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Abstract

Interventions...that extend lfespan in mi@an show substantial sexual dimorphism. Here we
show that™“male-specific lfespan extension with two phaobgical treatments, acarbose
(ACA) and. 17e estradiol (17aE2), is associated, in males only, with increasednirsnsitivity
and improved glucose tolerance. Females, which show esttmatler (ACA) or no lifespan

extension (17aE2), do not derive these metabolic benefits damy treatment. We find that
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these male-specific metabolc improvements are assocuihd enhanced hepatc MTORC2
signaling, increased Akt activity and phosphorylaton of FQXG changes that might promote
metabolc health and survival in males. By manipulatisgx-hormone levels through
gonadectomy;. we show that sex-specific changes in thetgbolic pathways are modulated, in
opposite directions, by both male and female gonadal hormoassated males show fewer
metabolic responses to drug treatment than intact natelsonly those that are also observed in
intact females, s while ovariectomized females show resposseilar to those seen in intact
males. Our results demonstrate that sex-specific mietabehefts occur concordantly with
sexual dimerphism in lfespan extension. These sex-gpegfiects can be infuenced by the
presence of both male and female gonadal hormones, suggésdinggonadaly-derived
hormones~from® both sexes may contribute to sexual dimorphisrasponses to interventions

that extend. mouse lifespan.

I ntroduction

There is increasing recognition that lfespan-extendmgnipulations can have sexualy
dimorphic “effeets on survival. Genetic impairments inesgv components of the Insulin-like
growth factor-1 (IGF1) signaling pathway have been shawextend lfespan to a greater extent
in female” mice” than in males (Garratt et al. 2017), wiluced IGF1 signaling sometimes
generating_significant lifespan extension only in fesaHolzenberger et al. 2003; Bokov et al.
2011; Svensson et al. 2011; Xu et al. 2014). Reduced I@GIGignaling has also been reported
to extend lfespan to a greater degree in females (Lerenial. 2012; Miller et al. 2014; Zhang
et al. 2014; Garratt et al. 2016). By contrast, several diffepharmacological treatments,

including aspirin, nordinydroguaiaretic acid, acarbose (ACAptadddim, and 1% estradiol
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(17aE2), extend mouse lifespan to a greater degree in (RiEesson et al. 2014; Strong et al.
2016). The causes for this sexual dimorphism in lfespamsate are largely unknown (Austad

& Bartke 2015).

ACA andf 17aE2 each have reproducible and robust effects on meml@n and maximum
lifespan» with=snoticeably smaller ourdetectable effects in females. ACA & glucosidase
inhibitor that™ Sslows down carbohydrate digestion and reduces-ppastial glucose spikes
(Harrison etsal: 2014). Treatment with ACA can extenckrilaspan by around 20%, but leads
to much “smaller, though stil significant, 5% extension females. Since this drug controls
excursions in blood sugar levels, and is used to treat tymhabetes, this sexually dimorphic
ifespan response might suggest that lfespan in made m more sensiive to alterations in
blood glucose. fluctuations than that of females. 17aE2 morafeminizing steroid that has a
reduced affinity for the classical estrogen receptorsiridgda et al. 2014). Treatment of mice
with 17aE2 cam extend male lifespan by 19% without angeadile effects in females (Strong et
al. 2016). This striking sex-specificity of the lfespare&f of 17aE2 might suggest that some
aspect of estrogenic signaling, outside of the effectslagbical estrogen receptor (ER) signaling,
which require strong binding affinty to ER, might be paféirly beneficial for males but not
females. It has further been suggested that 17aE2 naglt particular actions in the brain,
where it ean bind to a non-classical ER receptor ER-X, which can malWaAPK/ERK
signaling (Toran-Alerand et al. 2002; Toran-Allerand agét 2005). Treatment of 16-month-old
male C57BL/6 mice with 17aE2 amelorates metabolic and mimidgtory dysfunction,
suggesting thatythis steroid may have metabolic berfSftsut et al. 2016), although this report

did not include treated females as a comparison group.
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A potential role of ACA and 17aE2 in improving metabolic dysfon in males, specificaly, is
also consistent with sex-specific patterns of glucosdinnshomeostasis and metabolism
characteristic of mice and humans. Males and femaldsr @¥ their production of hormones
involved in_the regulaton of glucose metabolsm, and caferdih insuln sensitivity and
glucose homeostasis (Legato 2010). In particular, male miee vafiety of different strains have
been reported_ to have lower insulin sensitivity and lowaesr of glucose clearance when
compared to females (Macotela et al. 2009; Bonaventura €20&B; Sadagurski et al. 2014;
Shivaswamy (et al. 2014). Furthermore, genetic inhibition eersl components of the insulin
signaling ecasecade (IRS2, mTORC2), which impair glucose ostags, greatly increases
mortality rates of males with noticeably smaller effeon female survival (Selman et al. 2008;
Lamming et=al® 2014b). Thus treatments that improve glucastrol might plausibly provide
greater benefts to males. The underlying causes fodiffierences in glucose homeostasis are
not fuly “understood, but sex-specific gonadal hormone productas Ibeen implicated.
Testosterone;in some instances, can reduce insulitivbgnsand 17f-estradiol can provide
benefts, with the latter expected to contribute to aiteimtin glucose homeostasis and elevated
adiposity aftersmenopause (Mauvais-Jarvis 2015). However,fifetseof testosterone and PB7-
estradiol on insulin sensitivty and glucose metabolism ba context dependent, with each

hormone=reported to have opposing effects in some instanees &&Shen 2009).

In this study we test whether male lfespan extension with ACA and 17aEZ2ssa@ated with

benefts to _males in terms of improved glucose homeostaws, whether these effects differ
from those “in, females. Because male and female lfespah glucose homeostasis are
differentially affected by changes in mTOR signaliiganiming et al. 2012; Lamming et al.

2014b), we were further interested in whether changesT@Rnsignaling may be implicated in
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these responses. To provide additional insight into the hornomderpinnings of this sex-
specificty, we also examined responses to ACA and 17aE2 astrated males and
ovariectomized (OVX) females. This endocrine manipulatibowed us to test whether sex-
specific responses to these drugs were related to thenpee®f male or female gonads and

associated sex-specific hormone production.

