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ABSTRACT

Longevity in mammals isnfluencedby sex and Ifespan extension in response to &aging

interventions is often sexspecific although the mechanisms underlyingesk sexual
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dimorphisns arelargely unknown. Teatment ofmice with 17a estradiol (17aE2) results insex
specific lifespan extension, with an increase in median survival in mal&$ofndno survival
effect in females Given the links between lifespan extension and metabolism, we performed
untargeted metaboldos analysis ofliver samplesfrom male and female mice treated with
17aE2 for_eight monthsVe find that17aE2generates distinct sespecific changes in the
metabolomicprofile of liver and plasma. In males, 17aE2 treatment raised the abundance of
several"amino-acids in the liver, and this was further associated with elevations in metabolites
involved inarea cycling, suggestiadferedamino acidmetabolismin females, amino ac&dand

urea cycling metabolitesvere unaffected by 17aE2.17aE2 also results in male-specific
elevatiors in assecond estrogenic sterai@striol3-sulfate— suggesting different metabolism of

this drugin'males and female3o understand the underlyirrmdocrine causes fordbesexual
dimorphismswe castrated males and ovariectomized females pridr7&k2 treatmem, and

found thatvirtually all the malespecificmetabolite responseo 17aEZ2are inhibited or reduced

by male castratianThese results suggest novehetabolic pathwaydinked to malespecific
lifespan extensiorand showthat themale specific metabolomic response to 17aE2 depends on

the production=of testicular hormones in adult life.
INTRODUCTION

Males and females in mospecies differ in their aging ratesdlifespans. Inhumans, sexual
dimorphismis observed in the onset, severity, and/or frequencggefssociated metabolic
dysfunctionyfrailty, cancerandsomeforms of neurdogical diseasewith partof this disparity
linked to the.underlying effects of sepecific gonadal hormone production across (lifsgato
2010) Male testicular productiorof testosterondnas been postulated to reduce male lifespan
compared.to femaleandcastratiorhas been associated with longer lifespan in several mammal
speciesincluding humangHamilton & Mestler 1969; Miret al. 2012) primategKessleret al. 2016),
sheep(Jewdl_1997) and rodentsMuehlbock 1959; Asdelket al. 1967) suggesting a potential
commonandsconservediological mechanismAt the same timegstrogen productiohas been
linked tofemalespecifichealth benefit§Regan & Partridge 2013)vith ovariectomyreported to

reduce female rodent lifespansome instancgdlasonet al. 2009; Benedust al. 2015).

17 estradiol is the dominant female sex-hormone produced from the ovaries in adult life.

Femalespecific production of 1P estradiol contributes to sex-differences in metabolism,
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supported by the observation that circulating-fl2stradiol production declines during
menopausea fall associated with lower glucose homeostasis and elevated visceral adiposity
(MauvaisJarvis 2015)However, other estrogens, and estrogenic actions outside of the classical
ER receptors, are increasingly recognized to have potential health aadiagtienefits, which

may mimic.er.operate outside of the effects offlcatradiol on its bestcharacterized receptors

This study, focuses on a stereoisomer offfletradiol, 17-a estradiol (17aE2). Due to the
stereochemistry of the carbon atom 17, 17aE2almsch weaker binding affinity to the classical
estrogen receptors, and in some situations has a greater binding affinity for sitbgere
receptors, including the brain ER receptor-KRToranAllerand et al. 2002; TorarAllerand et

al. 2005) Z7aE2 has a range of bioactive properties, including inflammatory and antioxidant
effects(Moes et al. 2009) and an ability to inhibit the activity d-alpha reductase enzymes
(Schrieferset al. 1991) which convert testosterone to dihydrotestosterone, a more potent
activator of the androgen receptor. Treatment of male mice with 17aE2 hasHmeen to
extend median lifespan by 19¢&tronget al. 2016) ameliorate agassociated metabolic and
inflammatery=dysfunctior{Stoutet al. 2016) and improve male glucose tolerance across much
of adult lifev(Garratet al. 2017).

The effects of 27aE2 on lifespan and metabolic health are stronggpseeiic. Females accrue

no detectablemetabolic benefit of 17aE2 treatieamd no lifeextension has been observed at
the two tested concentrations to d@darrisonet al. 2014; Stronget al. 2016). We have previously
observed that malspecific increases in glucose tolerance and hepatic mTORC2 signaling with
17aE2 treatment are inhibited in malbattare castrated in adulthood, prior to treatment onset
(Garrattet al..2017). Qrariectomy (OVX) of females prior to treatment with 17aE2 had little
effect on.these physiological responses, with OVX females showing no improvemeitdseg|
tolerancer after”17aE2 treatment. The modulation ofspexific responsiveness to 17aE2 with
male castration, but not female ovatauy, suggests that the sspecificity in responsiveness

to 17aE2, at least in relation to glucose tolerance, is caused by an interadtiomaleitgonadal

hormones, such as production of testosterone.

Untargeted metabolonmg@rovides goowerful approach to understand tiederlyingmetabolic
responseghat occur after drug treatment or other manipulations. Association of metabolite
changes with particular pathways caaveal the biochemical andmetabolic processes
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83 consistently alteredy an intervention and molecules that are identified as most strongly
84  affected by aintervention are candidates for a role in the intervention respmges study we

85 used untargetethetabolomicanalysis 6 liver tissue to identify metabolite responses that occur
86 in mice treated with 17aE2 at the concentration previously shown to extend male butaiet fem
87 lifespan.Thedliver is a key tissuavolved in regulation of glucose, carbohydrate and protein
88 metabolism, wh previous research showing that the metabolite profile of the liver chamges
89 response “talifespan extending manipulations line with expected alterations in energy
90 utilization"(e:g-"calorie restrictiofGreenet al. 2017)). We focused our investigation diver

