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Summary

The National Institute on Aging Interventions Testing Program (ITP) evaluatassag

hypothesized to increase healthy lifespan in genetically heterogeneous mice. Eaohnmbis
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tested in parallel at three sites, and all results are publiéfedeport the effects of lifelong
treatment of mice with four agents not previously tested: Protandim, fishrsodeoxycholic

acid (UDCA) and Metformir- the latter with and without rapamycin, and two drugs previously
examined; l#&-estradiol and nordihydroguaiareticid (NDGA), at doses greater and less than
used previously. 1d@- estradiol at a-3old higher dose robustly extended both median and
maximal lifespan, but still only in males. The male-specific extension of mefdigpan by

NDGA was eplicated at theriginal dose, and using doses 3-fold lower and higher. The effects
of NDGA were dosalependent, male-specific but without an effect on maximal lifespan.
Protandim, a mixture of botanical extracts that activate Nrf2, extended medipariiesnales
only. Metfermin alone, at a dose of 0.1% in the diet, didn’t significantly exterspéife
Metformin(0.1%) combined with rapamycin (14 ppm) robustly extended lifespan, sugggsti
an added benefit, based on historical comparison with earlier studies of rapamycialgne

The a-glucaosidase inhibitor, acarbose, at a concentration previously tested (1000 ppm),
significantly increased median longevity in males arfi@&centildifespan in both sexes, even
when treatment was startedl® months. Neither fish oil nor UDCA extended life span. These
results underscore the reproducibility of ITP longevity studies and illustetmgortance of

identifyingeoptimal dosem lifespan studies.
Introduction

Interventions'that delay agimgay provide new tools to probe the physiological processes and
biochemicaklpathways that modulate aging and potentially lead to the development of
interventions that caimcreag healthy lifespann people. The National Institute on Aging
Interventions Tsting PrograngI TP) represents multisite translational research program to
evaluate agents hypothesized to extend mouse lifespan by retarding aging and pdstigoning
life diseasednterventions proposed by multiple collaborating scientists frometsearch
community.are tested , in parallel, at three sites: The Jackson Laboratory (TJL) ; University of
Michigan (UM),; and the University of Texas Health Science Center at San Antonio (UT); using
identical, standardized protocols in genetically heterogen€JM-HET3) mice (Nadon et al.
2016).
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Fifty-threelifespanexperiments, involving 3test agents, haugeen initiated in the first 1jears
of the ITP. Significant effects on longevity, in one or both sexes, have been published for 6
the tested agents: aspifiatronget al. 2008), nordihydroguaiaretic aciNDGA) (Stronget al.
2008 Harrisonet al. 2014), rapamyciHarrisonet al. 2009; Milleret al. 2011; Milleret al.
2014), marbese (ACA)YHarrisonet al. 2014), methylene b&u(Harrisonet al. 2014) and 14
estradiol {7aE2J (Harrisonet al. 2014). Here we report survival analysks mice treated with
additional‘testagents, including ursodeoxycholic 8diIdCA), Protandim(Prot) andfish oil

(FO), metformin’ (Met), or with the combination df¥let plus rapamycirfRapa) We also report
completedifespan analysesfanice treated wittwo compounds, 17aEhd NDGA at doses
higher or lewenthathosetested previously and with one compouA@A, started later in life

than reported in an earlier stuifarrisonet al. 2014).

The interventionsested irthis study were selected for the following reasons:

17-a-estradiol{7aE?2) is an optical isomer of Bfestradiol with reduced affinity for estrogen
receptorswLhis formf estrogen is reported to be neuroprotedtimétro in cultured cells anth

vivo in an«schemiaeperfusion animal model (Pereizal. 2005). It also has been reported to
protect against neurodegeneration in cell and animal models of Parkinson’s (Ilsdaseset

al. 2005) and cefwovascular disease (Lai al. 2005). We previously reported that treatment

with 17aE2y7atia concentration of 4pmin food, increased median lifespan in malesg data
pooled data-fronall three sitesbut we noted dramatic sitéo-site variation, with 8% increase

in medianat the UT site but much smaller (3%creass at the other two sites (Harrisetral.