Results

Hormones regulated similarly in both sexes

Several hormones involved in glucose control, which haveiopsdy been reported to show sex-
differences_.in..circulating concentration, were inftesh by ACA and/or 17aE2, but responses
were similar-inboth sexes. Plasma adiponectin was highé&gmales than in males, and was
reduced by ACA and 17aE2 to a similar degree in both sexgs 1B). Plasma IGF1

concentration,was higher in males, and was reduced by &@@Aincreased by 17aE2 (Fig. 1b).
Plasmaleptin=levels were similar between the sexad, veere increased by 17aE2 (Fig. 1c).
There was no overall effect of ACA or 17aE2 on fastingimngvels (Fig 1d), nor was there a
significant interaction between sex and drug treatroenfasting insulin levels for either ACA or

17aE2 compared to control (p>0.1 in each case). Fasting plasmaegleeels are elevated by
ACA in“both™sexes (Fig 1e), presumably a consequence ddldihved breakdown of ingested

starch, replicating findings from an earlier cohort (Harriet al., 2014).

Sex-specific.ehanges in insulin sensitivity with ACA and 17aE2

To test for sex-specific responses in insuln sensitwiyy ACA and 17aE2 more directly, we
conducted insulin tolerance tests (Fig.). 1Males and females shed significantly different

changes in insulin sensitivity with ACA or 17aE2 treain as highlighted by the significant
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sex*treatment interacton terms for change in glucofier ansulin injection (Table 1). This
generaly reflected a slight improvement in insulimsit®ity in males and a slight reduction in
insulin sensitivity in females, although only the rdibuc in insulin sensitivity for females with
ACA is significant (Table 1). Also notable was that tmasit with ACA and 17aE2 effectively
abolished rthe"sex differences in insulin sensttivitgrofobservable with this test. On the control
diet, males, showed less glucose responsiveness to amjetinsulin than females, a response
reported previously (Macotela et al. 2009; Bonaventura eR@l3; Sadagurski et al. 2014;
Shivaswamy et al. 2014). By contrast, when males and femmedetreated with ACA and 17aE2

this sex difference disappeared (Fig. 1f and 1g; Table 1).

Glucose tolerance

We conducted glucose tolerance tests to see whether $leasspecific differences in insulin
sensitivity=lead=to altered glucose tolerance with rineat. Male mice have in some studies been
found to_have decreased glucose tolerance compared to fé®mlbbins et al. 2012; Varlamov
et al. 2015), which may contribute to metabolic dysfunctioalder males. Since ACA leads to
a consistent, sex-independent elevation in glucose laftels fasting (Fig 1e), lkely to be due to
the actionswef*ACA in slowing starch breakdown, we cakdlaglucose excursion following IP
glucose, using glucose levels just prior to injection oflaose bolus as a baselne when
calculating-area under the curve. Assessment of gluessursion after either 5 or 18 months of
treatment with ACA or 17aE2 revealed that both drugs asee the abiity of males to remove
administered | glucose (and therefore reduce plasma lesielirfg injection), whie having no
such effect on females (Fig. 2; Tablg. The effect of treatment on glucose excursion at the
measured time points also differed according to sex at thé3and 120 minute time points, for

both ACA and 17aE2 (sex by treatment interaction: P <0.05 &t teae point for each drug).
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There is also a significant effect of age in this s with older animals appearing to have
improved glucose tolerance (P = 0.003 across the whole datdtet)igla we are cautious of

interpretation of this result since the two age groupsevtested approximately a year apart.

Sex-specific alterations in mTOR signaling after exposure to ACA or 17aE2

Alterations; In MTOR signaling have been associated sdtk differences in lifespan extension,
and can differentially infuence glucose homeostasisnales and females. Reduced mTORC1
signaling extends lfespan to a greater degree in desm@lamming et al. 2012; Miler et al.
2014; Garratt et al. 2016) whie genetic inhibition of mMTOR@Auces male lifespan without
noticeably =affecting females (Lamming et al. 2014b). Astlesome of these sex-effects have
been suggested to be attributable to the negative ef#cteduced mTORC2 on glucose
homeostasis | inymales, since impaired activation of thispleantan reduce glucose tolerance to
a greater-degree in male mice (Lamming et al. 2012; irgmet al. 2014b). Alterations in the
activity of both mTOR complexes have also been observed ér atbuse models of lifespan
extension: Snell dwarf and growth-hormone receptor defiaieoe show lowered mTORC1
signaling and increased mTORC2 signaling, in both sexé&hws consist with the lifespan-

extension observed in both sexes in these models (Dominiak 2014).

Given the™potential roles of mMTOR signaling in sex mdifiees in aging and metabolsm, we
examined =thesphosphorylation status of several mMTOR gsstira livers of fasted males and
females that had been treated with ACA and 17aE2 for mighths (i.e. tested at 12 months of
age). S6wmand 4EBP1 are substrates downstream of mTORC1. S6 pHatiphodid not

significantly change with ether ACA or 17aE2 (Fig 3a).In contrast, and surprisingly,

phosphorylation of 4EBP1 was increased with ACA (p =0.016 for AGRA@= 0.06 for 17aE2),
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and to a simiar degree in males and females (Fig 3l8).a®8b note here that total 4EBP1 protein

levels were reduced in females, but were unaffected lgytdzatment in males (Table S1).

In contrast to the effects for mTORC1, the change in plogpton of MTORC2 substrate
NDRGL1 in response to either ACA or EST is sex-speciig. (Bc; Table 1), with males showing
an increasemins NDRG1 phosphorylation in response to both damgs,females showing no
change. A simiar pattern is observed for pSGK1 in nieated with 17aE2, also downstream
of MTORC2=with males alone showing significantly iased activation in response to 17aE2
(Fig. 3d). "For ACA, there is no significant interaction kestw sex and treatment (Table 1), with
ACA increasing. SGK1 phosphorylation in both males and far@ffect across both sexes: P =
0.006). We note that this result for pSGK1 should be viewedoasiyt because the antibbody
used to detectspSGK1 at S422 is polyclonal, and in cel lydatesbeen reported to detect a
rapamycin sensitive phosphorylated protein of a simiar mialeoveight (Garcia-Martinez &
Alessi 2008). ACA and 17aE2 also led to decreased levels oNDRG1 in liver in both sexes,

and ACA also reduced levels total SGK1 in a sex independememdTable S1).