91 metabolites that show a sepgecific response to 17akthd may underlie thenalespecific

92 lifespan respenseéComprehensive metabolomics reveaf@éviously unrecognizedhetabolite

93 changedhatwere malespecificin response to 17aE2nd wereabrogated by male castration.
94  These studies suggest that-specific metabolite responses to 17aE2 are modulated by testicular
95 hormones_androvide new insight into the mechanisntd sexual dinerphism in lifespan

9 extension,
97 RESULTS
98  Untargeted.assessment of sex-specific metabolite responsesto 17aE2

99  To uncoverthesmetabolic underpinnings of-specific lifespan extensiomith 17aE2, male and

100 female mice werdreated with 17aE2 for eight monthtarting at 4 months of agafter which

101 liver sampleswere subjected tacomprehensive untgeted metabolomics analysis pdlar and

102 non9olar | (lipid) metabolitesLiquid chromatography- mas spectrometryLC-MS) based

103  metabolomics detected®,271 uniquespectral features in liver. To identify metaboliteattshow

104  a change with treatment consistent with lifespan extension (altered in males but not females) we
105 ran 2 way-ANOVAs for each metabolite, including sex, treatment and an interactiondmetwe

106  sex aml treatment as factors. We focused on the interaeSahe statistical term of intereahd

107  prioritized metabolites that were altered in males but not females, since these changes were

108  correlated with thenale specificlifespan response.

109  Across the irially greater thanl0,000 spectral featureswe identified six metabolites that
110 showed a significant sex by treatment interaction after correction for multiple comparison (FDR
111  P<0.05; Tablel). Four of these showed a change primarily in males bufemedles, of which
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one was strongly reduced in livers of 17aE2 treated males, while three weaigdysincreased in
males. These metabolites represent sgecific signals that correlate with the specific
lifespan respons¢and could be used to determine the effects of gonadectomy on treatment
responsessee below).Chemicalnetworking of the four prioritized metabolites revealed two
metabolites,at. m/z 367.1221 and m/z 365.1@8b6e chemically related, with distinct clustering
(Figure 1a). Manual inspection of extracted ion chromatograms for both related pefikaex

a strongerelevation in males treated withd2than infemales (Figre 1h. Manualinspection

of fragmentationMS/MS spectra for the two unknown metabolites at m/z 367.1221 and m/z
365.1086revealed them to bestriol3-sulfateand 16oxoestradiol 3sulfate respectivelyFigure

1c). Estriok3-sulfate and l@®xoestradiol Julfateare two estrogenic compounds of a similar
chemical structure, anshay be metabolized from 17aE2 via 16 alpha hydroxylation (Longcope
1984). Theseresuls indicate that 17aE2ndergoes selective sepecific metabolism in male

mice tosecondary estrogenic products.
Modulation of Tiver metabolome with 17aE2 treatment

To testwhether 17aEZesults in coordinated changesnretabolites associated wipecific
metaboliewprocesses, a subset of metabolites were definitely identified from untargeted
metabolomic analysis of liver samples following treatment with 17aE2. Usirgg gpandards,

148 netabolites were identified based on retention time, accurate mass characteristics and
MS/MS fragmentation patternwentyfive of the 148 metabolitesere significantly altered in
abundancegrinsthe livers of 17aE2 treated males comparedtreated maleguncorrected for
multiple comparisoi, with the vast majority of metabolites (24/25) found to incrgasdle 3.
17aE2was found to result ia similar (24) number of metabolithangesn femalelivers (Table

S1), although onlythree- fatty acids eicodaenic acid, docosatrienoic acid, and behenic acid
increasedin_the livers of both sexes with treatment. Approximately 50% of the metabolites
significantly altered in abundance in 17aE2 treated females decrease in abundance compared to

controls.

We corducted Quantitative Metabolomie@SEnrichment Analysis to test whether 17aE2 leads to
coordinatedshifts in metabolites associated with any particular metabolic process. This analysis
uses generalized linear models to estimate the association betweent@imn profiles of

different metabolites linked to a particular metabolic process, and can detect subtle changes in
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coordinated sets of metabolite§a & Wishart 2010) We conducted this analysis separately for
each sex, since we were particularly interested in metabolites and metabolomic responses that
changed specifically in males, and thus are associated withspeddic lifespan extension.
Metabolite responses igach sex wereeferenced against the “metabolite pathway database”,
which links.groups of metabolites to 88 different pathways. Metabolite pathway agsti

with 17aE2 treatmenwithin each sex are shown in Tal8€ For males, 17aE2 treatment leads

to a significant shift in metabolites enriched in pathways associated with “protein biosynthesis”
and the “urea”cycle”. By contrast, for females, 17aE2 treatment leads to atrmuubf
metabolites associated with “betaine metabolism”. This maieflects tle effectof 17aE2
treatment in females reducing hepatic levels of betainedmnethylglycine, and increasing- S

adenosylhomocysteine (Fig S1).

In males, ;pathway enrichment for metabolites associated with “proteipntiesis”reflected
the induction byl7aE2 of amalespecific elevationin many amino acids, includinglanine,
arginine, glutamineornithing and valine (Figur®). Metabolite enrichment for the urea cycle
reflectedincreases in both alanine and glutamate, and direct urea cycle inteaasenheluding
arginingsuccinic acid, arginine, and ornithine (Figure 3).