2014). 17aEZ2, at 4.8 ppm, did not extend lifespan in female mice. To clarify the efféiss of t
agent, we have ,now repeated the longevity study at a higher dose of 17aE2 (14.4 ppm) in both

Sexes.

ProtandimPref. is a mixture of five botanical extracts, including bacosides, silymarin,
withaferin A epigallocatechin-3-gallate, and curcumin. This composition was designed to
stimulate Nrf2/ARE activation at low concentrations of each of the compounds)amppei
providing strong, synergistidrf2 activation with minimized offarget side effecté/elmurugan
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et al. 2009). Previous studies have shown that in healthy humans supplemented orally with Prot
over 120 days, superoxide dismutase (SOD) was increased in red blood cells by 30%, and
catalasencreased by 54% (Nels@hal. 2006). Furthermore, biochemical and histological

studies in mice revéed that feeding a Pra@upplemented diet suppressed tumor promoter-
induced oxidative stress, cell proliferation and inflammation & al. 2009). Moreover, Prot
treatment was.reported to protect the heart from oxidative stnelsibrosis in a rodent model of

pulmonary“hypertension (Bogaasdal. 2009).

Metformin(Met) is an oral antdiabetic drug thatds been FDAapproved for the treatment of
type 2 diabetes,(Nathahal. 2006). Treatment witMet lowers blood glucose, inhibits lipolysis
and decreases'circulating free fatty acids, while producing few undesired sideieffecple
(Witters 2001). Previous studies have shown bettalso inhibits the mammalian target of
rapamycin_ (mTOR) signaling pathway, resulting in decreased phosphorylation of the mTOR
complex 1 (mTORC1) substrates S6K1 andBHL and decreased protein translation (Dowling
et al. 2007)=Studies in both vertebrates and invertebrates have been reported showey that
increasesdngevity. For exampléylet was recently shown to extend both the lifespan and
healthspan.of the nemato@eelegans (Onken & Driscoll 2010)Met has also beeshown to
extend therlifespan of shdived, tumor prone, HER2/neu miead femaleSHR outbred mce
(Anisimov et al. 2005). More recentlyje Cabo and colleagues reported that OM&6in the diet
(i.e. at 1000 ppm) increased mean lifespan by 4% to 6% in male CSl/Bldfice (Martin
Montalvoetal™2013) and also improved indices of healtlemiale mice were not tested ireth

de Cabo study. Conversely, a study of Met on the lifespan of Fisher-344 rats found no effect on
lifespan (Smithet al. 2010).

Rapanycin.(RapapndMet each inhibit mMTOR1, but throughdistinctmechanisms. In addition,
Rapaaffectsglucose toleranctroughinhibition ofa second mTOR complex, mMTORC2,
resulting inshepatinsulinresistanc€Lamminget al. 2012), whileMet acts to activate AMPK,
suppressing-hepatic glucose output (Defronzo et al. 1991; Zhou et al 20di2)ould be
expected to diministhe negative effects &apan hepatic glucose output, and thus potentially

lead to a survival benefit greater than that producelddpalone.
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Ursodeoxycholic acidUDCA) was chosen for testing because bile acids (BAs), endogenous
products of cholesterol catabolism, have been reported &ssociated with increaseshobiotic
detoxification gene expression in lotiged rodents (e.g., Amador-Noguetzal., 2007).

Moreover in a clinical trial UDCA prevented colorectal adenoma recurrence (Aldieatts

2005. UDCA:treatment suppressed chemically induced diabetes in rats (Lukivetkadyda004).

Thus, UDCA has a number of properties that suggested it might hasgangieffects,

including increased xenobiotic stress resistance, protection from metabolic derangements such as

diabetes, and'suppression of tumor formation.

NordihydroguaiareticNDGA) is produced byhe leaves of thereosote bush_ @rrea

tridentata). It is'both a lipoxygenase inhibitor and potantioxidant. Inearlier repos, it was

shown toincrease median lifespan, butlp in male mice (Strongt al. 2008 Harrisonet al.