Alterations In_substrate phosphorylation downstream of mTORC2

Akt is a major mTORC2 target involved in the regulatogsponses to insulin. mTORC2
phosphorylates™Akt at residue S473 but does not phosphorylate T308edge& Lamming
2016). Both=ACA and 17aE2 increase Akt phosphorylation at S473 l@s et do not affect
T308 (Fig. 4a), consistent with elevated mTORC2 activitg anhanced insulin signaling. There
is a significant sex by treatment interaction for niieated with 17aE2 (Table 1), indicating that
males and females show different changes in pAKT473 ipomse to 17aE2, with females

showing no change with treatment. For ACA the sex bgtrivent interaction is non-significant,
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but the main effect of treatment is significant, {0.015), indicating that both males and females

show an increase in pAKT473 in response to ACA (Fig 4a).

FOXO1 plays ;an important role in glucose metabolsm. mMTORGE the PI3K-Akt/SGK1
pathway negatively regulate FOXO1l actvity. mTORC2viactleads to phosphorylation of
FOXOlsatel24, which contributes to nuclear exclusion ahibiion of hepatic FOXO1 activity
(Lamming et al. 2014a). We examined T24 phosphorylation of FOKOghole tissue lysates,
and observed<that T24 phosphorylation is increased in malesobidémales treated with 17aE2
(Fig. 4b),.with the significant interaction term indingtithat males and females shoav
significantly different change in FOXO1 phosphorylationrasponse to treatment (Table 1). For
ACA, there s no significant effect on FOXO1 phosphorylatiend no interaction between sex

and treatment.

Sex hormoenes=underlying sex-specific drug responses

Both testosterone and estrogens have been linked to selicspuliffdrences in lifespan
(Maklakovg & Lummaa 2013; Regan & Partridge 2013; Austad & Bap@5), and each of
these hormones can influence glucose tolerance andh issuisitivity (Geer & Shen 2009;
Legato 2010). To test whether sex-specific responses to AQAl@aE2 were dependent on
differences™ between males and females in adult life dgdnaormone production, we castrated
males and=evariectomized females at three months of lage,treated them with ACA or 17aE2
from 4 months_of age, ie. over the same time period as #ve-gberated animals presented
above. ““Sham-operated mice and those subjected to gonadectoemypneduced, aged, and

treated in paralel.
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In contrast to intact males, castrated males showedgndicant improvement in their abilty to
clear glucose after ACA or 17aE2 treatment when tedt@? anonths of age (Fig 5). For glucose
levels relative to baselinat each time point, we conducted two-factor ANOVAs, and tested
whether there, was an interaction between treatmegt ¢entrol or 17aE2/ACA) and surgical
status (gonadectomised or intact). A significant intenacterm in such an analysis would
demonstrate_an effect of castration on the treatmepbmes in male mice. The effect of 17aE2
on male glucose clearance is significantly altered Iaje ncastration, both at the 30 and 60
minute time /points (Surgery*treatment interaction: 30: rAin= 0.019; 60 min: P = 0.019),
showing that~the male-specific beneft in terms of impdoglucose excursion with this drug is
inhibited in_castrated males. The effect of ACA on nglicose clearance is also significantly
altered by“male' castration at the 60 minute time poingéBgtreatment interaction: p = 0.039),
again showing /that castration significantly diminish@ale treatment responses. Sham-operated
females did,.not show an improvement in glucose tolerariteether drug treatment, and OVX

mice weresne.different in this regard (Fig 5).

Reversal ohmEORC?2 signaling with castration and ovariectomy

To understand” whether sex-specific changes in hepatORGP signaling, AKT and Foxol
phosphorylation with drug treatment were also reversed byadgotomy, we evaluated
phosphorylation of these substrates in castrated male amkobymized female mice that had
been exposed to ACA or 17aE2. Sex-specific activation of eattlesd substrates with 17als2
modulated™ by gonadectomy, and there is evidence that both caaleation and female
ovariectomy can infuence treatment responses. Indeed, timea-way ANOVA, including sex
(male or female), treatment (control or 17aE2) and surggmgafls removed or sham surgery),

for each substrate there is a significant sex*treatswngery interaction highlighting the effect
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of gonadal hormones in modulating sex-specific treatmeptorses (P = 0.05 for pAKT 473; P
= 0.007 for pNDRG1; P = 0.001 for pFOXO1; P = 0.002 for pSGK1). The increase i
phosphorylation of these substrates that was seen ih ntes with 17aE2 is not observed in
castrated males, revealing that male gonadal hormonesequeed for male-specific treatment
responses; "and-there is a significant surgery by &eatimeraction within males for pSGK1 and
pFOXO1 (Table 1). There is also some evidence that femaldectomy can modulate the
female response to 17aE2, since there is a significagerguby treatment interaction within

females for pNDRGL1.

For ACA, we observed sex-specific phosphorylation only of NDRGHt the other substrates
responding  Simiarly in both sexes. For this substrate viso dound a significant
sex*treatment*surgery interaction (P = 0.002), with 2-way AMO within each sex indicating
that both ‘male castraton and female ovariectomy infeetreatment responses (Table 1).
Ovariectomiseds females show a significant increasg@hiosphorylation of NDRG1 with ACA
treatment, simiar to intact males, while castratedesnadhow no change with treatment, thus

similar to theJack of response seen in intact females.

Discussion

Our resultsshow that ACA and 17aE2, which lead to motespdn extension principally in
males, alse=produce male-specific improvements in glucoseartok and elevations in hepatic
MTORC2 actvity. Females, which do not show lifespan skterwith 17aE2, and show only a
5% improvement in median lifespan with ACA, do not show immogkicose tolerance when
treated with either drug, and show less activaton of nT®Rsubstrates with treatment,

particularly for 17aE2, consistent with the lack oy aurvival effect for 17aE2 in female mice.
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The data on sex-specific changes mMTORC2 signaling ambsg tolerance are consistent with
the recent observation that genetic inhibition of mMTOREfher globaly or specifically in the
iver, reduces lifespan specifically in males, withoffecting females (Lamming et al. 2014b).
Both increases and decreases in male mouse lifespagiotberseem to be linked to alterations
in hepatic*mMTORC?2 function, such that increased mMTORCWity is associated with male life-
extension, “while inhibiting MTORC2 activity reduces malarvival. Activation of mTORC2 is
involved in regulation of glucose uptake in response toinngklennedy & Lamming 2016).
Elevated mTORC2 activity may promote hepatic responsiveteesssuin and could contribute
to the enhanced glucose tolerance with drug treatmentvelsé this sex. If male lfespan is
more sensitive to transient or post-prandial perturbationglutose homeostasis than that of
females, rthis®=sex-specificity could contribute to theferdihces in longevity effects.
Alternatively, this apparent relationship between mddsplan and mTORC2 signaling could be
related tow,some other function or regulator of mTORC2, imgudpids, leptin or altered
activty of 1SC2. Understanding the causal factors undgripis relationship, and the impact of
MTOR signaling in control of sex-specific metabolism anthgdagy in other tissues types under
periods ofsboth feeding and fasting, may provide a significaight into the molecular signals

controling sexual dimorphism in aging.

