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Abstract

Pharmacolegicareatmentsan extend mouse lifespdrutlifespan effects oftediffer between
sexes 17-uestradiol(17aE2) a less feminizing structurelomer of 178 estradiol,produces
lifespan extension only in male mice, suggesting a sexdatiprphic mechanism difespan
regulation. \We tested whether these-aging effects extend to anatomieald functional aging
—important.in latdife health—and whether gonadaHlgerivedhormorescontrolagng
responsesto 17aE2 in either sexhi/17aE2started afour months of agdiminishesbody
weightin both'sexes during adulthoad,latelife 17aE2treated micdoetter maintain body
weight. In/17aEdreated male micehe higher bodyveightis associated with heavier skeletal
muscles andlarger muscle fibers compared with untreated rdigeng aging while treated
females have*heavisubcutaneoufat. Maintenance of skeletal musaremale micas
associated-withsimproved grip strengtidaotarod capacity at 25 months, in addition to higher
levels of mosamino acid in quadricepsuscle We further show that sespecific responses to
17aE2 — metabolomic, structural and functional — are regulated by gonadal homoiaées
mice Castrated maldsave heaviequadricepsnuscles than intact maleat 25 months, but do
not respond to 17aE8uggesting. 7aE2 promotes an aragingskeletal muscl@henotype
similar tocastration Finally, 17aEareatment benefits can be recapitulatechicewhen
treatment issstarted 46 montls, suggesting that 17aE2 may be able to improve aspdats of
life function even when started after middige.

I ntroduction

With an increased proportion of individuals living to older ages, a greater proportion of the
human population suffers from frailty and impaired physical function. Demographidsmode
predictthat the number of people living to old ages in high income coumtiiiiacrease(Colby

& Ortman, 2017Robine & Cubaynes, 2017), whighesents a potentlglsubstantial burden for
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healthcare and economic systems. Interventions that can slawlatgel physical declinend
improve health later in life would help to ameliorate this burden, while improving theyopfali

life for elderly adultsPharmacologicareatments are increasingly being recognized as potential
methods to slow functional declines during aging in humbosdoet al., 2015), in addition to

reducing the.incidence of agessociatednorbidities and neurological decline.

One area of pharmacological research that has already received attention in the context of aging

is steroid treatments that seekedress alterations in circulating searmone concentrations
that occurduring later life. Manipulation of testosteroneesttbgens can improve aspects of
physical funetion in the elderlyHorstmanet al., 2012 Stanworth & Jones, 2008), bcan also
elevaterisks of certain diseases, including cancers and cardiovascular diBasagaet al .,

201Q Chen.&Colditz, 2007), potentially because of their strong binding affioitlassical
steroid receptors across the bodylore recentlypthersteoids,with lowerbinding affinities to
classicakexhormone receptorbave beemsuggested aalternativetreatments to protect against
aging while'lessening sideffects ¢ diseases linked to classical sex hormone signaling
(GonzalezFreireet al., 2016 MadakErdoganet al., 2016). 17a estradiol (17aE2), a less
feminizing,structural isomer of 3f estradiol, has been shown to extend lifespan in male mice
(Stronget al., 2016), while also improving glucose tolerance lmeeringthe abundance of
circulatingrinflamnatory cytokinegGarrattet al., 2017 Stoutet al., 2016). Effects of 17aE2 on
lifespan and metabolism are strongly-sgecfic, with neither lifespar{Stronget al., 2016) nor
adult glucose tolerand&arratt,et al., 2017)detectably affectedy 17aE2in female mice.

While 17aE2.has malepecific benefits for survival, we hailmnited understanding of whether
these effects extend tonctional, pathological or biochemical agssociated changeasnd
whetherslowed agingesponses outside of survival also differ between males and females.
Furthermare, we currently have a poor understanding of what mechanismseusebauil
dimorphism._in response to anti-aging interventions, obsewitbdL7aE2, but also an increasing
number of other pharmacological and genetic interventions (Austad & Fischer, 2@L&)ing
reduced IGRFXGarrattet al., 2017 Holzenbergeet al., 2003) and mTORC1 signalinGérrattet

al., 2016 Lamminget al., 2012; Selmanet al., 2009) Our previous research has shown that sex-
specific metabolic responses to 17aE2 in adulthood are linked to the presenceguimadie

such that malspecific improvements iglucose tolerance are inhibitédnales are castrated
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prior to the onset of treatmer@drratt,et al., 2017 Garrattet al., 2018).However, whether
gonadal hormones control the anti-aging effects of 17aE2, or any other sexualighdoranti-

aging manipulationhas not been tested.