| dentified.metabolites showing a sex-specific responseto 17aE2

We further assessed changes in individual known metabolites with 17aE2 treagsaent
focusing on metabolites thahange specifically in males but not femalas indicated by a
significant 2-Way interaction between sex and treatment, and also showimgminally
significant_response to 17aE2 in maléable 1 shows those known metabolites that show a
differential\response to 17aE2 treatment according to sex; the assoeiatkedp are shown in
the “SexX=column for intact mice. Most notable is the male specific increase-anelylated
amino acids lysineand asparagingFigure A & B). N-acetylated amino acids, including N
acetyl lysine, are strongly correlated to urea cycle metabolite concemsrati human red blood
cells collected from old (>80 years) humans (Chaleetiat. 2016) While these are increasby
17aE2in liver of males they are unaffected females. The metabolite showing the most
significant sex*17aE2 interactiowithin the known metabolite datasé phosphocholine
(Sex*Treatment interaction: raw\Rlue < 0.00@; Table 1 Fig 40, which is increased in males

but unaffected in femalesnd can be produced as a product of serine, glycine and threonine
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172 metabolism. Also of interest, and potentially linked to protagtabolism is the malespecific

173  increase in corticosteronghich in females decreasg though not significantlfFigure 4E;

174  Table 1). We have previously shown that activation of the serum glucocorticoid receptor 1
175  (SGK1), a direct target of corticosterone, is also elevatedpenifically in17aE2treated males

176  (Garrattet al:2017) The ®x-specific metabolite that representshang specifically in females

177  is betaine, which is decreased in 17aE2 treated females compared to control; (Fighs).

178  Sex-specific metabolomic responses areinhibited by male castration

179  To test whether the sespecific metabolomic effects df7aE2are generated by the underlying
180 effects of male,or female gonadal hormones, we castrated male mice and ovazegctemale

181  miceat three months of agee. one month prior to administration of 17aB8@d tested whether
182  this postpubertal gonadectomy alteredexspecific metabolite features. These animals were
183  producedand evaluateth parallel withtheintact(shamoperatedanimals described abovall

184  six of the.metabolites showing a sex by treatment intera¢tienthose where FDR < 0.05)
185 across theauntargeteddataset werenfluenced by gonadectomy. The four metabolites strongly
186  alteredin 27aE2treated male livers, which include estrid-sulfate and 16oxoestradiol 3

187  sulfate,shew asignificantly diminished responsi 17aE2treatment incastrated male@-igure

188  5), indicatedby the interaction terms within males for “Castratioable 1.

189 We also tested whether gonadectomy altered the effects of 17aE2 treatment on known
190 metabolités "associated with specific metabolic pathways in either Giexhe 25 known

191 metabolites altered byl7aE2 treatment in normal (sham) treated males, oty (4-

192  imidazoleacetic. acicand NaceyttDL-sering were also significantly changed, in the same
193  direction, In_castrated males treated witvaE2 (Table 2). For 4-imidazoleacetic acidhe

194 response in=this metabolite with 17aE2 was significantly diminjshedindicated by the
195  “castratiofi interaction in Tablel. When considering known metabolite responses to 17aE2 in
196  castrated males,nechment analysis failed tghow a significantassociation in metabolite
197 responses with any particular biochemical pathafgr correction for FDR, and there was no
198 evidence that amino acids or metabolites of the urea wyaleaffected by 17aE2 treatment in
199 castrated malegTable S3 Figure S2. Thus, the malespecific elevations in metabolites
200 associated with protein biosynthesis and the urea ayitke 17aE2 treatmentequire male

201 specific production of gonadal hormoné3variectomzed femalesdid not show significant
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enrichmenfor any specift biochemical pathwagfter correction for FDRalthough it is notable

that betaine metabolism, which is altered in sham females, was also modulated in OVX females
in the analysisbefore correction for multiple comparisons by the FDR calculation, and this
pathway did produce FDR = 0.07 in the ovariectomized fenfabddeS3).

Sex-gpecific metabolite responsesin plasma are also inhibited by castration

To test*whether the testosterodependence of makgpecific responses is affect that is
restricted to'the' liver, or repressmatmore general sexudimorphism inmetabolomic response

we assessed metabolomic responses to 17aE2 treatment in plasma. Since the strengest sex
specific respense® liver were observed for bioactivMgids we restricted our analysis to this
sampling ‘method. We observelB metabolites thatoth showed a significant sex*17aE2
interactionafterycorrection for FDRand representetesponses here the metabolitechanged
significantly in intact males butot females (thus correlating with the lifespan resporiseach

case thesignificantmaleresponse wasot observedn castrated maleable S4), highlighting

its dependence on male gonadal hormpjuess as in the analysis of madpecific liver metablic

changes.

In addition touthese initially unidentified metaboliteés plasma, our analysis identified 38
different freesfatty acidpecies (Tabl&). Nineteen of thes88 were significantly increased in
the plasma of 17aE2 treated malé€3nly five showedh shared effect in femaled 7aE2treated
female miceshow a significant reduction ina different subset of these lipig§able 3). The
effects of(17aE2 oplasma free fatty acid abundaree greatly diminished by castratiomith
only 2 of 38 fatty acids changing wittheatment(Table 3), consistent with the analysis of

castration effects on liver metabolite profile
Changesin amino acid abundance with 17aE2 are not observed in skeletal muscle

Skeletal muscle is an additianimportant source of amino acids that can move to the liver
during eatabolic periods. To test whether the increase in amino acids in livers was correlated
with changes in muscle, we assessed whether amino acids levels were increased in quadriceps
samplescollected at the same time point as livers. We observed no changes in amino acids in

response to 17aE2 (Fig S3). Furthermore, there was a general lack of metabptitesiveness
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in muscle to 17aE2, with enrichment analysis failing to show a coordinated response for
metabolites for any pathway (Table S5).