The pathway(s) through which 17aE2 improves male glucoleance remain to be defined.
17aE2 binds only weakly to classical estrogen receptorsz(feeral. 2005), although it can stil

elicit some uterotrophieefiects in OVX females (Strong et al. 2016). Some of the buéta
effects of ERmactivation also occur through protein-protein interactihieg are independent of
nuclear translocation of the E2-ER complex (Gupte et 2805). The activation of these

responses requires a much lower binding affinty of esteoge ER: (Madak-Erdogan et al.
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268 2016), and thus could conceiably occur in response to 17aE2. 17a&sescithe blood-brain
269 barrier and can have neuroprotective effects in mouse snofieaschemia (Perez et al. 2005),
270 and 17aE2 can bind to a brain-specific estrogen receptoX EReran-Allerand et al. 2002;

271  Toran-Alerand, et al. 2005). It was recently shown that bB@A and 17aE2 reduce age-
272  dependenthypothalamic inflammation in mice, and thadeteffects are much stronger in males
273  (Sadagurski_et_al. 2017). Regulation of glucose homeostasidissne-specific insulin signaling
274 in drug-treated’ mice might therefore involve CNS rdigula of energy metabolism, since
275 reduced hypothalamic inflammation can improve metabolic oy&im (Cai & Liu 2011) and

276  even increasevlfespan in mice (Zhang et al. 2013).

277  Our results further reveal that sexually dimorphiqpogses to these drugs are influenced by both
278 male and female gonadal hormones, and typically in opposigtiahse Castrated males do not
279 show improvements in glucose tolerance with either ACALG#E2, and do not show increased
280 actvity of hepatic mTORC2. Thus, male gonads, probably vidostesone production,
281 contribute to these sexualy dimorphic metabolic responsdis,the castrated males showing the
282 lack of drug.response typical of intact females. StrikinGiX causes females to show some
283  phenotypic responses to treatment that are observed in m&es but not in intact females.
284  Follow-upstudies in which testosterone or [L#&stradiol are administered throughout adult life
285 to intact or gonadectomized mice would be teclipicquite difficut. These would require
286 repeated Injections, which can themselves potentialigd lEa effects on health and hormone
287  status, and_weuld require duplication of age-related changbermone levels, which would not
288 be able to replicate circadian and environmental infigermcehormone levels. It may be more
289 feasible to explore these issues using mice with ogatin receptors for androgens and

290 estrogens, etther globally or in specific cel types. Nabess, these results suggest that both

This article is protected by copyright. All rights reserved



291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

male and female gonadal hormones contribute to sex-diesemt metabolic functon and
intracellular signals in response to ACA and 17aE2. Itldvdne of considerable interest to
evaluate lifespan effects of both drugs in castratedsnaald OVX females, and the development
of other aspects of age-associated metabolic dysfunction ahdlogg that are differentially
affected in“eachsex (e.g. Harrison et al. 2014). Our waggiests that castrated males would
show little “or_no lfespan beneft from either drug, and B&X might allow females to benefit
from one lor both of these interventions. Such data would Ipartdular use as a guide towards
developing drugs, in these classes, that might slow agingave other health benefts in both

men and women.

The consistent effect of castration in inhibitihg medsponses to drug treatment could occur via
various postulated processes. Testosterone, or a protein/phemofypessed in response to
testosterone, ‘might alter bioactivity, conversion to bioadtrens, or cellular responsiveness to
either drug. For example, many genes involved in xenobiotetabolism show sexualy
dimorphic expression, and are partially controlled by the ecmnth production of sex hormones
in adult life,, (Waxman & Holoway 2009). For ACA, however, tleedtion of drug action is
thought t0 be in the smal intestine, where ACA inhib#pha-glucosidase, slowing the
breakdown of complex carbohydrates to absorbable glucose. Thisypeifisent of ACA appears
to occur_in_a_sex-independent manner, because fastigs@luevels are elevated to a similar
degree in both sexes. Thus sex- and hormone-dependentnchfieréen ACA responses
presumably reflect consequences of alterations in respdosdsansient postprandial glucose

excursions, rather than to the direct effects of AC&fiten glucosidase function.

The lack of drug effects on castrated males, and thdafmeil of drug effects by OVX in

females, may reflect opposing effects of sex hormones onctaspé physiology linked to
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ifespan. Male castraton extends male lifespan in variguscies (Brooks & Garratt 2016),
including situations in which castration is delayed!| after puberty (Asdel et al. 1967; Drori &
Folman 1976), whie OVX has been reported to reduce female msongeal when conducted
in adulthood.(Benedusi et al. 2015). Our work shows that datdease of the sex-specific effects
of ACA and=17aE2 reflect actions of gonadal hormones in adultpost-pubertal mice, and do
not reflect sexual dimorphisms established prior to 3 montteyef Adult castration and OVX
hawe also (been reported to have opposing effects on specific sednses to insulin, at least in
mouse adipocytes, which become more insulin sensttive simated male mice, whie OVX has
the oppositeveffect in females (Macotela et al. 2009). Howekerobservation that lifespan of
males treated with 17aE2 exceeds that of both control and lifs@d females (Strong et al.
2016), suggests that this treatment does not simply protaegistagome male dysfunction that