In this study-we show that 17aE2 treatment hasaayitig effects for bodweight regulation
muscleweightandphysical functionand that these effects differ strongly between males and
females. We used two independent cohorts of mice to probe these effele®stablising the
underlying hormonal causes for the observedsgecificity, and totest whethethe antiaging
effects of this treatment can be recapitulated by treatment beginning in +agdle cohort 1,

all mice underwent a brief surgery at 3 months of age, where g(iratés or ovariesyere

either removed (gonadectomyf) exposed but remained in place (sham gonadectdrngse
animals therbegan 17aE2 treatment at 4 months of age, or stayed on a contrahdieigre
euthanized.at.25 months. Animals in cohort 2 did not undergo any surgery and were etdithaniz
at 22 months. The main cohort of animals began 17aE2 treatment at 4 months, while a subset
remained on the control diet until 16 months of age, but were then switched to 17aExtreatme
at 16 months of agd his allowed us to test whether a late onszitinent of 17aE2 can also
produce functional benefits laterlife, and to compare the araging effects of treatment onset

at these two time points

Results

17aE2 maintains body weight during aging in both sexes, but has sex-specific effects on
body composition: intact, sham operated animals (Cohort 1)

In the first cohort ofnicetreated with 17aE2 from 4 month& recordedody weight monthly
across lifglFig 1A). Effects of 17aE2 on body weight differed depending orsliége(p = 0.001
for the interactiorbetween 17aE2 treatment and time in a repeated measures ANOVA of
monthly body weightshut were similar inntact (sharroperated) animals difoth sexesp=
0.32 for the 3way interaction between sex, treatment ame:; p = 0.61 for thenteraction
between sex and treatmehig 1B), as previously reporte&{ronget al., 2016). 17aE2educes
weight gain oveapproximatelthe first 12 months of lif¢Fig 1B), as shown by the change in
weight between 4 to 9 months in figure 1Bhis presumablyeflects the reduction in adiposity
that occurs with the onset of 17aE2 treatm8teynet al., 2018 Stoutet al., 2016). However,
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we observed that during aging 17aE2 slows the decline in body weight that occuededifer
periods. This is most clearly illustrated by the change in weight from betv@eler2 months of
age(Fig 1B). At 25 monthsall animals were euthanizeand major organs and fat pads
weighed, allowing us to test whether Hite weight effects were linked to alterations in the
weightof specifictissueqsee Table S1 for weights of all tissuds)female mice, 17aE2
increased theveight of subcutaneousguinalfat at 25 monthgFig 1C), apparently contributing
to the maintenance of body weight betweer249months in females. In males, 17aE2 did not
significantly“altertheweightof inguinal fat(Fig 1C) butled to an increased sk&é&muscle
weight at 25 months as assessed by quadngegt(Fig 1D). This effectof 17aE2persists
whetherassessingptal muscleweightor muscleweightcorrectedoy bodyweight(Fig 1E&F),
andrepresentsraignificant sexspecific response, in that there was a significant interaction
between sex and treatment in an ANCOVA model including body weight as a co{/Eaial
1). The effect of 17aE2 on museleightwas also agspecific since quadricepseightin a
subset of animals from cohort 1 euthanized at 12 months of age waltened by 17aE2
treatmentFigure S A), andmuscleweightof 25 month old control animaigassignificantly
lower than‘inmuscles taken frora set 066 month olduntreatedanimalsof the same straithat

were euthanized, dissected and weighed over the same (F&gock S1B)

17aE2 maintains skeletal muscle fiber size during aging in male mice: intact animals
(Cohorts 1& 2)

To understandwwhether the delaysarcopenia represents changethe level of thendividual
muscle fibes;we first measuredanuscle fibeisize at 25 monthgiber crosssectional areas

(CSA) were measured gastrocnemius musdeollected from animals in cohoratdfixed in

10% buffeedformalin immediately at dissectio@ompared to samples taken from 6 month old
young controls, 25 month oldtactcontrol mice shoeda reduction iraveraganuscle fiber

CSA, an effect that waameliorated in intaahale micetreated with 17aEfom 4 monthgFig
2A&B; Table. Fber CSA showeda similar response tb7aE2treatmenin intactfemalemice
(Fig 2B; Table. ). We also observed thigitact male mice treated with 17aE2 maintained typical
muscle fibermorphology during aging, and did not presietsevere angulateformationof
muscle fibers observed in untreated old animals (Hegballe, 2004 PurvesSmithet al., 2012)

(Fig 2C). This represents a sespecific response as indicated by the sex by treatment interaction
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term (Table 1) and the lack of response in this parameter in 17aE2 treated {€ige2€y Old
animals als@howed characteristeccumulation of fibers withentralnuclei, achange that was
not significantlyinhibitedby 17aE2 treatment in either s@able 1;Fig 2D).

The gastroenemius muscle is made up of a mix of muscle fiber types, althelgjgemajority
aretype 2b fastwitch muscle fibersFasttwitch muscle fibers typically show the greatest
atrophy during aging, with fewer changes observed in sidteh oxidative fiber{Russet al.,
2012).In thesecond cohort of mice sampled at 22 montiessassessed whether the effects of
17aE2 onmuseclBber size were fiber type specific, by examining the size of individual muscle
fibersof different fiber typesvithin the gastrocnemius muscf@iven the increase in fiber size
observed in the gastrocnemius muscles of cohort 1, wevelgbed gastrocnemius musdef
animals in.ecohort Avhich showed that this skeletal musalas significantly heavien 17aE2-
treated malenice compared to controls (P = 0.00&fa is plottedn a subsequetitgure (Fig.