DISCUSSION

Our results.document marked s&pecific metabolomic effects of 17aE2, a steroid that leads to
substantial, makspecific lifespan extensio(Strong et al. 2016) in addition to malepecific
improvements=in glucose toleran@@arrattet al. 2017)and lowered ageelated inflammatory
dysfunction(Stoutet al. 2016) Although 17aE2 has no detectable lifespan effect in females, our
data show that it does produce changes in liver and plasma metabolite profites sex
changes thatediffeiqualitatively from those seen in males. In males 17aE2 increases the
abundance«of@ variety of amino acids and metabolites involved in the production of trea
liver. For females, 17aE2 lowers the hepatic abundance of several metabolites associated with
betine metabolismAs with all metabolomic studies the ability to detect a pathway respense
dependent,_on the methodoverage of related metabolites there may be metabolomic
responsessto=l7aE2 that our methodological apprdachot detectNonetheless, our analysis
reveals a clearmalespecific metabolite response traE2that is dependent on male gonadal
hormone“production and could be linked to the heatith metabolidbenefits of this treatment,
though future experimental studies are required to prove a causal link.

The increasen levels of amino acids id7aE2treated malesuggests that treated makdisow
changes in“aspects of protein metabolism. Elevations of hepatic amino acid levels are also
observedwith other lifespan extending manipulations in rodents, including calorie restriction
(CR) and treatment with acarbo@8ibbs et al. 2017; Greenret al. 2017). Acarbose extends
lifespan.to.a much greater degree in male than in female mice (Harrison et al. 2014), while CR
works equally=in both sexg¢Simonset al. 2013) A study of fibroblasts from multiple species
rodents, birds,,and primates also documented higher levels of 10 different aminonacids i
fibroblasts derived from longdived species(Ma et al. 2016). Thus, elevated amino acid

abundance is a consistenttiga of mammalian lifeextension

In our study we also observe elevationsmetabolites related to therea cyclewith 17aE2,
which are produced as a consequence of aminocatatbolism This could suggest that 17aE2

promotes the utilization ofraino acids as a metabolic fuglotentially in an amino acid specific
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way, although thishypothesisrequires experimental valilan. In our study we observe
significant elevations in glucogenic amino acids (e.g. alanine, arginine, gietand valine),
which could suggest that amino acid metabolism provides energy via conversion to dtusose.
notable that valine wasignificantly increased with 17aE2 treatment while the other branch
chain anmo..acids (BCAA, leucine and isoleucinejvere not significantly altered While
initiation of catabolism of these thr&CAAs occurs via the same enzyriganchedzhain keto
acid ddéwydrogenase)the subsequent steps are mediated by different enzyRmashermore,
valine is exclusively glucogenic, while isoleucine is both ketod glucogenic anteucineis
exclusively ketogenic.Thus, althougtthe concentration of these amino acisioften highly
correlatedgthiesmetabolism can differ in a state and tisspecific manne(Brosnan & Brosnan
2006).Indeed,while londifespanhas been ass@ted with elevabns in selectedmino acidsn
previous studieghe publishedvork hassometimes documentediack of concordnce in BCAA
responsesWith CR, for example glevations inleucineare observeth liver without changes in
valine or isoleucingGreenet al. 2017), anccells from longlived species havhkigher levels of

valine anddeucindut not isoleucingMa et al. 2016).

Future research is required to test whether the elevations in specific aminoeflectsa net
increase in thesbreakdown of protein and speaifitno acidsandwhether such effectsccur
specificallysinthe liverWe observed no change in amino acid abundance in quadriceps of males
treated with 17aE2, indicating that the response observed in the liver islyuhtikeflect an

influx of muscle metabolites into the liver, althouighs possible that 17aE2 effects other

tissues cauldbe contributing to alterations in liver metabolite profiles. Ultimately, metabolic flux
analysis is.required to directly test whether the elevations of amino acids represent a net increase
in breakdownof, existing protein stores, or whether alterations in the absorption/synthesis of
these compounds is responsible for the observed effects. It would tetledr interest to
determine whether the observed elevations in amino acids are also observable in unfasted

animals, which _could suggest differences in basal utilization of different energy substrates

The elevations_in amino acids and urea cycle products w2 represents a mapecific
phenotype, in that the response is not observed in fenfaleh sexspecific effects on a
metabolomic scale are consistent with the-gaacific effects of 17aE2 on glucose tolerance
(Garrattet al. 2017)and hypothalamic inflammatiofSadagursket al. 2017).Furthermore, the
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response is not observed in males castrated prior to treatment onset, ggthedtithis
metabolic response to 172 requires the presence of male gonadal hormones. Castrated males
show substantially fewer metabolomic responses to 1al# liverthan intact males, intact
females or females that were ovariectomised prior to treatment onset. Thepetifee effecs

of 17aE2 on.free fatty acids in plasma are also not observed in castrated matasngthat

the role of:male gonadal hormones in mediating responses to s7/agixestricted to the liver,

butis also"ebserved in other sites. Experiments where castrated males are treated across life with
17aE2 are 'now required to determine whether male gonadal hormones are requiredthe elicit
lifespan response to 17aE2. Understanding the hormonal dependence of these responses
17aE2 will: benof importance in the potential translation of this dougrelated steroidfor

improving latelife health outcomem humans of both sex¢&onzalezFreireet al. 2017).

Future experiments are required to establish why the metabolic effects of 17aE2 are dependent
on the presence of male gonadal hormones, and the specific steroids that unxiealiy se
dimorphic responses to 17aE2. The major hornadteeedby male castration is testosterpard
therefore (it is likely that the effectiveness on 17aE2 on moustbolismis dependent on
circulating.testosterone. While direct manipulation of testosteronés lever extended periods

of life in mice’is technically unfeasible (due to the pulsatile nature of its release and changes in
concentration=with age), experiments where expression of the androgen rg@dp)ois
manipulated genetically may provide an insight into the role of androgenic signaling in
generatig treatment responses to 17aE2, and the role of androgenic signaling in aging more
generally. The apparent dependence of 17aE2 treatment responses on male gonadal hormones
could occur.if 17aE2 inhibits or protects against a dengam action of testosterone, which
ultimately.constrainsthe malespecific metabolomic respams Since 17aE2 is a 5 alpha
reductase sinhibitorSchrieferset al. 1991) one such mechanism might involve inhibition of
testosterone’s conversion to dihydrotestosteramgch is amore potent binder of the AR. This

could inhibit specific effects of testosterone on metabolism, which ingratein anabolism and
inhibition_of urea cyclingLam et al. 2017; Rossettet al. 2017) and contribute to the observed
elevation of amino acids and urea cycling. Under this hypothesis inhibition AR expression in
mice would be expected to inhibit 17aE2 responses, and ctiph& reductase inhibitors might

induce similar effects to 17aE2.
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319  Anotherrelatedhypothesis is thahe activity, metabolism and/or signaling effecis17aE2are