reduces male lifespan in relation to that of normal fesmale

Our work does not establish whether the beneficial antyagffects of ACA and 17aE2 require
improved glucose handing and/or altered responses to insultme liver, or in any other cell
type. Comparison of glucose tolerance in mice tested at22 mnonths of age suggested that the
older mice might have more effective glucose tolerance,this inference must be taken with
great caution, because the two groups were tested appréyximateyear apart, making direct
comparisons _hazardous. Nonetheless, ACA and 17aE2 do not appsaecfically protect
against age-associated declines in glucose tolerancebsesved in some lifespan models in
C57BL/6 mice~(Bliher et al. 2002; Selman et al. 2008), whiex® e levels in older animals
remain consistently high following an administered glactslus. Rather, we find that ACA and
17aE2 produce male-specific improvements in glucose toleremosgstent across most of adult

life. How such changes in glucose tolerance and undgrigsulin signaling might be linked to
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improved male survival requires further investigation. islt also notable that although ACA-
treated females appear to show a slight reduction in gutolsrance and insulin sensitivity
compared to untreated female controls, this sex stil shovegnificant, albeit smaller, lifespan
extension in tesponse to ACA. At least part of the liespatension effect in ACA-treated
females ds=therefore independent of improved glucose todgranalthough hepatic
phosphorylation_of SGK1 and AKT was increased in both sexesh wifight promote insulin
signaling 'specifically at this site. We observe that b@hsma IGF1 and adiponectin
concentration are reduced with ACA treatment, in a sebependent manner, showing that
additional/complementary endocrine pathways are modulated by AGe reduction in plasma
adiponectin_contrasts with effects observed in other mdiespah-extension models, including
GHR knockout*(Berryman et al. 2004) and DR treated mice (@awet al. 2014), which show
increased ' circulating adiponectin. In this study we ssesk total plasma adiponectin, but it has
recently “been shown that changes specificaly in thigh molecular weight isoform of
adiponectin..can occur wittbR (Miler et al. 2017), and this isoform may provide specific
metabolic ,benefts. Reduced circulatng IGF1 is a potem#@ididate linking to ACA to
increased gfemale lfespan, since reduced IGF1 signaling extend mouse lifespan, with
preferential survival benefts in females (Garratt at 2017). Greater understanding of
physiological=and underlying hormonal causes for sexual plimson in lifespan extension with
ACA and_17aE2, and for that matter reduced mTOR signaliy I&k1 signaling (which
preferentially “extend female lfespan), could provide gigmf insights into sexual dimorphism
in the aging  process and provide guidance to the developmehtugs that are confer health

benefits in one or both sexes.

Experimental procedures
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UM-HET3 mice were produced as previously described (e.g. Stroay, €008; Miler et al.,
2014). The mothers of the test mice were CByB6F1/J, JAX std€0009, whose female
parents are BALB/cByJ and whose male parents are C57BIli6Jathers of the test mice were
C3D2F1/J, JAX stock #100004, whose mothers are C3H/HeJ, and whose &thédBA/2J.
Mice in breeding=cages received Purina 5008 mouse chow, @aded animals were fed Purina

S5LG6.

Mice werewheused as previously described (e.g., Strong eRC&8; Miler et al., 2014) in
plastic cages with metal tops, using ¥4 inch corn-cob bedBied Q’Cobs, produced by The
Andersons, PO Box 114, Maumee, Ohio). Mice were given freesacio water, using water
bottles rather than an automated watering system. Mi@&e housed in ventilated cages and
were transferred to fresh cages every 14 days. Tempersdigemaintained within the range of

21-23 °C.

Surgical_precedures

At three months of age al animals went through dastraovariectomy or a sham procedure.
Al animals™were anaesthetized by injection of 250mg/Kgramnoethanol, and given a single

pre-operative. injection of the analgesia carprofen, atkgmg/

Castration'and.Sham castration

After surgical-preparation, an incision was made in tnadal end of each scrotal sac, the testicle
was pulled through the incision by gentle traction, amel Iblood vessels, vas deferens and
deferential vessels were clamped and sutured. The inessnclosed with tissue adhesive. For
sham surgery, the testicles were exteriorized and thpiaced in the scrotum, without being

ligated or excised.
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Ovariectomy or sham ovariectomy

After surgical preparation, an incision was made on thesidle perpendicular to the vertebral
column approximately midway between the liac crest aedldbt rib. The ovarian fat pad was
grasped and exteriorized. The pedicle under the ovarian blosglsvesnd fat pad under the

ovary weresgrasped and crushed, the pedicle cut on the sigdanand the ovary removed, and
the blood vessels tied with absorbable suture. The abdomidalaslclosed with absorbable

suture andwskin was closed with staples. The procedureheasdpeated on the opposite side.
For sham‘ovariectomy, animals underwent the same syogeedure, but the ovary and fat pad

were exteriorized and replaced without being excised.

Diets

At four menths’ of age, animals in different sibling growpsre randomly allocated to control,
ACA or 27aE2 treatment. Animals in the control group remchion the 5LG6 diet, while

animals“allowed to ACA or 17aE2 had their diet switched toobtieese experimental diets.

Al diets weremprepared by TestDiet, Inc., a diision of Ruiils (Richmond, IN, USA).
Purina 5LG6 food contained each of the test substances andsea as the control diet. 17aE2
was purchased from Steraloids Inc. (Newport, RI, USA) anddmatea dose of 14.4 miligrams
per kiogram diet (14.4 ppm). Acarbose was purchased from SpeCthemical Mfg. Corp.,
Gardena, CA, USA, and was mixed at a concentration of 1000 AgAfper kiogram of diet

(1000 ppm)«These methods followed those used by the NIA Interventitasting Program.

M etabolic analysis
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Intraperitoneal glucose tolerance tests were performed i@ fasted for 16 h overnight. Blood
glucose levels were measured using a Glucometer (Bliger), after which mice were injected
intraperitoneally (ip) with D-glucose (2 g/kg), and blood glectes/els were monitored over 120
min. For insulin tolerance tests, mice were fasted fat-fa period in the light cycle before ip
injections =of*insulin (0.8 U/kg; Humuin R) diuted in der saline. Blood glucose

concentrations._were measured at the indicated time points.

Blood insuling=leptin and total adiponectin levels were datednin plasma using ELISA kits
from Crystal Chem (Downers Grove, USA). Blood IGF1 levelsewassessed in plasma using

the Mouse/Rat ELISA kit from ALPCO (Boston, USA).