6)), with nochange in femaleslemonstrating a sespecific respons€lable 1). 17aE2 treatment
increased th€SA of fasttwitch glycolytic type2b muscle fibeia gastrocnemius musc{€ig

2E), without @ecting the CSA of oxidative type 1 or type Zebers, which also did not change
significantly,with aggTable 1; Figure S2; see Figure S2 for representative images for each
muscle fiber type We also assessed CSAmiisclefibers in the soleus muscle, which is
comprisedalmost entirelyof type 1 and type 2a muscle fibers, with type 2b fibers absent
(Kammounet al., 2014).Data from soleus musclégrther demonstrated a lack of change in the
size of these oxidative skeletal muscle fibeith aging(Fig S3)— consistent with previous
reports(Williams et al., 2002) — or 17aE2 treatme(ftig S3) indicating a predominant effect of
17aE2 on fastwitch muscle fibersin cohort 2we also measured theeight of the quadriceps
muscles Similar.to the findings ithe 25 month old mice of cohort 1, at 22 months,
guadricepsnuscleweightwas greatein 17aE2 treatechalemicethan in untreated contro(Big
S1C), althougtat this age¢he P value did not reach thraditionalcriterion for statistical
significance(P = 0.052).

17aE2 treatment improves grip strength and rotarod performancein aging intact male
mice (Cohorts 1& 2)

To test whether the effectd 17aE2 treatment on muscleragareassociated with

improvements itate life physical function we assessed forepaw grip strength and rotarod
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performance. Forepaw grip strengths assessed at 22 months in coharnd@vas laver in

these animals than a comparable set of 6 month old controls (Fig 3A; Table 1). 17aE2
treatment improved male grip strength but had no effect on female grip stfEiggdd). We
assessed rotarod performance at 24 months of age in cohort 1 using an acceleration prot
where micanheretested for their ability to balance on a progressively accelerating rotarod. The
ability of mice to0 maintain balance on the rod declines withabie 17aE2 treatment
significantly‘improves balance ability intactmale miceg(Fig 3B). Female performance was not
affected by 27aE2 treatmemind thessexspecificeffects were also replicat@adependently in
cohort 2 (show in subsequengtre6). We also tested whether differences in performance
under these tests could be accounted for by changes in body weight that can occur Rith 17aE
treatmen The relationship between grip strength and body weight across malevasicet
significant(p = 0.79 for #ect of body weight as a covariatguggesting thatariation in body
weight between groups does not account for the improved grip strength in makeeaied with
17aE2. Rotarod performance was negatively related to body WEigH8C;p = 0.002 for #ect

of body weightias a covariat&)/hen this negative relationship was accounted for by including
weight as a covariatenice treated with 17aE2 stshowed improved rotarod performance

relative tosbody weightHig 30, although the pralue for an effect of 17aE2 treatmémicohort

1, when_ineluthg body weightas a covariatdailed to reaclstatistical significancep(= 0.062).

We note thathe same relationship between body weight, rotarod performance and 17aE2
treatment'was observed in males in cohort 2 at 22 months. Combining both datasetss® increa
statistical power revealed a significant effect of 17aE2 treatment in mal@onoss both

cohorts (p=20:015), even when accounting for variation in weight by including body weight as a

covariate

17aE2 generates sexually dimor phic responsesin skeletal muscle amino acid abundance
(Cohort 1)

To testwhether sexspecific morphological responses to 17aE2 during aging were matched by
sexspecifictbiochemical changes in muscle we conduatadi@argeted analysis of primary
metabolites imquadriceg musclesampled at 25 months from Cohortuking a 2way ANOVA

to identify metabolites showing a segecific response to 17ak®intact (sharroperated)

animals we observed 8 metabolites that showed a significantly different response f 17aE
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treatmenin each sexafter correction foFalse Discovery Ratg.e. a sex by treatment interaction
effect: Table 2, sevenof whichwere amino acids, and the other was glycolic geigs 4A
Table 3. Additionalanalysis obther amino acids detected in teigeershowedthiswas a
relatively consistent responseamino acids Table 2; Fig S} and reflects an increase in amino

acid abundance with 17aE2 treatment in males, but a reduction in females.

Because the abundance of most amino acids is highly correlated werineguhl component
analysis t@ convert the abundance deden all 15 amino acids generated from all samples in
cohort linte fewerprincipal components that explained variation across amino acids. This
analysis preduced one major principal component (PC1) that explained Shé&ovafiance
across the datasahd was significantly correlated with the abundance of all amino acids,
although the.relationship was strongest with serine and weakest with alanid8)Higflecting
the strength.oefdreatment responses seen for individual amino(@alls?2). The seond and
third principal componentsxtracted in this modenly explained 6% and 1% of variation,
respectively. There is a strong sex by treatment interactidhdtscoresn shameperated
animals(P<0.001) This reflectsan elevated abundance of amino acids in intact females on the
control diet,but,a switch under 17aE2 treatment, wiidct males increasing amino acids and
females showing a significant reduction (Big).