320 dependent oniedosterone, and without the presence of testosterone the biological effects of
321 17aE2 are weaker. Two of the liver metabolitieat showed strong sexspecific responses to

322 17aE2 vere theestrogenic compoundsstriol3-sulfate and l@®xoestradiol 3sulfate— products

323 that can be.generated from metabolism of estraBsitiol is produced from the placenta during
324  pregnancy.in females, and during Aanregnant states is generated from estradiol or estrone via
325 16\-alpha 'hydroxylation (Longcope 1984). Most estilcirculation is conjugated, of which

326  estriol3-sulfate™ is the most abundant form (Tanaka et 18184). 16oxoestradiol is an

327 intermediate metabolite in the conversion of estradiol to estriol (Pasqualini & Kincl 1985).
328 Consideringthat many of the xenobiic enzymes that metabolize steroids show sexual
329 dimorphism®in® expressioifwaxman & Holloway 2009)it is possible that 17aE2 may be
330 metabolized into a different form, in either males or females, which could influence either the
331 transport of this steroid, its activation/inactivation, or its ability to bindstoogen receptors.

332 17aE2 is readily conjugated into various forms in humans (Hobe et al. 2002), and understanding
333 the metabolism of this steroid may be important when considering transladaieatial of this

334  drug to humans.

335 The longevity benefits of 1E2 highlight the potentially important role of steroids in control of
336 mammalian-lifespan, and a greater understanding of changes in steroidogenic sitpaaling
337 occur with lifeextension could provide an insight into pathways and molecules that control of
338 aging in one or both sexds.relationto circulating estrogensnuch previousesearchocus has

339 been placed on the role of -B7estradiol in controllingmetabolism andgenerating sex

340 differences.irhealth and metabolic dysfunction at different periofikfe. However, the role of

341 17aE2 in_slowing mouse agingnproving mouse metabolism and generating metabolomic
342 responses-associated with {#gtension points to an important role of additional estrogens in
343  controlling mammalian health and aging. 17ai#s a weaker binding affinity to classical
344  estrogen receptothan 17f estradiol (Ansteadet al. 1997) although experiments with estrogen
345  receptor knockout mice are required to fully establish whether 17aE2ndejsendently or

346  through these receptors to induce its metabolic aneagimg effects. Recent research suggests
347 the metabolic enefitsof 17-B estradiol on mouse weight and body composition can alsobe at

348 leastpartly recapitulated by treatment with chemically altered, pathway preferential estrogens

349 (PaPEs)The structural modificationsf PaPEsause these molecules to have akeedinding
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affinity to estrogen receptors, and so do not cause feminization, but are still atlizateahe
extranucleainitiated ER signaling pathway and activate metabolic process#igient to
influence fat depositio(MadakErdoganet al. 2016).Future experimentwith PaPEs, and more
diverse eggogens like estriol (which was observed to be strongly elevated by 17aE2 treatment)
could provide,a greater insight into the role of different aspects of estroggnalirgy in
metabolism _and aging, and might ultimately lead to interventions that cappbed to protect

against'ageelated disease and metabdalisfunction in humans.
EXPERIMENTAL PROCEDURES

UM-HET3.miee were produced as previously descrif@donget al. 2008; Miller et al. 2014).

The mothers of the test mice were CByB6F1/J, JAX stock #100009, whose female aerents
BALB/cByJ and whose ale parents are C57BL/6J. The fathers of the test mice were C3D2F1/J,
JAX stock #100004, whose mothers are C3H/HeJ, and whose fathers are DBA/2J. Mice in
breeding cages received Purina 5008 mouse chow, and weaned animals were fed Purina 5LG6.

Mice were hosged as previously describg8tronget al. 2008; Miller et al. 2014) in plastic

cages with._metal tops, using % inch coob bedding (Bed O’Cobs, produced by The
Andersons, PO Boi14, Maumee, Ohio). Mice were given free access to water, using water
bottles rathersthan an automated watering system. Mice were housed in ventilated cages and
were transferred to fresh cages every 14 days. Temperature was maintained within the range of
21-23 °C.

Surgical precedures

At three_months of age all animals went through castration, ovariectomy or a shatupeoc
All animals=were anaesthetized by injection of 250mg/kg tribromoethanol, and given a single

pre-operative injection of the analgesiarprofen, at 5mg/kg.
Castration and’sham castration

After surgical preparation, an incision was made in the caudal end of each scrotal sac, the testicle
was pulled through the incision by gentle traction, and the blood vessels, vas defefens a

deferential vessels were clamped and sutured. The incision was closed with tissue adhesive. For
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377  sham surgery, the testicles were exteriorized and then replaced irdhensowithout being
378 ligated or excised.

379  Ovariectomy or sham ovariectomy

380  After surgicalpreparation, an incision was made on the left side perpendicular to the Vertebra
381  column approximately midway between the iliac crest and the last rib. The ovarpadfwas

382 grasped' and“exteriorized. The pedicle under the ovarian blood vessels aad faider the

383 ovary were‘grasped and crushed, the pedicle cut on the ovary side and the ovary removed, and
384 the bloodivessels tied with absorbable suture. The abdominal wall was closed with absorbable
385  suture andsskin was closed with staples. The procedwédhga repeated on the opposite side.

