sodium chloride), blotted dry and minced. Tis-
suesincluded brain, liver, kidney, small intestine, skel-
etal muscle, lung, uterusand heart. Tissueswerethen
storedinan ultrafreezer at -80°C until future use.

Prepar ation of wholecell extracts

Whole cell extract was prepared in RIPA buffer
containing 50 mM Tris-HCI (pH 8.0), 2mM EDTA,
150 mM NaCl, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS*". Briefly, thawed tissues
werehomogenized (5% wi/v) in chilled RIPA lysisbuffer
containing proteaseinhibitorsphenylmethyl sulfonyl fluo-
ride (ImM) and sodium fluoride (5mM). Tissue
homogenates werethen agitated for 2 hrsat 4°Cina
shaker for protein extraction and then centrifuged at
12,000 rpmfor 20minat 4°Cinacentrifuge. Theclear
supernatant (wholecell extract) obtained wasused for
SDS-PAGE. Total protein in whole cell extract was
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determined usingthe dye-binding method of Bradford??.
SDS-PAGE and western blotting

Aliquotsof wholecdll extractswereheated at 100°C
for 5minwith sampleloading buffer (Gene, Indig). De-
natured protein samples (40 ug protein/lane) were re-
solvedin 10% SDS-PAGE inamini gel eectrophoresis
set up (Cat no. 106724, Genei, India)!*"). Theresolved
protei nswere then el ectro-bl otted onto nitrocel lulose
membrane (Axiva, India) inamini eectrotransfer system
(Cat no. 106819, Genel). The membrane was then
blockedwith 5% non-fat dry milk (Sagar, India) intris
buffer saline Tween-20 (TBST) for 1 hr at room tem-
perature(RT) and probed with aprimary rabbit polyd ond
to ERRa antibody (ab16363, Abcam, UK) at 1:500
dilutionin TBST overnight a 4°C. Furthermore, thebl ot
wasthen probed with asecondary goat anti-rabbit 1gG-
HRP antibody (Cat no. 105499, Genel) at 1:5000 dilu-
tionsin TBST for 1 hr at RT. The blot was then incu-
bated with asolution containing TMB-H,O, assubsirate
for HRP (Cat no. 106037, Genei) to reved immunore-
activebands. Theimmunoreactivesgnaswerescanned
by densitometry and photographed.

For MCAD leve detection by western, smilar ap-
proach was employed, except that a primary rabbit
polyclonal to MCAD antibody (sc-98926, Santa-Cruz
Biotech, USA) at 1:500 dilutionswas used. Normal-
ization of ERRo. and MCAD bands was done using
GAPDH asaloading control. Briefly, the origina blot
was stripped of antibodiesand treated with aprimary
rabbit polyclona antibody to GAPDH (ab36840,
Abcam) at 1:5000 dilutions and then with goat anti-
rabbit |gG-HRP antibody as described before. Ex-
perimentswere carried out separately with six (n=6)
independent anima sfrom each age group.

Satistical analyses

Dataobtaned fromtheexperimentswereanalyzed
using Student’s t test. A P value of lessthan 0.05 was
taken assaigticaly significant for thestudy.

RESULTS

Tissue levels of ERRa

Western bl otting approach was employed to de-
terminetheexpresson of ERRo.invarioustissues. Pos-
tive immunoreactive band of ERRa., which was ex-

= Regular Paper

pressed at asizeof ~53 kDa, weredetected inall tis-
sues utilized, although at varying levels(Figure 1). A
relaivey highlevel of ERRa wasdetected inthe heart,
kidney, skeletal muscleand small intestinewithamean
level of 3.58 + 0.40, 2.79 + 0.31, 1.99 + 0.21 and
1.25+0.16, respectively. However, ERRa leve inthe
uterusand brain waslower at 0.89+ 0.16 and 0.78 +
0.12, respectively. Onthe other hand, hepatic and lung
ERRa level werelow and quitesimilar at 0.60+ 0.08
and 0.64 + 0.09, respectively. Interestingly, the cardiac
ERRa leve wasthehighest detected. Themodest leve
of ERRa observedinthe heart, kidney, skeletd muscle
and small intestineis understood asthesetissues pos-
sesshigh oxidative metabolism and energy demand.