Sex-gpecific amino acid responsesto 17aE2 are dependent on gonadal hormones (Cohort 1)

We used the@rincipalcomponent analysis to test whether the sgacific amino acidesponses
to 17aE2 were dependent on the production of gonadally-derived hormorces)jgring
metabolite_responses to 17aE2 in mice that were gonadectomized at 3 months, prior to 17aE2
treatment, with responses observed in slperated (intact) animal8Vhile intactmales show
anelevationsins|amino acids with 17aE2 treatment, this effect is blocked in males that were
castrated por to,drug treatmenflhis is reflected in the lack of response in PC1 to 17aE2-
treatment in castrated mal@sg 4B), and the failure of 17aE2 treatment to increase the
abundance of any amirazid in castrated males (Talde In a 2way ANOVA of PC1 scores
comparing the effect of surgical status (intact or castratedjrargdreatment (control or 17aE2)
in male mice, there is a strong interaction term (P = 0.003), further demangstheti thenale
response to 17aE2 dependstbe presencef male gonaddn females ovariectomyprior to

treatmentlso blocked the femalgpecific declines in amino aci@sig 4B), and there was an
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interaction between surgical status and treatment (P = Oi@diatingthat theamino acid
responses to 17aE2imtact animals of both sexegere linked tahe presence of male and

female gonads.

Increased amino acids in muscle may represent a consequence of altered protein synthesis or
breakdown, both of whicban be regulated by the actiarfsgonadallyderived hormones
(Rossettiet al., 2017). Toexplore whether sexualgimorphic responses to 17aE2 extend to
mechanisms regulatingotein synthesiand autophagyye assessed the status of protein
substrateswvolved inautophagy angrotein translation in samples taken from a subset of
animals in‘eehort 1 at 12 months of ageal® and females show a strong difference in relative
LC3BII to LC3BI levels, anarkerof autophagosome formatiowjth females having greater
LC3BII relative.to LC3B] as previously reportedéoet al., 2018). This could be a
consequence.of either greater autophagosome formation or slowed autophaglatcegm

female micgMizushima & Yoshimori, 2007). Importantlyhe sexdifference is completely lost
with 17aE2 treatmentyith males and females showing different responses to 17aE2 treatment
(sex by treatmerihteraction term: P =0.002¥pecifically, maleshow anincrease irrelative

LC3BIl abundancafter 17aE2 treatme(ig 4C), while LC3BII declnes in 17aE2reated
femalesIn untreated animalsnale castration increase€3BII, as previously reporte&érraet

al., 2013),and"female ovariectomy reduces LC3Il (BiQ). Neither castrated males nor
ovariectomzed females show gignificantchange in LC3lII levels with 17aE2 treatmefithe
surgery by treatment interaction test witbachsex provides statistical support for a different
response to 17aE2 treatment in OVX females compared to intact females (P = 0.008)irbut not

the comparisw.of castrated to intact males (P = 0.18)

We also examined effects of 17a@2 mTORCL1 signaling, a key regulator of protein synthesis
thathassexuallydimorphic effects on physiology and aging in micariminget al., 2012).We
observed no changesrnelativephosphorylation of S6 and 4EBP1, downstream targets of
MTORCL(Fig'S5). We also assesseatal protein levels of 4AEBR Since genetically engineered
over-expression of 4EBP1 can protect against male-specific adiposity aadudgted insulin
sensitivity(Tsaiet al., 2015).Relative 4EBP1 protein levels are strongly reduced in male mice
treated with 17aE@Fig 4D), but unaffected by treatment in females, wiith sexdifference in
protein levelseen in animalen the control dielost with 1AE2 treatmentsex by treatment
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interaction:p = 0.006).The sexdifference in 4EBP1 protein levaksalso not observed in
gonadectomized animals on the control diet (F), 4lthough these animals show a similar
response to intact animals when treated with 17aE2 (subgergatment interaction P <0.1 in
both sexes).

Functional and structural responsesto 17aE2 are blocked by male castration (Cohort 1)

We alsorassessed whether-seecificresponses to 17al2 muscle structure and functiovere
regulated by*gonadal hormones, by comparing responses to 17aE2 in sham operated and
castrated animals in cohortNlales castrated prior to 17aE2 treatment shouwgehcreases in
theweightof the quadricep muscle with 17aE2 treatn(&ing 5A: data for sharoperatednales
are replicated from figures2), indicating that the malspecific responsenly occurs in males
exposedo testicular production of hormones from 3 months of agetr@ted males havarger
guadricep musclereightsthan intact males on the control d&t25months, and 17aE2
treatmentin intact males causes an increase in quadriceps weight to the level seen in untreated
castrated maled hiseffect was the opposite of the castration effiecintreated animalsn
muscleweightseenin a subset of animals dissecttdl2 months of age, where castrated males
tended toshave a lightguadriceps muscheeight (Fig %), consistent with the shorsim effects
of castration“on skeletal muscle weight in adulthal@ogt al., 2009).Similar toquadriceps
weight, castrateanale miceshow no change in muscle fiber size with 17aE2 treatment, and
again untreated castrated males have a larger skeletal muscle fibénabSAat of equivalent
untreated intact mal€&ig 5B). This lack of responsiveness to 17aE2 treatment was also
observed at.the functional level, since castrated males showed no improvemenbth rotar
acceleration capacityith 17aE2 treatmer(fig 5C; intact male data is replicated from Fig 3
Intact and castrated males did not differ significantly in ttee&rodscores in the untreated state.
Females that were ovariectomized prior to treatment show similar treatment responses for each
of these traitsvhen compared tmtact femalegTable 1) and also showeahincrease in