386  For sham ovariectomy, animals underwent the same surgical procedure, but the ovarpaahd fa

387  were exteriorized and replaced without being excised.
388 Diets

389 At four months/of age, animals in different sibling groups were randomly allotwatehtrol or
390 17aE2 treatment. Animals in the control group remained on the 5LG6 diet, while animals

391 allocatedtal7aE2 had their diet switched to a food containing this drug.

392 Diets weresprepared by TestDiet, Inc., a division of Purina Mills (Richmond, Id).U&uirina

393 5LG6 food contained 7aE2and wasalsoused as the control diet. 17aE2 was purchased from
394  Steraloids“Ine:"(Newport, RI, USA) and mixed at a dose of 14.4 milligrams per kilatjetm
395 (14.4 ppm). These methods followed those used by the NIA Interventions Testing Program.

396 Metabolomicsanalysis

397 Livers, musele-and plasmaere harvested during the morning, from 12 month old mice after 18h
398  of fasting.Sampleswvere frozen with liquid nitrogen and stored-@0D°C. Tissues were ground
399 under liguid nitrogemprior to metabolomics analysiSee Supplementary methods for muscle
400 metaboloemic analysis protocol.

401  Sample Preparation
402 Mouse liver samples were analyzed by iijehromatographynass spectrometry (L®IS).

403  Snap frozen and pulverized liver samples were resuspended in cold 80:20 methandl4ater a
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ug/uL. Samples were subjected to three frébae cycles, with alternating 3¢ and-80°C

liquid baths in 30 second intervals to ensure complete cell lysis, vortexing, andiraut2 m
sonication. Samples were thereafter placed in-#8C freezer for 30 minutes to allow for
precipitation of protein, vortexed for 60 seconds, and centrifuged at 14,000 g x 10 minutes at
4°C. Supernatants were collected and transferred tMSCvials. For measuneent of small

lipids, identical preparation protocols were used with the exception of 80:200&thater for
extraction” solvent, followed by solid phase extraction of lipid metmsolising a Stratd
polymeric"10mg/mL 9&well SPE plate, as previously descrilfgdatrouset al. 2017).

L C-M S based'metabolomics

LC-MS/MS*based metabolomics analysis vpesformed using a Thermo QExactive orbitrap
mass spectrometer coupled to a Thermo Vanquish UPLC system. For analysis of polar
molecules, we_achieved chromatographic separation using a Millipore (SeduapHILIC
2.1x150mm_5um column maintained at’@5Compounds were eluted via a 19 minute linear
gradient gstarting from 90:10 acetonitrile:20mM ammonium bicarbonate to 45:55
acetonitrile:20mM ammonium bicarbonate. For chromatographic separation ofivadamtls,

we used aRPhenomenex Kinetex C18 |f{in7paticle size, 100 x 2.1 mm) column maintained at
50°C using”mobile phases A (70% water, 30% acetonitrile and 0.1% acetic acid) and B (50%
acetonitrile, 50% isopropanol, 0.02% acetic acid) running the following grad®&nB from-

1.00 to 0.25 minutes, 1% to 55% B from 0.25 to 5.00 minutes, 55% to 99% B from 5.00 to 5.50
minutes, and 99% B from 5.50 to 7.00 minutes. For the analysis giotanlipids, we used the
same column®and column temperature as for the bioactive lipids analysis but separation in
postive ion mode was achieved using mobile phases A (Water with 0.1% formic acid and 10mM
ammonium formate) and B (50% acetonitrile, 50% isopropanol, and 0.1% form)craening

at 5% B from-2.00 to 0.25 minutes, 5% to 50% B from 0.25 to 2.00 minutes, 50% to 99% B
from 5.00,t0,9:50 minutes, and 99% B from 9.50 to 13.00 minutes. For separation in negative ion
mode mobile phase A (ImM ammonium fluoride) and B (50% acetonitrile, 50% isopropanol,
and 1mM ammonium flouride) were run with the same gradient as just described. For all
methods, a Thermo-@xactive orbitrap mass spectrometer was operated in positive and negative
ion modes for nomolar lipids and polar molecules and negative mode only for bioactive lipid

analysis.
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Chemical networking and metabolite identification

Collected data was imported into the mzMine 2.26 software suite for analystsstBodards

were used for identification of metabolites through manual inspection of spectral peaks and
matchingrofsretention time and MS1 accurate mass, with confirmatiatewfification through
comparison to MS/MS fragmentation patterns. For unknown metabdalitesjicalnetworking

was performed by Global Natural Products Social molecular networking (GNPS,
http://gnps.ucsd.edu) and all visualization was done in Cytogeépieouset al. 2012) The data

was clusteredwwith a parent mass tolerance of 1.0 Da and a MS/M&efragn tolerance of

0.15 Da. Therspectra in the network were searched against GNPS spectral libraries and all
connections were required to a minimum cosine score of 0.7 and at least 3 matchedspréalks. E
3-sulfate and.lf®xoestradiol 3ulfate were idntified through manual inspection of spectral
peaks with.confirmation of identification through comparison to MS/MS fragmentaditterns.

Statistical ‘analysis
Analysis of untar geted metabolites

We firstfocused on metabolite responses that occomge where gonadal hormone production

was unaltered, i.e. mice that had only been through sham surgery, since data on lifespan
responses to 17aE2 was conducted in male and female mice without surgical manipulat
(Stronget al. 2016).

For each metabolite, we fittedtwo-way ANOVA model testing the effects of sex, treatment and
the interaction between sex and treatnwathh data from sham operated males and femaldse
interaction,term in the model is our primary interest as it indicates thaffiet d 17aE2
treatment issmodified by sex. By scanning through all interactions, we wereoaiolentify
metabolites that reveal significant treatment by sex interactiBecause multiple twavay
interaction effects were testadross the datasete adjustdraw pvalues with False Discovery
Rate (FDR) metho(Benjamini & Hochberg 1995).