2014). The sexdifference wagentativelyattributed to differences in pharmacokinetics, since
malemice maintained higher trough blood levels of NDGA than femdledest this
interpretationyand to define the optimal NDGA concentration for lifespan éxensmaleswe
repeated the'study starting at 6 months of age at the dose used in the original study, 2500 ppm
plus doses:highd6000 ppm)nd lower (800 ppm) than tested previously. An interim survival
analysis.was published (Harriset al. 2014), reporting the effects of the three doses on median
lifespans in male mice and the highest dose on median lifespan in female mice. Here we report

the completed survival analyses, including the effects on maximal lifespan.

Fish oil (FO)was sele&d for testing, at two doseas, part because several epidemiologic studies
have assaciated reduced risk of cardiovascular disease with fish oil consumption (e.g.
Kris-Ethertonet al. 2002).FO has also been shown to reduce several risk factavsiatesd with
coronary heart disease (SidR003) such as lowering triglycde levels (KrisEthertonet al.

2002). Additionally, studies suggest that consumptios@br of its omega-3 fatty acids may
have beneficial effects on stroke, depression, cauAlzheimer’s disease (Rose & Connolly
1999; Sidhu2003).

AcarbosgqACA) is an inhibitor of intestinal a-glucosidase. It inhibits digestion of

polysaccharides and attenuates the uptake of sugars from the Gl tract. It lowers postprandial
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glucose excursions and is prescribed for the treatment of type 2 diabetes. leatasl $er

testing in part because it was proposed to act as a dietary restriction mimetic. In our earlier
report,ACAincreased median and maximal lifespan in both male and femalelE/N8 mice
(Harrisonet al. 2014). In that study, treatment was begun at 4 months of age. Because it is more
clinically relevant to begin antiging treatments late in life, we initiatedtady in which
ACAtreatmenbegan at 16 months of age.

Results

17-u-estradiol(l7aE?2)

Beginning'at 10 months of age, male and female mice were fed chow containing 17aE2 at a
concentration of 14.4 ppm (17aE2). As shown in Table 1 and Figanedian lifespan increased
19% in male'mice, calculated from data pooled fibenthree sitegp < 0.001).The effects of
17aE2 were significant at all three sites, at p < 0.003, with increases in reedisalof 26%,
9%, and 23%at TJL, UM, and UT (Supplemental FigureThe age at which 90% of the mice
had died increased on average by 12% (21%, 8% and 8% at the thre@ugipgemental Table
1), and the difference in survival at the 90th percentile was significantly secr¢p<0.00%or

the pooled'data; Tably. 17aE2 treatment had no significant effect on female suneithkr in
the pooled data or at any individual site (Table 1, Supplemental Table 1, Figure 1, and
Supplemental Figure 1). Interestingly, survival of male 17a&2ed mice was also
significantly higher than survival for the female control group (p<0.0006) and forrttedefe
17aE2-treated-group (p<0.0135).

Although 17aEZ2 is generally thought to be “rfeminizing”, there is evidence thA¥aE2can

have uteotrophic effects (Clarkt al. 1982). 17aE2 at 4.8 ppnasused in our previous report
(Harrisonet al. 2014), had no significant effects on uterine weight when fed to ovariectomized
mice Supplemental Figure 2, p=0.44). However, we considered the possibility that it might be
uterotrophic at the higher dose (14 ppm) used in our current stMeytherefore tested for

estrogeniceffectsof the 17aE2 at 14 ppm in young and middle aged ovariectomizetHETNG
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mice bred at UT. As shown in Supplemental Figure 2, the 14.4 ppm 17aE2 diet fed to
ovariectomized mice for 6 weeks increased uterine weighteeeh statistically
indistinguishable from that of intact controls. Additionally, mice fed the high dosmbad

uterine weights significantly higher than that of évariectomizeaontrol group (p=0.0014).