inguinal fat.mass similar to thabserved in intact females (Figure;5drgery by treatment
interaction'p:=,0.8).

Anti-sar copenic benefits of 17aE2 can berecapitulated by late-life treatment (Cohort 2)
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In the second cohort of animals exposed to 1Zege2mentwe evaluated aandomlyselected
subset of mice where treatment withiaE2beganat 16 months of age. This allowed us to test
whether the benefits of 17aE2 treatment for skeletal muscle agchghysical function could be
recapitulatedvith atreatmenbeginning after middikage, an approactthat mayhave advantages
in some clinical settings if appliegd humansMale mice treated wit 17aE2 from 16 months
showeda larger gastrocnemius museleightat 22 months when compared to untreated
animals; with'this improvement beieguivalent to that seen in individuals treated from 4
months (Fig"6A). Tie line of best fishown in Fig6a overlagin male mice treated from these
two different age points, making it difficult to discern the two lines in thediganelFemale
mice treated with 17aE2 from 16 months do not show a change in gastrocnemiusaaiggitle

when compared to controls or animals treated with 17aE2 from 4 months.

This cohort.ef.animale/asalso assessed facceleratingotarodbalance capacityike cohort 1,

intact malé micdreated with 17aE2 in cohort 2 again showed an improved rotarod capacity, with
malestreated from 16 months of age showing an equivalent improvement in performance to that
seen withtreatment from 4 montfisg 6B). We further assessed the endurance capacity of mice

by testing.them,at lower and fixed rotation speed over a longer dungiade mice treated with

17aE2 showedia longer endurance capacity than untreated males. The difference between control
mice and'miceti@ded with 17aE2 from 16 months was statistically significant, showing a benefit

of latelife treatmentwhereas théifference between mice treated from 4 months and controls

did notreachstatistical significancéFig 6C).
Discussion

Pharmacological treatmerttsatextend thdifespan of laboratory organisnigserve
consideratiorasquides to interventions that could improve healthy aging in hunhamg¢ et

al., 2015). A keycriterion is that lifespan extensishould be associated with improved physical
function and health, which has not always been met when functional tests have been performed
on longdived animalg(Bansalet al., 2015 Richardsoret al., 2015). In this study we show that

the lifespan extension observed with 17aE2 is associatedasliticed ag@associated sarcopenia

and improvedate-life physical functionbenefits that can be gainedenfrom a 6 month

treatment period beginning at midgige However, these effects largely occur in a-sp&cific

manney matching the lifespan response seen with this treatr@®tmonget al., 2016). Among the
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outcomes we tested, ordyevations in skeletal muscle fiber semed reduced body weight
occurredo a similar degrem both sexesThe similar changein body weight in both sexase
particularly notable, since reductions in body weight with the onset of 17aE2 tn¢atzwe

been linked to reduced feeding behavior as a consequence of actionstialaypic pre
opiomelanocortifPOMC) expressing neuronS${eynet al., 2018). The observation that body
weight declines in both sexes with 17aE2, but functional benefits occur only in malés, coul
suggest'that'the beneficial aatiing effects of 17aE2 are not purely a consequence reduced
body weightandconsumption of fewer cales, because waould expect this to be beneficial
both sexes. Ultimately normalization of food intake between controls and 17aE2 isadqui
definitivelystestithis, either via a controlled feeding approach or by usimguge model without
functionalPOMGC-expression. Previous userafce lacking POM@&:xpressiorhas shown some
metabolic responses to 17aE2 can occur without changes in weight and f&elymgt(al .,
2018), supporting the hypothesis that health benefits of 17aE2 are independent of reductions in

calorie intake

We used anuargetedorimary metabolism screen to identify metabolic responseatédinked
to the obsernved makgpecific elevations in skeletal muscle weidhting agingThis
demonstrated'that 17aE2ated males show an increase in amino acidsiadricepsat 25
months. Netablyemale mice instead showed a decline in the abundance of someamiso
with 17aE2, although these females had muscle weights equivalent to eointrals, indicating
the relationship between 17aE2, muscle weight and amino acid abundance is notdridiracti
a previous studyye observedhat this elevatiom males (and decline in femalé@s)not
observed in.quadricepaken from animals with equivalent treatmahi2 months of age,
indicatingthat effects of 17aE2 on the metabolome may differ dependiage(Garrattet al.,
2018) matehing the agspecific effects on muscle weighio directly testwhetherthe observed
elevations in amino aciévelsoccur as a consequence of net alterations in protein synthesis or
breakdown requires metabolic flux analyswich wasnot possible in the lonterm aging
studiesidesigned here. However, our results suggest that 17aE2 icitrngss ircellular
processes involved in both protein synthesis and autophagy imadeglandtheseresponses
correspond to changesamino acid in terms of reducing a sekfference observed in animals
on a control dietLC3BII levels were elevated in male mice treated with 17atelicating

alteredautophagosome formatiom addition, totalEBP1 abundanosas reducedyithout
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348 altered phosphorylation at sitastivatedoy mTORC1 4EBP1is a translation initiation factor