Hepatic MEOR signaling

Livers were harvest during the morning, from 12 month old mice after 18h of fasfiissues
were frozeénwwith liquid nitrogen and stored-at0°C. Tissues were processed, whole-cel lysates
were obtained=and equal amounts of protein were loaded for M/ddbe analysis. Antibodies
and phospho-specific rabbit antbodies were purchased fromSigaklng (pAKT 308: 9275;
PAKT 473:4060; total AKT: 9272; Total FOXO1: 2880; pFOXO1 T24: 9464; total367;

pS6: 2211, p4EBP1: 2855; total 4EBP1: 9644; total NDRG1: 9408; pNDRG1: 5482 -
www.cellsignal.com), Santa Cruz (pSGK1: 16745 - www.scbt.com)Gemnktex (SGK1: 61249

- http/Mmww:genetex.com).

Statistics

Statistics were carried out in SPSS version 22. Data damals treated with ACA and 17aE2
were analyzed separately, but the same control animaés wsed in both sets of analysis. For

each measured parameter we conducted a two factor ANOVMYy the general linear model
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function and a full factorial model, which included an ffef treatment (comparing control to
either ACA or treatment), an effect of sex (male onale) and an interaction between sex and
treatment. When testing for the effect of gonadectomyrestnbent responses within each sex,
we included,an effect of treatment, an effect of surgggnadectomised or not) and an
interaction=between surgery and treatment. For those etanthat suggested there could be an
effect of both_male castration and female ovariectomy (p<O.Xhértwo-way interaction term)
on exspecific treatment responses, we conducted 3 way ANOVAsssadhe entire dataset,
including fixed effects of sex, treatment and surggtatus, and interaction terms between each.

Data was transformed where necessary to conform to assosnmtf normality.

Acknowledgements

We thank“Amanda Keedle, Lynn Winkelman, Sabrina Van RoekehrRoRlonso, Marcus
Lehr and“Natalie Perry for technical assistance. Whigk was supported by grants from the
Glenn Foundation for Medical Research, plus the Natiorsditutes for Health AG024824 and

AG022303. Michael Garratt also acknowledges support from thegslithbociety of Fellows.

References

Asdell SA;Deornenbal H, Joshi SR, Sperling GA (1967). The effects of sex steroid hormones upon
longevityinrats.JReprod Fertil. 14, 113-120.

AustadS, Bartke A (2015). Sex Differencesin Longevity and in Responses to Anti-Aging Interventions: A
Mini-Review. Gerontology. DOI:10.1159/000381472.

BenedusiV, Martini E, Kallikourdis M, VillaA, Meda C, Maggi A (2015). Ovariectomy shortensthe life
span of female mice. Oncotarget. 6, 10801-10811.

This article is protected by copyright. All rights reserved



448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494

Berryman DE, List EQ, Coschigano KT, BeharK, Kim JK, KopchickJJ(2004). Comparing adiposity profiles
inthree mouse models with altered GH signaling. Growth Horm. IGF Res. 14, 309-318.

Bliher M, Michael MD, Peroni OD, Ueki K, Carter N, Kahn BB, Kahn CR (2002). Adipose Tissue Selective
Insulin Receptor Knockout Protects against Obesity and Obesity-Related Glucose Intolerance.
Dev. Cell. 3, 25-38.

Bokov AF, Garg N,ilkenoY, Thakur S, Musi N, DeFronzo RA, Zhang N, Erickson RC, Gelfond J, Hubbard GB,
Adamo ML, RichardsonA(2011). Doesreduced IGF-1R signalingin Igflr+/- mice alteraging?
PLoS ONE.6, e26891.

BonaventuraMM, Redriguez D, Ferreira ML, Crivello M, Repetto EM, BettlerB, Libertun C, Lux-Lantos
VA (2013)=:Sex differencesininsulin resistance in GABAB1 knockout mice. Life Sci. 92, 175-182.

Brooks RC, Garratt MG (2016). Life history evolution, reproduction, and the origins of sex-dependent
agingand longevity. Ann. N. Y. Acad. Sci., DOI: 10.1111/nyas.13302.

Cai D, LiuT/(2011): Hypothalamicinflammation:adouble-edged sword to nutritional diseases. Ann. N.
Y. Acad=Sci. 1243, E1-39.

Cawthorn WP, Scheller EL, Learman BS, Parlee SD, Simon BR, Mori H, Ning X, Bree AJ, Schell B, Broome
DT, Soliman SS, DelProposto JL, Lumeng CN, Mitra A, PanditSV, Gallagher KA, Miller JD, Krishnan
V, Hui SK, Bredella MA, Fazeli PK, Klibanski A, Horowitz MC, Rosen CJ, MacDougald OA (2014).
Bone marrow adipose tissue is an endocrine organ that contributestoincreased circulating
adiponectin during caloricrestriction. Cell Metab. 20, 368-375.

Dominick GgBerryman DE, List EO, KopchicklJ, Li X, Miller RA, Garcia GG (2014). Regulation of mTOR
Activity in Snell Dwarf and Growth Hormone Receptor Gene Disrupted Mice. Endocrinology,
en20141690.

Drori D, FolmanY,(1976). Environmental effects on longevity in the male rat: Exercise, mating,
castrationand restricted feeding. Exp Gerontol. 11, 25-32.

Garcia-MartinezdM, Alessi DR (2008). mTOR complex 2 (mTORC2) controls hydrophobic motif
phospherylation and activation of serum-and glucocorticoid-induced protein kinase 1 (SGK1).
Biochem'J. 416, 375-385.

Garratt M,'NakagawaS, Simons MIP (2017). Life-span Extension With Reduced SomatotrophicSignaling:
Moderation of Aging Effect by Signal Type, Sex, and Experimental Cohort. J Gerontol A Biol Sci
Med Sci.

Garratt M, Nakagawa SN, Simons MJ (2016). Comparative idiosyncrasiesin life extension by reduced
mMTOR'sighalling and its distinctiveness from dietary restriction. Aging Cell. 15, 737-743.

GeerEB, ShenW{2009). Gender Differencesin Insulin Resistance, Body Composition, and Energy
Balance. Gend. Med. 6, 60-75.

Gupte AA, Pownall HJ, Hamilton DJ (2015). Estrogen: An Emerging Regulatorof Insulin Actionand
Mitochondrial Function. Journalof Diabetes Research. 2015, 9.