For those metabolites that showed a significant sex by treatment imteract subsequently
tested whether male castration or female ovariectomy influenced the treatment response within

either sexlIn this analysis data was split according to sex, then tested for an effect of surgery
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(e.g. within males, castration or sham castration; within females, ovariectomy or sham
ovariectomy), treatment, and an interaction between surgery and treafneirteraction
between surgery and treatment indicates that the response to 17aE2 depends on whekher anima

have been through surgery (and gonadal hormones are removed) or not.
Analysis of known metabolites

For analysis@of metabolites that were identified against a standard reference library, we
conducted Quantitative Metabolomic Set Enrichment Analysis using MetabdaBalyXia &
Wishart 2010)after matching metabolites to their respective HMDB. |IIxata for control and
17aE2 animals,within each sex and surgery gmwaguploaded to the metaboanalyst 3.0 website
separately=We conducted quantitatergichment analysidy uploading a concentration table
that showedabundancevalues for each metabolite for eadhdividual, with animals
differentiated according to whetherthwere control or 17aE2. Data were log transformed and
then enrichment analysis was conducted against the “pathssmgiated metabolite sets”
library. Enrichment for a specific pathway was considered statisticallyfisagrtiwhen the FDR

P-alue was lower than 0.05.

We also looked within the known metabolite ddta test whether there were changes in
individual=metabolites that differed depending on sex, and whethespseXfic responses in

these instances were altered by surgical removal of gonads in either males or females. These
statistical tests'were conducted as part of the larger analysis of untargeted metabolite responses,

but we present sex by treatment interaction responses that are uncorrecisd.for F
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Figure Legends

Fig 1. Identification oftwo metabolites that show a segecific response to 17aH2)
Chemicalnetworking of unknown metabolites, with nodes representing an individual metabolite
MS/MS spectrum and edge thickness indicating cosine similarity betweebnatiteta Area

within thefred box is highlighted with red nodes representing two related metabolites at m/z
367.1221 and 365.1086 from among the four prioritized metabdlBg&hromatograms for
metabolites m/z 367.1221 and m/z 365.1086 in the four animal groups, with male control group
(blue), femalereontrol group (gray), male d éstradiol group (black) and femalE7-a estradiol

group (red(€)'MS/MS, structure, and fragmentation markup for metabolites m/z 367.1221 and
m/z 365.1086, identifying the metabebtas estriol-3ulfate and 1&®xoestradiol Julfate,

respectively:

Fig 2. Elevated hepatic amino acids in madesl femalesreated with 17aE2. Enrichment

analysis (Table 2) showed that metabolites associated with protein biosynthesis where
significantlysenriched in males treated with 17aE2. This reflects an increase in the abundance of
a range of‘amino acidan effect that was observed in males but not female$<0.05
calculatedwwith a Student’'sTest. N = 79 per treatment group, per sex. Error bars show mean

SEM for.standardized abundance values.

Fig 3. Changes in metabolites associated with the urea cycle in livé&&Rtreated malend

female mice. Enrichment analysis showed that males treated with 17aE2 show a significant
enrichment in metabolites associated with the urea cycle, while these effects are not observed in
17aE2-treated.females. * = P<0.05, **P<0.01 calculated with a Studefes{TN= 7-9 per
treatment.group, per sex. Error bars show mie&&M and individual data points show the

intensity*valtuefor each individual.

Fig 4. Identified metaboliteshowing a sexspecific response tb7aE2treatmeni@and a change in
treated malesand inhibition of thessexspecificresponseby malecastration. Statistics are
shown in Table 1. * = P<0.05, *P<0.01 calculated with a Studenffedt: N = 79 per

treatment group, per sex. Error bars show mie8&M for abundance values of each metabolite.

Fig 5. Metabolites showing a sespecific response to 17aE2 treatment in intact animals. Figure

shows the metabolite that was subsequently identified as €stiidlatgA) and 16exoestradiol
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3-sulfatdC). In each panel data is shown for 17aEated intact animals on the left and animals
that had gonads removed prior to treatment on the right. N = 7-9 per group. Statistics\vare s
in Table 1. Error bars show mearSEM.

This article is protected by copyright. All rights reserved



Table 1. Metabolites showing a sespecific respons® 17aE2treatmentData is split intovhetherthe metabolite wasnitially untargetecor was

identified by standarduring analysisM.Z and retention time (RT, minutes) are shown for untargeted metabditedysis is then further split

by whetherthemetabolite change is seen in females or males. P vsthogin Table 1 are uncorrected fowltiple comparisons

Metabolite

Sample size control

Sample size 17ak2

Untargeted metabolites
male response
METO01834
Estriol-3-sulfate
METO03323
16-oxoestradiol 3-sulfate
female response
METO03545
MET03666

Identified by standard
Male response
Phosphocholine

4-imidazoleacetic.acid

N-alpha acetyl_Lysine

M.Z.
461.2
367.1
437.0
365.1

377.3
459.3

R.T.
1.49
1.80
2.75
1.78

3.45
3.45

Treatment interaction
(P-value 2 — Way ANOVA)

Sex Cast OVvX
(intact mice) (male) (female)
0.000014 0.0050 0.22
0.000017 0.0000 0.23
0.000027 0.0000 0.005
0.000029 0.0060 0.16
0.000001 0.31 0.0000
0.000001 0.29 0.0000
0.00074 0.23 0.51
0.0012 0.02 0.14
0.0061 0.018 0.61
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2> €25 >