Protandim(Prot)

Beginning‘at'20' months of age, one group of mice was fed chow contBiatag 600 ppm, to
approximate the intake of humans who consume this commercially availablenatriti
supplement. sFhe dose Bfotwas increased from 600 ppm to 1200 ppm whemrice reached

17 months'of age, because testing of mice not included in the longevity cohort had iritlatated
600 ppm, contrary to expectation, did not modulate levels of liver mMRNA for genes involved in
xenobiotic responses. As shown in Figur@nd Tabé 1, there was a significant effect (p<0.012)
of Prot on'survival of male mice in the pooled population, witkeantrease in median survival.
There wasmarsignificant difference in tipeoportion of Control and Prot mice alive at tge at
90% mortality(p = 0.1 by théWang-Allison test") A secondary analysis of the survival data
from individual sites revealed a significant increase in median survival (p=0.03) at the UT site
but no significant effects at the TJL and UM sit8agplemental Figure 3 and Supplemental
Table 1). There were no significant effects of Rnotmedian or maximal survival of females in
the pooled.datérable 1, Figure 29r in the data from any individual site (Supplemental Table 1,
Supplementalkigure 3)

Metforminalone or withrapamycin(Met or Met/Rapa)

Beginning.at.9 months of age, groups of male and female mice began consuming a diet
containing, 1000 ppm (0.1%J)et. As shown in Figure and Tabléel, Met led to a7% increase

in median lifespan of males when data were poat¥dss sites, but the effect was not
statistically*significant (p = 05. Males treated with Met had sipecific changes of 13%, -1%,

and 10% at the three test sites, but none of these was statistically significant (Supplemental Table

1; see SupplemealtFigure 4 for the sitepecific survival curves) here was no effect of Mein
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survival of female micegither in the pooled data (Table 1, Figure 3gtaany site
(Supplemental Table 1, Supplemental Figure 4).

Figure 2shows survival curves of male and female mice that received bot(l®Q ppm) and
Rapa (14 ppm{Met/Rapa)rom 9 months of age. As showmTablel, this combination led to
a 234 increase In survival compared to controls in both sea®wvell as to significant increases
in maximum-lifespan (p < 0.001). Met/Rapa led to a significant increase alifes both

sexes at each'site separately (Supplemental Table 1 and Supplemental Fign¢o5), a

significant increases in maximal lifespan except forrhéles.

Although the current (C2011) cohort did not contain any mice diagpaalone, we thought it

would be of interest to compare the survival of mice receiving RaffaandMet to survivalof

mice treated with the sank@apadose in previous years, C2006 and C2008i€r et al. 2011;

Miller et al;,2014). Results are shown in Supplementddle4. Males given Met/Rapa had a

23% increasein median longevity, higher than the 10% effect produced by Rapa alone in C2006
or the 13%rveffect in C2009 males. When the results from C2006 and @20&9were

combined-for optimal statistical power, and compared to survival in C2011 m&eimgc
Met/Rapadthe difference did not reach statistical significance (p = 0.12) using ourrstanda
calculation whichstratfies by site. An alternate analysis, omitting ssteatification, found p =

0.040 for the contrast between Met/Rapa and the historical datasets using Rapa alone at the same
dose.Female"mice given Met/Rapa also had a higher percentage increase inlifesgian
(23%)thanfemalesthat had received rapamycin alone in the previous C2006 and C2009 cohorts
(18% and 21% respectively), but the difference did not reach significance nllogesting.

Nordihydroguaiaretic@ad (NDGA)

In a previous study, we tested the effects of NDGA on survival of male and femal¢ET8I
mice at a dose of 2500 ppand reported that median lifespan was increasethlesby 12%,
with no benefit in female micgStronget al. 2008).In the earlier stud9% of malecontrol mice
were aliveat the joint 90th percentile age, compared to 13% of N@ated male§ = 0.12).
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Female mice given 2500 ppm had lower blood levels of NeG#pared to malesuggesting
thatthe sex effecimightreflect sexspecific differences in drug metabolism or excref{igtrong

et al. 2008).It was also unclear whether the optimal NDGA dose in males might be higher or
lower than 2500 ppm. In the current study, thereforeested the effects of NDGat 800,