Aging and ERRa. level

Theleve of ERRa indifferent tissuesof old mice
wasinvestigated. Tissuesfrom young micewerea so
included in the study to provide age-rel ated correl a-
tions. Wholecdll extractsobtained from different tis-
sues of old and young mice were subjected to SDS-
PAGE followed by western blotting in order to find out
whether thelevel of ERRa during agingismodul ated.
The ERRa protein level wassignificantly down-regu-
lated intheheart (by 46.50+ 5.20 %), kidney (by 38.40
+ 4.40 %) and skeletal muscle (30.30+ 3.60 %) of old
animal compared to theyoung onesasshowninfigure
2. However, no significant changein ERRa leve from
thesmall intestine, uterus, brain, lung and liver of aged
micewasdetected compared to theyoung animal. The
reduced level of ERRa inthe aged animal showstis-
sue-specificity. Interestingly, cardiac ERRa leve from
old mice showed the highest decrease, followed by the
modest declinein renal and skeletal muscle ERRo..

Agingand MCAD level

Tofind out whether thisdecreasein ERRalevesin
the old tissueshad animpact onthelevel of oneof its
target enzyme was undertaken. MCAD and itsgene
Acadmisawsell-known ERRa-responsivetarget that
participatesin FAO pathway in anumber of tissueg®2,
It washypothesized that reductionin ERRa level might
modulateleve of MCAD inthesetissuesfromold mice.
Results obtai ned showed significant decreasein car-
diac (by 35%), renal (by 40%) and muscle (by 25%)
MCAD levesinold micecompared to young (Figure
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Figurel: Western analysisof mouseERRa leve in different
micetissuesusing primary antibody specificto ERRa (upper
panel). 40 pg/lane of total protein in whole cell extracts was
subjected to 10% SDS-PAGE and theresolved proteinswere
transferred onto nitrocellulosemembranefor western blot-
ting. Detailsar eprovided in theExperimental section. Normal-
ization of ERRa. immunor eactivesignal wasper formed using
GAPDH asaloadingcontrol. Comparison of ERRolevels(Mean
+ SD) between variousmicetissuesispresented asbar graph
obtained thr ough densitometric scanning of thebandsin the
blot (lower pand). Experimentswer e per formed with sxinde-
pendent animals(n =6). Theblot and graph shownisarepre-
sentative of separ ateindependent analyseson animals

3). Interestingly, MCAD level intheliver wasasore-
duced (30%) intheold animal, atissuewhere ERRa.
level remained the same compared to young ones.

DISCUSSION

ERRo isexpressedinmgjority of thetissuesinani-
mal§27. Thedetection of modest level of mouse ERRa.
intheheart, kidney, skeletal muscleand small intestine
corroborateswith earlier finding, whereinitisshowed
that tissuesthat preferentialy utilize oxidative metabo-
lism to generate energy express elevated levels of
ERRa/#2, Thehighlevel of ERRa intheseoxidative
and metabolicdly activetissuesareneeded asthey prin-
cipaly use FAO and OXPHOS to generate energy.
Elevated level of cardiac ERRa expressionisneces-
sary, asit primarily utilizesFAO for cellular ATPpro-
duction by up-regulating enzymesinvolvedin FAO path-
way and OXPHOS. Moderately elevated level of
ERRa observed in oxidativetissues such asthekid-
neys, skeletal muscleand small intestinecould bedue
to predominant utilization of fatty acidsasenergy sub-
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strate. Additionaly, lower level of ERRa detected in
the uterus, brain, lung and liver indicate acompara-
tively lower preferenceto FAO for energy production.
Brain and liver principally utilize glucose and -
ketoacids respectively, towardsATP production and
hence probably expresslow levelsof ERRa. Small in-
testinea so utilizesfatty acidsto alargeextent to gener-
ateenergy. However, ERRa level wasfoundto becom-
paratively lower compared to the heart, kidney and
skeletal muscle. Thiscould bedueto use of other en-
ergy substrates, in addition to fatty acids. Taken to-
gether, theleve of ERRa wereubiquitousinthetissues
used in thestudy, though at varyingleves, with organs
with high FAO, OXPHOS and mitochondria metabo-
lism expressing e evated level sof ERRo..
Agingisassociated withagenerd declineincdlular
and physiologica processes, which may ariseduetofal
inenergy metabolismand geneexpressonprofilesinani-
ma g8, ERRa hasvita functionsin controlling oxida
tive energy metabolism and ti ssue physiol ogy, whichit
achievesthrough regul ating target genetranscription>*2,
Oneof thefactorsthat ensures preciseregulation of such
functionsistheleve of the ERRaitsdf inexpressingcdlls.
Decrease of ERRa. level may reduceenergy generation
andincreaseimbalancein energy homeostas's, leading
tofalureof adgptivemechanisms. Thereisno published
report of ERRaleved duringaginginanimas. Thesignifi-
cant decreasein ERRa level inthe heart, kidney and
skeletal musclefromold animal might beasaresult of
complicationsof aging. Theonseat of agingisthought to
bedueto changesnot only at thetissueand cellular levd,
buy also at themolecular level. Senescencein animals
may begin and progressdueto declineintheefficiency
of geneexpresson™., Previousstudieshaveaso shown
declineintheleve of steroid hormonereceptorssuchas
the GRs, ERo and ER transcripts in aged rodentst82,
Hence, thereduction of ERRa level inthe heart, kidney
and skeleta muscleinaged micemay leadtofal in effi-
ciency of target geneexpresson. Furthermore, itisknown
that ERRoLinexpressing cdlscontrol itsown expresson
by regulating the Esrrain functional interaction with
ERRy®Y. Dedinein ERRa leve during agingmay havea
negative effect on Esrraexpresson anditsproduct.
Thehighest dedinein cardiac ERRo level compared
to other tissuesintheold anima may haveasignificant
impact on heart bioenergeticsand physiology. Many of