Harrison DE, Streng R, Allison DB, Ames BN, Astle CM, AtamnaH, FernandezE, Flurkey K, Javors MA,
NadonNL, Nelson JF, PletcherS, Simpkins JW, Smith D, Wilkinson JE, Miller RA (2014).
Acarbose, 17-a-estradiol, and nordihydroguaiareticacid extend mouse lifespan preferentially in
males:Aging Cell. 13, 273-282.

HolzenbergerM;Dupont)J, Ducos B, Leneuve P, Geloen A, Even PC, Cervera P, Le BoucY (2003). IGF-1
receptorregulates lifespan and resistance to oxidative stressin mice. Nature. 421, 182-187.

Kennedy BK, Lamming DW (2016). The Mechanistic Target of Rapamycin: The Grand ConducTOR of
Metabolism and Aging. Cell Metab. 23, 990-1003.

Lamming DW, Demirkan G, Boylan JM, Mihaylova MM, PengT, Ferreiral, Neretti N, Salomon A, Sabatini
DM, Gruppuso PA (2014a). Hepaticsignaling by the mechanistictarget of rapamycin complex 2
(mTORC2). FASEBJ. 28, 300-315.

This article is protected by copyright. All rights reserved



495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

Lamming DW, Mihaylova MM, Katajisto P, Baar EL, Yilmaz OH, Hutchins A, GultekinY, GaitherR,
Sabatini DM (2014b). Depletion of Rictor, an essential protein component of mMTORC2, decreases
male lifespan. Aging Cell. 13, 911-917.

Lamming DW, Ye L, Katajisto P, Goncalves MD, Saitoh M, Stevens DM, Davis JG, Salmon AB, Richardson
A, AhimaRS, Guertin DA, Sabatini DM, Baur JA (2012). Rapamycin-Induced Insulin Resistance Is
Mediatedby mTORC2 Loss and Uncoupled from Longevity. Science. 335, 1638-1643.

Legato MJ (2010). Principles of gender-specific medicine London, UK: Elsevier.

MacotelaY,/Boucher)J, Tran TT, Kahn CR (2009). Sex and depot differencesin adipocyte insulin
sensitivity-and glucose metabolism. Diabetes. 58, 803-812.

Madak-ErdeganZ;:Kim SH, Gong P, Zhao YC, Zhang H, Chambliss KL, Carlson KE, Mayne CG, Shaul PW,
Korach KS, Katzenellenbogen JA, Katzenellenbogen BS (2016). Design of pathway preferential
estrogensthat provide beneficial metabolicand vascular effects without stimulating
reproductive tissues. Science Signaling. 9, ra53.

Maklakov AAyskummaa V (2013). Evolution of sex differencesin lifespan and aging: Causesand
constraints. Bioessays. 35, 717-724.

Mauvais-Jarvis F (2015). Sex differences in metabolichomeostasis, diabetes, and obesity. Biol. Sex Differ.
6, 14.

Miller KN, Burhans MS, Clark JP, Howell PR, Polewski MA, DeMuth TM, Eliceiri KW, Lindstrom M),
NtambidM, Anderson RM (2017). Agingand caloricrestrictionimpact adipose tissue,
adiponectin, and circulating lipids. Aging Cell. 16, 497-507.

Miller RA, Harrison DE, Astle CM, FernandezE, Flurkey K, Han M, Javors MA, Li X, Nadon NL, Nelson JF,
PletcherS, Salmon AB, Sharp ZD, Van Roekel S, Winkleman L, StrongR (2014). Rapamycin-
mediatedlifespanincreasein mice is dose and sex dependentand metabolically distinct from
dietaryrestriction. Aging Cell, 10.1111/acel.12194.

PerezE, LiuR;Yang SH, Cai ZY, Covey DF, Simpkins JW (2005). Neuroprotective effects of an estratriene
analogare estrogen receptorindependentinvitroandinvivo. Brain Res. 1038, 216-222.
ReganJC, Partridge L (2013). Genderandlongevity: Why do men die earlierthan women? Comparative
andiexperimental evidence. Best Practice & Research Clinical Endocrinology & Metabolism. 27,

467-479.

SadagurskiM, Landeryou T, Blandino-Rosano M, Cady G, Elghazi L, Meister D, See L, Bartke A, Bernal-
Mizrachi'E, Miller RA (2014). Long-lived crowded-litter mice exhibit lasting effects oninsulin
sensitivity,and energy homeostasis. AmJ Physiol Endocrinol Metab. 306, E1305-1314.

SelmanC, Lingard'S, Choudhury Al, Batterham RL, Claret M, Clements M, Ramadani F, OkkenhaugK,
SchusterE, Blanc E, Piper MD, Al-Qassab H, Speakman JR, CarmignacD, Robinson IC, Thornton
JM,Gems D, Partridge L, Withers DJ (2008). Evidence forlifespan extension and delayed age-
relatedbiomarkersininsulin receptorsubstrate 1 null mice. FASEBJ. 22, 807-818.

Shivaswamy-V;Bennett RG, Clure CC, Ottemann B, Davis JS, Larsen JL, Hamel FG (2014). Tacrolimusand
sirolimus have distinct effects oninsulin signalingin male and female rats. Transl. Res. 163, 221-
231.

Stout MB, Steyn'FJ, Jurczak MJ, CamporezJ-PG, ZhuY, Hawse JR, Jurk D, Palmer AK, Xu M, PirtskhalavaT
(2016)«17a-Estradiol alleviates age-related metabolicand inflammatory dysfunctionin male
mice withoutinducing feminization. J Gerontol A Biol Sci Med Sci, glv3009.

StrongR, MillerRA, Antebi A, Astle CM, Bogue M, Denzel MS, FernandezE, Flurkey K, Hamilton KL,
Lamming DW, Javors MA, de Magalhaes JP, Martinez PA, McCord JM, Miller BF, Miller M,
Nelson JF, Ndukum J, Rainger GE, Richardson A, Sabatini DM, Salmon AB, SimpkinsJW,
Steegenga WT, Nadon NL, Harrison DE (2016). Longer lifespanin male mice treated witha
weakly estrogenicagonist, an antioxidant, an a-glucosidase inhibitor ora Nrf2-inducer. Aging
Cell. 15, 872-884.

This article is protected by copyright. All rights reserved



543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563

564

565

566

567

Stubbins RE, Holcomb VB, Hong J, Nunez NP (2012). Estrogen modulates abdominal adiposity and
protects female mice from obesityand impaired glucosetolerance. Eur. J. Nutr. 51, 861-870.