> >

Male

0.000001
0.000013
0.000006
0.000007

0.38
0.77

0.0010
0.0017
0.0040

Effect of 17aE2
(P-Value Student's T -Test)
Female Cast Male
7 8
8 8
0.97 A 0.0000
0.16 A 0.0012
0.82 0.39
0.12 A 0.0008
¥ 0.0000 0.32
¥ 0.0000 0.33
0.13 0.37
0.29 A 0.029
0.62 0.67

OVX Female

0.14
0.15
0.0059
0.13

0.058
0.057

0.79
0.25
Vv 0.048




n-alpha-acetyl-I- 0.00998 0.063 0.37 T 0.024 | 0.18 0.78 0.57
asparagine
Female response
betaine 0.00077 0.062 0.065 0.13 v 0.0019 0.27 0.044
Changed in'both
n-acetyl-dl-glutamic acid 0.0076 0.13 0.082 0.081 v 0.016 0.58 0.91
[-sering 0.0083 0.038 0.19 0.056 0.072 0.61 0.085
corticosterone 0.0084 0.0070 0.33 0.039 0.067 0.089 0.59
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Table 2. Metabolites that are significantly affected by 17aE2 treatment in males. Arroatendirection of change with 17aE2 treant. P
values are generated by a Studenttedt, with the exception of data for Arginine, where a Mann Whitney U test was used béthase o
presence of:séveral zero values. The comparable analysis for each metabolite is also shavatefyrdastrated males and OVX females. Sample

sizes arelshown in Table 1

1D Male Female Castrated males OVX females

Change P value |Change P value | Change P value [Change P value
Phosphocholine [\ 0.001 0.130 0.368 0.789
4-Imidazoleacetic acid <\ 0.002 0.291 " 0.029 0.253
Docosahexaenoic Acid ) 0.003 0.491 0.827 0.919
Arginine N 0.004 0.460 0.560 0.160
N alpha-acetyl-L-lysine TN 0.004 0.624 0.671 N 7 0.048
Docosadienoic Acid ) 0.006 0.211 0.597 0.098
Allothreonine ) 0.006 0.708 0.747 0.977
Glutamine ) 0.006 0.128 0.212 0.124
Eicosatrienoic Acid TN 0.010 ) 0.035 0.535 TN 0.047
Ornithine TN 0.012 0.594 0.969 0.457
Adrenic*Acid TN 0.013 0.744 0.575 0.131
Eicosadienoic Acid TN 0.015 0.118 0.746 0.202
Argininosuccinic acid N 0.015 0.826 0.598 0.791
Alanine TN 0.016 0.093 0.945 0.025
D-Ribulose 5-phosphate N 0.020 0.224 0.395 TN 0.778
Behenic Acid TN 0.024 TN 0.014 0.671 0.690
N-alpha-acetyl-L asparagine TN 0.024 0.175 0.785 0.569
Valine TN 0.027 0.772 0.923 0.790
Proline [\ 0.029 0.211 0.559 0.346
Docosatrienoic Acid TN 0.032 TN 0.018 0.737 0.264
N-aceytl-DL-serine N 0.037 0.273 ) 0.004 ) 0.021
Arachidonic Acid TN 0.037 0.666 0.885 0.901
Dethiobiotin TN 0.038 0.600 0.126 0.521
Corticosterone <\ 0.039 0.067 0.089 0.591
Trans-4-hydroxyproline ¥ 0.049 0.455 0.442 0.921
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Table 3. Plasma free fatty acid responses to 17aE2. Significangelsaare highlighted ibold.

Effect of 17aE2 treatment within each group

Fold change with 17aE2 treatment

Fatty acid
22:6
22:3
22:2
18:1
22:4
20:4
20:1
18:0
20:3
17:0
22:0
15:0
23:0
24:0
20:1
22:0
23:0
16:1
16:0
14:0
18:1

Male
0:0000
0.0002
0.0005

0.001

0.001

0.002

0.01

0.01

0.02

0.02

0.05

0.06

0.06

0.16

0.17

0.21

0.28

0.46

0.56

0.72

0.74

Female
0.18
0.01
0.00
0.68
0.41
0.04
0.56
0.59
0.11
0.08
0.68
0.25
0.63
0.60
0.48
0.78
0.43
0.04
0.04
0.01
0.07

Cast male
0.96
0.06
0.11
0.36
0.26
0.69
0.23
0.05
0.15
0.99
0.95
0.44
0.33
0.28
0.38
0.86
0.27
0.16
0.14
0.91
0.73

OVX female
0.05
0.44
0.19
0.17
0.86
0.44
0.48
0.24
0.04
0.32
0.88
0.24
0.64
0.37
0.22
0.87
0.01
0.44
0.84
0.13
0.81

Male
1.52
2.26
3.57
1.74
1.80
1.24
151
1.28
1.53
1.16
1.37
1.09
141
1.36
1.29
1.26
1.12
0.90
1.04
1.08
1.04
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Female
1.08
1.35
2.16
1.07
1.02
0.91
1.04
1.01
1.18
1.07
0.96
1.05
0.91
0.89
0.92
0.98
0.93
0.74
0.93
0.71
0.86

Cast male
1.00
1.49
1.72
1.15
1.24
0.97
1.12
1.17
1.28
1.00
1.01
0.97
0.88
0.81
1.10
0.98
1.07
0.82
1.06
0.99
1.03

OVX female
1.18
1.11
1.30
1.33
1.02
1.05
0.95
1.03
1.22
1.04
1.02
1.08
0.95
0.89
0.80
0.98
1.24
0.90
1.01
0.80
1.02



24:1 0.77 0.02 0.79 0.56 1.06 0.78 0.98 1.09
18:2 0.87 0.04 0.41 0.48 0.98 0.83 0.92 0.95
18:3 0.91 0.04 0.49 0.15 1.02 0.79 0.89 0.84
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Estriol-3-sulphate

16-oxoestradiol 3-sulfate
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