2500, and 5000 ppin males andta5000 ppnin females starting treatment at 6 monti@ur
previous(Harrisonet al. 2014) report showed thatedian lifespan was increased at each dose in
males,andthat'there wago effect of the higldose on median lifespan in females, despite the
fact that the"highest dose in females produced a blood level equivalent to thatsofferthdles
original 2500 ppndose. Here we report the completed lifespan analyses. As shown inFigure
andTable 2 NDGA increased survival of male mice at each of the doses te@tbdncreases in
median lifespan at each dose feported previously idarrisonet al. 2014). There was
howeverno effectof NDGA treatmenbn maximal lifespan at any dose tested in males
females athlie 5000 ppm dose tested (TableT)ere was also no effect on maximal lifespan at
any of the'individual sites at any doSaipplemental Table)2

We havealsonow assessethe effects of NDGA omeuromuscular performanc&lale mice

were given.2500 ppm, and females given 5000 ppm from 13 months of age, and then tested at 22
months of-age, together with age-matched controls and young (4 month old) control mice.

Aging impaired grip strength and grip duration in oidle control mic€p<0.05)as compared to
youngmales Grip durationof maleNDGA micewas indistinguishable from that of youngce

and signifieantly higher than that of old contnohles (Figure 4). In the rotarod tests, using a
mixed-effectssmodel that compensated for déyesting, latency to falh young mice, as

expected, was higher than in aged control mice in each sex (p = 0.01 for males, p < 0.001 for
females). SFall latency was increased significantly by NDGA in both male and female mice at

age 22 months (Figure 4; p= 0.02 in each sex).

Fish Oil (FO)

Resultsof FO, at 15,000 or 50,000 ppm from 9 months of age, are shown in Figure 5 and Table
2. Pooling across sites, thavere no significangffects atither dose of O on survival of male

This article is protected by copyright. All rights reserved



or female mice. Additionally, there were no significhanhefits of FO in either sex at any
individual site (Supplemental Table Zish oil treatment was associated with a significant
(p<0.05) dose-dependent increase in body weigimalesat 18 months ofge, but no
significant effecs on body weight in females (Supplemental Figurdt 8.notable that FO, at
the higher dese, led to a significant decline in male longevity at18%, p = 0.003, and that
the lower FO dose led to a 9% increase in male lifespan (p = 0.06) at UT (Supplerablgal T
2), helping'to'emphasize the value of simultaneous testing with parallel protoabithede ITP

sitesand the"perils of relying on longevity tests conducted with a single dose ateassiag|

Ursodeoxyehelic acid (UDCA)

Beginning at 5 months of age, mice were fed chow containing 5000 ppm UD€Ae3ults are
shown in Figure 6 and Table 1, with sgpecific statistics in Supplemental Table 1. Pooling the
data across sites, there waresignificant differences in survival for male or female mice given
UDCA, and=nassignificant benefits at any site considered separately (Suptdéfreble 1). On
the other hand; pooling across sites there were significant effects of UDCA on bodysweight
males and-female mice as shown ump$lemental Figure 7. Body weighs of UDG&d mice

were significantly (p<0.001) lower than control at 12 and 18 months in male micé Ehdl&

and 24 months of age in female mice.

Acarbose (ACA)

Beginning,at 16, months of age, mice were fed chow containing 100A@@mMThe results are
shown in Eigure 6 and Tablewith site-specific statistics in Supplemental TaBlePooling the

data across sites, there was a significant increase in sunivable mice teated withACA,

with a 6% increase in median lifespan and a significant 12% increase in maximal l{&span
Figure 6and:Table?). ACA started at this late age had only a small effect on median lifespan in

females (2%, p = 0.07), but ledasignificant 6%, p = 0.01)increase in maximal lifespan.
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Discussion