An udéan Journal



BCAIJ, 5(2) 2011

Harmit S.Ranhotra 93

(A) ) . :
Liver Kidney Small Intestine
Y o Y o ¥ o)
l — ‘—Eﬂna
I ‘fGAPDH
120 OYoung
100 m Old
o
> 80
@O *
© 60
&
w 40
® 20
(1] ||
Liver Kidney Small
Intestine
®) . :
eart Brain S. Muscle
N o Y o] b (o)
‘ B ‘*ERRQ
| |fGAPDH
120 OYoung
100 m Old
g 80
2
™ 60
4
o 40
w
2= 20
o
Heart Brain S. Muscle
(C) Uterus Lung
j o i o
— ERRmx
— GAPDH
140
O Young
— 120 = Old
2 100
2 380
§ 60
oc
i 40
= 20
(1]
Uterus Lung

Figure2: ERRa level in (A) liver, kidney and small intestine
(B) heart, brain and skeletal muscle (C) uterusand lungfrom
young (Y) (3 months) and old (O) (24 months) female mice
using primary antibody specificto ERRo. (upper panels) by
western blotting. Whole cell extracts from the tissueswere
prepared in RIPA buffer and atotal of 40 pg/lane of protein was
loaded onto 10% SDS-PAGE and theresolved proteinswere
transfer red onto nitr ocellulosemembr anefor wester n analy-
ses. Comparison of ERRa. leve in varioustissuesfrom young
and old miceispresented as% ERRa level £ SD and indicated
asbar graphs(lower panels). ERRa leve in young micetis-
sues wer e set as 100%. Experiments wer e done separ ately
with six independent animalsfrom each group. Theblot and
graph shownisarepresentativeof separ ateindependent analy-
sison animals. * Significant (P < 0.05) compar ed toyoung mice
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Figure3: MCAD leve in (A) liver, kidney and small intestine
(B) heart, brain and skeletal muscle (C) uterusand lungfrom
young (Y) (3 months) and old (O) (24 months) female mice
using primary antibody specifictoM CAD protein (upper pan-
els) by wester n blotting. Comparison of MCAD leve invari-
oustissuesfromyoungand old miceispresented as% M CAD
level + SD and indicated asbar graphs(lower panels). M CAD
levelsin young micetissueswer e set as 100% . Experiments
wer edonesepar atdy with sixindependent animalsfrom each
group. *Significant (P < 0.05) compar ed toyoung mice. The
blot and graph shown isarepresentative of separateanalyses
performed on independent animals
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the genesthat participatein energy production and me-
tabolism areinfact target of ERRo“¥. Thesegenesmay
themsdvesbedown-regulated dueto low cardiac ERRa
levdl. Asheart consumeslargeamount of ATPandrelies
heavily onitsproductionfrom FAQ, thisfal in ERRa.
level may reduce FAO ratein theaged heart, compro-
mising energy generation and cardiac functions. Interest-
ingly, the decreased cardiac MCAD level may beasa
result of reduced level of cardiac ERRa Since Acadmis
ahighly ERRo-responsivetarget gene. MCAD isacru-
cid enzymein FAO pathway anditslevel ishighinoxi-
dativetissuessuch asheart and whichinturn dictatethe
rate of tissue FAOR?*1, The reduced level of cardiac
MCAD inold mice perhgpsindicateanimportant cellu-
lar/physi ol ogic consequenceasaresult of ERRa. down-
regul ation in the heart which may lead to declined rate of
FAO and energy generation. Infact with aging changes
inthecardiovascul ar system have beenreported which
may leadto dterationsin cardiac energy metabolismand
physiology suchasdeteriorationinarterid stiffnessand
dadticity™. Thefdl incardiac ERRo.andMCAD levels
duringagingmay impair adaptiveenergy metabolismupon
exposure to metabolic and other stresses, thereby com-
promisnganimad adaptability.
Thekidneysexpresseshighleve of ERRa however,
during aging thedecreasein ERRa level observed may
inducerena metabolic reprogramming. Kidneyshave
critical roleinwasteexcretion, maintenanceof body sat
ba ance and so on. Thesefunctionsare highly energy-