349 that when associated with elF4E inhibits cap-dependent translation. A reductimdaace of

350 4EBP1 is expectetb promote protein translatiofMorita et al., 2013). Given the role of both

351 autophagy and protein translation in the causal control of the aging exspaiegHansen &

352  Rubinsztein;:2018Steffen & Dillin, 2016) detailed studies thdirectly assesthe effects of

353  17aE2 on'autophagic flux, protein synthesis and metabolomic flux, in both sexes, may provide
354  an insightinto'sexually dimorphaellular processabhatmodulate muscle mass and turnover

355  during aging:

356  Our study was‘designed to provide caussight into theendocrinenechanisms that underlie

357  sexspecific responses to 17aE2, and demonstrateartti@gingresponses to this treatment are
358 controlled.by.the presence of sgpecific gonads. These results epasistent with our previous

359 researh shoewing that metabolic responses to 17aE2 in adult life are also dependent on gonadal
360 hormones@Garratt,et al., 2017 Garrattet al., 2018). We observetthat skeletal muscle

361 phenotypes induced by 17aE2 resemble those observed in untreated castrated malés, and tha
362 castrated males do not respond to 17aE2 treatment, either in relation towaightephysical

363  function.orintheirquadriceps metabolomic respondée have tested whether 17aE2 reduces

364  circulating levels of testosterone in male micedete¢ed no obsemble decline in circulatig

365 testosteronetlevels in response to this treatiffégtire §). However testosterone is released

366 from the testes in a pulsatile man(€oquelin & Desjardins, 1982naking it difficult to

367 accurately assess some measurésspbsterone exposunethoutdetailed kinetic studiesin a

368 new cohort of C57BL/6ihice treated with 17aBE2om 3 months of agfor seven weeks we

369 observed a.highly consistent reduction in seminal vesielght (Figure 3), a rgoroducive

370 organ thatis.very sensitive to circulating testosterone and its metabblitotestosterone

371 (DHT), asmoere=potent androgen in terms of binding affinity to the androgen receptor. This

372 indicates that 17aE2 doesduce aspects ahdrogenic signalingyotentiallyexplaining the

373  resemblance of specific phenotypes to castrated males, and the lack of response in castrated

374 males that already have low testosterone and DHT.

375  Although male mice treated with 17aE2 resemble castrated males in a set of skeletal muscle
376  phenotypes, it is important to ndteatother aspects of sexual dimorphism normally controlled

377 by gonadal hormoneagmain intactfter17aE2 treatmenSexdifferences in the circulating
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378  concentrations of IGF1, leptin and adipomegersist withl7aE2 treatmer(Garratt,et al.,

379 2017), in spite of the dependence of these sexual dimorphisms on gonadal hofinemeke of

380 testicular and ovarianormone release in control of sexual dimorphism is governed by sex

381 steroids and their metabolites at various different leagld,at differentlevelopmental time

382  points,and we.speculate thatlult-onset 17aEeatmenimay interfere withsteroidogenic

383  actions at'specific sitaghile leaving others intacEor example, 17aE2 is capable of suppressing
384 5-alpha‘reductase activity vitro, the mainenzyme that mediates conversion of testosterone to
385 DHT (Schrieferst al., 1991). This would be expected to dampen signaling through the androgen
386 receptorjncluding reducing the weight of seminal vesicle glands, withwjor feedback effects
387 on other aspeects of the hypothalarpitsitary-gonadal axigHPG) (Mahendroaet al., 2001).

388  Alternatively, 17aE2 could alter HPG axis feedback through binding to estrogen receptors in
389  specificbrainareaswhichin male micas partly mediatd by negative feedback of the HPG axis
390 after aromatization of testosterone to 17 estradiol (Fisheret al., 1998). At the dose provided in

391 this study'l7aE2 is capable of activating classical estrogen rec@gR)is mice as evidenced

392  the uterotroephic effects observed in ovarectomized female mice (®trahg2016). Such

393  stimulationtin'regions like the hypothalamus and pituitanyid elicit negative feedback for the

394 HPG axispsuppressing LH and FSH release and subsequent gonadal hormone release, whi
395 maintaining”ER activatiom the brain. In female mice, 17aE2 reduced the abundance of amino
396 acids in muscle, and this femadpecificmetabolomic effect was hgeen in ovariectomized

397 females, similar t@varian hormone-dependdemalespecificmetabolomiaesponses in the