SvenssonJ, SjogrenK, FaldtJ, Andersson N, Isaksson O, Jansson JO, Ohlsson C(2011). Liver-derived IGF-|
regulates meanlife spanin mice. PLoS ONE. 6, e22640.

Toran-Allerand CD, Guan X, MacLusky NJ, Horvath TL, Diano'S, Singh M, Connolly ES, Nethrapallils,
Tinnikov AA (2002). ER-X: A Novel, Plasma Membrane-Associated, Putative Estrogen Receptor
That Is Regulated during Development and afterIschemicBrain Injury. J Neurosci. 22, 8391-
8401.

Toran-Allerand.€D;Tinnikov AA, Singh RJ, NethrapallilS (2005). 17alpha-estradiol: a brain-active
estregen?Endocrinology. 146, 3843-3850.

Varlamov O} Bethea CL, Roberts CT (2015). Sex-Specific Differencesin Lipid and Glucose Metabolism.
Front. Endocrinol. (Lausanne). 5.

Waxman DJ; Holloway MG (2009). Sex Differencesin the Expression of Hepatic Drug Metabolizing
EnzymesiMol. Pharmacol. 76, 215-228.

Xu J, GontienG,ChakerZ, Lacube P, DupontJ, Holzenberger M (2014). Longevity effect of IGF-1R(+/-)
mutation.depends on genetic background-specificreceptoractivation. Aging Cell. 13, 19-28.

Zhang G, Li J, Purkayastha$S, Tang Y, ZhangH, Yin Y, Li B, LiuG, Cai D (2013). Hypothalamicprogramming
of systemicageinginvolving IKK-[bgr], NF-[kgr]Band GnRH. Nature. 497, 211-216.

Zhang Y, BokovA; Gelfond J, SotoV, IkenoY, Hubbard G, DiazV, Sloane L, MaslinK, TreasterS, Réndon S,
vanRemmen H, Ward W, Javors M, Richardson A, Austad SN, FischerK (2014). Rapamycin
Extends Life and Health in C57BL/6 Mice. J Gerontol A Biol Sci Med Sci. 69A, 119-130.

This article is protected by copyright. All rights reserved



568

569
570
571
572
573
574
575
576

577
578
579
580
581
582

583
584
585
586
587

588
589
590
591

592
593
594
595
596
597

598
599
600
601
602

Figure legends

Fig 1. Alerations in metabolc hormones (A-D) and inssmsitivity (E-F) in male and female

mice treated with ACA or 17aE2. Hormone levels (A-D) wassessed in plasma samples
collected from 12m old mice (n = 7-10 per sex, per group). Ingolfrance tests were

conducted in"9“month old mice (n =8 per group). E&F show the saimef data, plotted to show

effects of greatment on sex differences (E) or the éwvempact of treatment within each sex.

Statistics showing. overall effects represent the Bevddr a treatment parameter in a 2 way
ANOVAu thatwalso included a parameter for sex. * represents0.05, *** presents P <0.005

from a Student's t-test.

Figure 2.(Enhancedlucose tolerance in males treated with ACA or 17aE2.o&udolerance
tests were ¢onducted in mice at either 9 or 22 months ofrage 8-12 for each sex in each
treatment (group at each test point); see methods forsddé®at graphs on right show the area
under the curve calculated by using glucose levels=at & a base-line, with P-values presenting
the treatment effect for drug effect in a 2 way ANOV#gluding age as the second parameter,
for each sex'separately.

Figure 3. “Activation of mTOR substrates in livers of miceated with ACA or 17aE2. From
iver samples taken at 12 months of age (n = 6 per group)sti&ashowing overall effects (B)
represent  the P-value for a treatment parameter inway2 ANOVA that also included a
parameter for sex. * represents P <0.05, ** represents P <0.0Xgprésents P <0.005 from a
Student's“t=test conducted on the data separately fromseach

Figure 4: _Sex-specific regulaton of AKT473 and FOXO1l phosphorylawith ACA and
17aE2. From liver samples taken at 12 months of age (n = Gqgy).g* represents P <0.05, **
representss P <0.01, *** presents P <0.005 from a Student's t-test wwhdue the data
separately from each sex.

Figure 5. 'No_improvement in glucose tolerance in castratelds treated with ACA or 17aE2.
Glucose tolerance tests were conducted in mice at 22 montge (n = 8-12 for each sex in
each treatment group at each test point). Data frowt iataimals are replicated from Fig. 2 and
included here for ease of comparison. See methods for detdld onBar graphs on right show
the area under the curve, with P-values above bars eepré® effects of drug treatment for
either castrated)or intact males, using a Stigleftest.

Figure 6. Sex=specific regulaton of MTORC2 substratemediated by gonadal hormones. Data
from intact, individuals is replicated from Figures 1&3, altbwn here for ease of comparison.
Results from samples collected from 12 month old mice, n = Brlisulin per group, n = 6 per
group for mTOR substrate results. P values were caldulaging a fadent’s t-Test; see Table 1
for additional details. * represents P <0.05, ** represents P <0.0kgefsteésents P <0.005.
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Table 1 Summary of metabolic traits showing a sex-Bpeesponse to ACA and/or 17aE2, and effects of gonadsgcon these responses

Effect of ACA Effect of Sex by treatment Surgetry by treatment Surgetry by treatment
17aE2 interactions interactions ACA interactions 17aE2
ACA 17aE2 Castration Ovariectomy  Castration  Ovariectomy
Insulin sensitivity Decreased in Increased in P =0.036 P =0.030 Not tested Not tested Not tested Not tested
(Change in females (P = males (P =
glucose) 0.02) 0.06)
Glucose folerance Increased in Increasedin P=0.033 P=0.003 P=0.14 P =0.84 P = 0.020 P=0.35
(AUC) males males
Liver pNDRG1 Increased in Increased in P =0.005 P=0.034 P =0.016 P = 0.044 P = 0.056 P = 0.049
males males
Liver pSGK1 Increased Increased in P =0.34 P =0.001 P=0.18 P=0.17 P = 0.003 P = 0.055
males
Liver pAKT473 Increased Increased in P =0.49 P =0.026 P=0.69 P=0.48 P =0.065 P =0.37
males
Liver' pEOXO1 Increased Increased in P =0.19 P =0.002 P=0.24 P=0.20 P = 0.003 P =0.072
males
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