dependent on FAO and OXPHOS to generate ATP.
Aginginratsisknown to beassociated with declinein
rend functions, being atributed to severd factorsind ud-
ing declineinurineproduction, reductioninsalt and so
on®, Thisfdl inrena normd functionsmay bedueto
severd factors, including decreaseinrend ERRalevd.
Recent study havea so demonstrated that ERRo. regu-
late genesfor ion channdsinvolvedinrend Na“ and K*
trangport and the renin-angiotensin system®. Kidneys
are highly oxidative organsand generate much energy
through FAO to compensate energy demands. Hence,
MCAD level inkidney isaso highthat perhgpsaidsin
high rate of FAO and ATP production’®2*, Substantial
fdlinrend MCAD leve observedinoldanima could be
attributed to decreased rend ERRa leve, probably asa
result of decreased Acadmexpression. Thus, thesmilar
per cent decrease observed inrena ERRoand MCAD
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level during aging may haveasubstantid negetiveimpact
onrend metabolicactivitiesand physiology.
Theskdeta muscleutilizesFAO for ATPproduc-
tion needed for muscle contraction. Aginginanimals
and humanisknown to cause progressivedeclinein
muscle mass and strengthi®1. Amongst many factors,
thelossof mitochondrid functionshasa so been attrib-
uted to cause muscle aging as aresult of decreased
energy generation and increased reactive oxygen spe-
cies(ROS) production®, Thedeclinein ERRa level
in aged mice may have anegativeeffect on FAO and
OXPHOS. Declinein OXPHOS efficiency may sig-
nificantly reduce ATPgeneration and accelerate ROS
generation which may cause mitochondrid dysfunction
seen during aging. Additionally, ERRo in association
with PGC-1a aso control mitochondrial biogenesis™
and hencelesser level of ERRainold anima may com-
promise cellular mitochondrial density. Importantly,
MCAD level was aso concomitantly reducedinthe
old muscle, which may beasaresult of reduced ERRa
level in old animal. Thismay perhapsbring downthe
rate of muscle FA O and subsequently ATPleve inthe
oldanimd. Interestingly, thedecreaseinhepaticMCAD
level observed inold animal in spiteof similar ERRa.
levelsinyoung and old micecould bedueto existence of
other tissue-specific factor(s) which may al so control
MCAD levd in hepatocytesindicating that ERRo. may
not bethesoleregulator of hepatic Acadmactivity.
Theunchanged ERRa level inthesmall intestine,
uterus, lung, liver and brain of old miceisinteresting
and showstissue-specificity of ERRa level during ag-
ing. Maintenanceof ERRa level intheintesting, uterus,
lung, branandliver of oldanima amilar tothat of young
ones may be an adaptation strategy to counter meta-
bolic and other physiological changesin thesetissues.
Falureof agingto causeany sgnificant changein ERRa
expression in theseti ssues may be dueto the existence
of ti ssue-specificfactors(such asspecific transcriptiona
factorsor co-activators) that prevent decreasein ERRa
level or could be asaresult of mechanisms currently
unknown. In conclusion, thisstudy showsthat agingin
mice cause significant decreasein ERRoexpressionin
the heart, kidney and skeletd musclewith concomitant
reduction in MCAD level aswell. Thisdecreasein
ERRa level accompanied withMCAD level inthese
tissuesmay compromiseenergy homeostasisand adap-
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tiveenergy metabolism during aging.
ABBREVIATIONS

ERRo.: Estrogen-rel ated receptor apha

FAQ: Fatty acid B-oxidation

ONR: Orphan nucl ear receptor

OXPHOS: Oxidative phosphorylation

MCAD: Medium-chain acyl-CoA dehydrogenase
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