398 liver (Garrattetal., 2018).This indicateghat some femalspecific responses to 17aE2 are also
399 dependentiensovarian hormones and would be consistent with the idea thaint@d&2swith

400 the HPG axis in both sexes, but that this interference has observable beneficial health effects
401  only in malesWe have also shown that treating male mice with 17aE2 leads to amadgor

402  specificincrease in hepatic estriol levé{Sarrattet al., 2018), suggesting that 17aE2 may also be
403 metabolized.toadditional estrogens in a sp&eific way.Understanding the causalle

404  individual aspects of sterogignalingin aging in central and peripheral tissues, may provide a
405  major insightinto theole of pecificcomponents of the HPG axis in aging in both sexes. This
406  mightultimately lead to more precise pharmacological agents that provide the beneficial effects
407  of sexsteroid signaling while minimizing or ablating their negative effects on other aspects of

408  aging.
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Experimental procedures

A detailed outline of all experimental procedures stadistical approaches found in the
supplementary information. UM-HET3 mice were produced and maintained as previously
describedMiller et al., 2014 Stronget al., 2008) Mice were given free access to water and
were fed Purina 5LG6 after weaning. Mice wgreuphoused in ventilated cages and were
transferred tofresh cages every 14 days. Temperature was maintained within the rang8 of 21
°C. At three months of age all animals in cohort 1 went through castrat@rmectomy or a

sham procedure as previously descrilfgdr(attet al. 2017 Garrattet al. 2018). Cohort 2 did

not go throughssurgeries and had normal gonadal hormone production.
Diets: Cohorts1& 2

At four months of age, animals were randomly allocated to control or 17aE2 treatmerdlsA

in the contrel-group remained on the 5LG6 diet, while animals allocated to 17aE2 had their diet
switched torafood containing this drug at 14.4 ppm (see Haeishn2016). In cohort 2, a
randomly:selected subset of animals was maintained on the control diet until 16 mogths of a

and then were switched betreated with 17aE2 for the last 6 months of treatment.
Rotarod and Grip strength tests

Animals in.eehort 1 were tested for their ability to balance on an accetgratarod at 24

months of‘agesAnimals were placed on the rotarod and the trial began with the spivlgiage

at 5 revolytions per minute (RPM) and increased to 40 RPM gradually over a 5 min period. The
time at which the animal fell off the rotarod was used as a score, with each animal tested three
times and the mean score used in analysis. The second cohort underwent the same testing
protocol at 22 months of age. A subset of animals in cohort 2 were tested for grip strempth us
an EB1BIO-GT3 grip strength meter with an EEARIP-Mouse Grid Subjects were removed

from their'ecage by the base of the tail and suspended above the grip until their faygpadis

the grid. The tail was gently pulled in a horizontal direction away from the grid until the mouse

released its grip. The maximal force was recorded. Each animal was tested six times with a 10
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sec rest between each. The mean of the six tests was used for analysis. All tests were conducted

by an experimenter blind to treatment group and surgery status.
Euthanasia, tissue harvesting and processing

Animals were.euthanized and tissues harvested during the morning after 18stingf fTissues
were weighed and then immediately frozen with liquid nitrogen and stored at —70 °€ unles
otherwiserstated. Deleted methodology for western blots, metabolomics, histalbg

immunofluoresecence are in the supplementary information.
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Figure Legends

Figure 1. Changes in body weight, skeletal muscle and subcutaneousidgitin male and female mice

treated with 17aE2Data presented ifA) shows the mean body weights of male and female frooe
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cohort 1 on control or 17aE2 diets across life, while in (B) the change ihtiseghown calculated from
two specific time pointsData in (C) and (D) show the weights of inguinal fat and quadriceps weight a
dissection, either plotted against body weight individually for each mouttes orean weight of each
group. Error bars represehe standard error of the mean (S.E.N.kdues for quadricepand inguinal

weight werecalculated fronma Student’s test N = 11-20 per group.

Figure 2. Increased skeletal muscle fiber size and reduced atrodmaiB2treated male micgA)
Representativerimages of cresections of gastrocnemius muscles (X20 magnification) from young (6
months), old«(25-months) and old mice treated with 17aE2. yBjage fiber CSAletermined from
crosssections of thgastrocnemius muscle, while (C) and @pw scores for degree of angular atrophy
and centralization of nuclei across different treatment groups in cof@strhionths). (E) Type-2b fiber
CSA from mice in cohort 2 (sampled at 22 montaspr bars represent S.E.M. P values are calculated

from a Student's+dtest N = 815 per group for panels B; 5-6 for Fig ZE.

Figure 3. 17aE2 increases grip strength and rotarod capaicéaging male mice. (Afjorepaw grip
strength in'22 month old male and female mice treated with 17aE2, and young (6 month) 2&d old (
month) controls (Cohort 2, N = 8-9 per group for males, 8-29 for fejnéBsrotarod capacity in 24
month old male and female mice treated with 17aE2, young (6 month) and old controls (2§(ment
15-20 pergroup)C) The relationship beten grip strength/rotarod capacity and body weight in old
male mice with each dot representing values for an individual mouse. Error barsemp®es.M. and P

values arercalculated from a Studsiitest.

Figure4. 17aE2 causes a sepecific aminacid responsa quadricepshat is regulated by gonadal
hormones. (A).metabolites showing a specific treatment response. Box plots tails shamwand max
values. (B) Principal component analysis showing amino acid factor loadim@€ioand sex, treaent
and surgerysseeres for PC1. (C) LC3BIl and (D) 4EBP1 abundance in mice oérttifergical, sex and
treatment statysassessed in whole cell muscle homogenate using westerBiptotbars represent

S.E.M. and P=values are calculated from a Stiidetest.N = 6-8 per group.

Figure5. Functional and structural benefits of 17aE2 treatment in males are inhibited in males castrated
prior to treatmenti(A) Quadriceps weighfN = 9-16 per group}B) gastrocnemius muscle fiber si@¢ =

8-16 pergroupand (C) rotarod capacitN = 11-20 per group) in sham operated and gonadectomized
males and females, examined at 25 months of age (&4 rotarod capacity). Error bars represent S.E.M.

and P values are calculated from a Studdftest.
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Figure 6. Benefits of 17aE2 treatment for muscle weight and rotarod function apstodated with
treatment starting from 16 month@\) The relationship between gastrochemius muscle weight and body
weight in 22 month old mice on a control diet, 17aE2 from 4 months of age or 17aE2ritdsgiening

at 16 months of age. (B)d®arod acceleration and (C) endurance capacity in micerabgths. Each dot
represents avalue for an individual mo(ide= 9-36 per group).P values are calculated from an LSD

post-hoc tesafterestablishing an overall group effect in-avay ANOVA.
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Cohort Effect of age Effect of 17aE2 Sex by 17aE2 Surgery by Surgery by treatment
Change P value treatment treatment interaction: Female
interaction interaction: Male
Quadriceps 1&2 Decreased  <0.001 Increased in males 0.004 <0.001 0.34
weight
Gastrocnemius 1 Decreased 0.006 Increased (P =0.010 0.91
fiber size for both sexes)
Angular atrophy 1 Increased 0.001 Decreased in males 0.030 0.010 0.78
of fibers
Rotarod 18&2 Decreased 0.006 Increased in males 0.064 0.010 0.80
Performance
Centralization of 1 Increased 0.006 -
fiber nuclei
Gastrocnemius 2 Decreased 0.058 Increased in males 0.041 Not tested
weight
Grip strength 2 Decreased P<0.001 Increased in males 0.047 Not tested
Type 2b fiber 2 Decreased 0.037 Increased (P = 0.018 0.04
CSA (gastroc) for both sexes)
Type 2a fiber 2 Unchanged - -
CSA (gastroc)
Type 1 fiber 2 Unchanged - -

CSA (gastroc)

Type'[ih@se)(ticle is pgotect%@p(aqwight. All rights reserved_

(Soleus)



Type 2a CSA 2 Unchanged - .
(Soleus)

Table 1."Effect of age, 17aE2 treatment and seskeletal muscle and functional traits. P values for age effects represent the main efieah of ag
a 2way ANOVA, including both age and sex as variables. P values for interaction terms werdcallsted from a-2vay ANOVA, including a
effect of treatrent (control or treatment) and a second term representing either sex or surgicatatajuadriceps weight, body weight was also

included as a continuous covariate in the analysis to account fofaarabody weight across mice.

Table 2. Quadrieps muscle etabolites showing sexspecific response to 17aE2 treatm&axspecific metabolites represent those metabolites
that show_a significant sex by treatment interaction after correction for FDR. P pedgentedn thistable are uncorrectddr multiple

comparisons:
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Metabolite

Sample size control

Sample size 17aE2

Sex-specific metabolites

Isoleucine
Serine
Aspartic acid
Leucine
Valine
Glycolic acid
Phenylalanine
Methionine
Other amino acids
Tryptophan
Threonine
Lysine
Glycine
Glutamic acid
Cysteine

Alanine

Treatment interaction

(P-value 2 —way ANOVA)

Sex

(intact mice)

0.00003
0.00011
0.0005
0.00075
0.001
0.00152
0.0027
0.0027

0.030
0.006
0.021
0.018
0.12
0.005
0.86

Cast

(male)

0.015
0.005
0.003
0.52
0.020

0.010
0.001

0.008
0.005
0.001
0.048
0.50
0.029
0.48

OovX

(female)

0.15
0.018
0.002
0.029
0.039

0.031
0.039

0.17
0.24
0.15
0.25
0.044
0.054
0.76

>

>

2 D D> >

Male

0.011
0.003
0.019

0.056

0.028
0.006

0.073
0.002
0.015
0.062

0.072

Effect of 17aE2
(P-Value Student’'s t-test)

Female

0.001
0.019
0.009
0.001
0.005
<0.0001
0.044

€ D> € € € € €

v 0.087
v 0.032
A 0.093

Cast Male

v 0.087

v 0.042

OVX Female
8
8
) 0.066
A 0.092
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