This paper provides new and updated longevity resultsigtt compounds and mixtures tested

by the ITP. 17aE2, previously shown to provide modest and variable improvements in male
lifespan, has now been tested at a higher dose, and shown to produce dramatic and consistent
improvementin'male longevity, but no betefo female mice. 17aE2 males live 19% longer
than control'males, and longer than control or 17@&2ed females. Prot, a mixture that
activates Nrf2, led to a small but statistically significant increase (7%) in males, without a
significantimprovement in survival to the 90th percentile age. On itsMetwlid not produce
significantlifespan benefits in either sex. The combination of Met/Rapeased lifespan

beyond the levels seen in previous cohorts of mice ghagraalone, particularly in ma mice,

but statistical significance of this historical comparison was equivocal. An interim aralgsis
revealed thaNDGA increased lifespan of male mice significantly at each of three tested doses
(Harrisonet-al»2014 but did not increase femaldédspan The completed lifespan analysis
reported herewevealed that ND@AI not significantly augment maximal longevity in either sex.
Male micestreated with NDGA were protected against therelgéed loss in grip duration, and
mice of beth'sexes wereqiected against agelated decline in rotarod performanceCA
previously shown to increase median and maximal lifespan in both male and female nmice whe
started at'4 months afye(Harrisonet al. 2014),was tested again, with treatment staaed6
months of ageyand shown to increase melifiespan in males, and maximal lifesparnboth

sexes Fishilyat either of two tested concentrations, and the bile acid UDCA produced no

lifespan benefits at the tested concentrations.

In our previous.study, 17aE2 at 4.8 ppm produced a significant increase in male longevity in the
pooled dataset; i.e. by the planned primary analysis, but a secondary analysis showed much
stronger effects at UT than at the other two sites, complicating interpretatidine Wigher dose

(14 ppm) used.in the current study, however, 17aE2 had significant effects on male mate at e
site, ranging from a 9% increase at UM (p = 0.003) to 26% at TJL, with an averaggseof

19%, only slightly less than the 23% increase produced by the highest dose of rapanggtin test
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in our previous workNliller et al. 2014. There were no benefits seen in females, either at the
lower dose previously used or at the higher dose used in the current cohort.

The mechanism underlying the sex-specific benefit of 17aE2 is unknown. Interestingly, survival
of male mice.given 17aE2 was significantly higher than survivianmales receivinghis drug

or inuntreated females, suggesting that the beneficial effects in males were not simply due to
recapitulation of estrogenic effects produced physiologically in normal femalesich

estrogen levelgary throughout theeproductive period and show agdated changes in the
post-repraductive period. The dose of 17aE2 that we used ineuops reprt (Harrisonet al.

2014) hadsnaorsignificant effects on uterine weight when fed to ovariectomizedsence
Supplemental Figure 2), but the higher dose, 14 ppm, did pretydécant effects on uterine
weights in ovariectomized mice. This indicates thatdose ofl7aE2 used in this study has
bioactivity in females and therefotteatthe lack of an effect on femadairvival was not due to a
lack of bioavailability in17aE2fed female mice. The uterotrophic effect of this dos&7@iE2

also indicatesthat acts on classical estrogen receptatdeast at higher concentratioaad

could therefore’modulate reproductive and other estrogmaptor mediated functions in males.

It would be.of interest to learn if 17al&Reither dosenodulates pathwaysdhght to be relevant

to aging.and lifespan, such as those linked to ATF4, mTOR, autophagy, adipokine production,
inflammation, proteasome function, and others, and does so inspaekc way.

It is not knewmwhether higher doses of 17aE2 might lead to a greater degree of lifespan
extension than‘the 19% increase documented at 14 ppm in this study. Studies of thefeffect
17aE2 in ovariectomized females and castrated males, or in mice lacking the classical estrogen
receptor, or in testosterotieatal females, could also be informative. Additional data on steroid
metabolism.and steroisknsitive feedback circuits, in male and female mice, might help to

clarify the basis for the effects of this agent on male mice, and provide clues as to how ® achiev
similar suceess in female#t is notable that most deaths in UWET3 mice are attributable to

some form'oef.neoplasidiller and Chrisp, 2002; Lipmaet al. 2004; Harrisoret al. 2014) ,
suggesting that studies of 17aE2 on oncogenesis and on hdshamtidefenses also deserve

experimental attention.

This article is protected by copyright. All rights reserved



The finding thathe Nrf2 activator, ProtandiifiProt), increased longevity in genetically
heterogeneousiice is consistent with previous reports suggesting that Nrf2 activaagrbe
causally associated with increased lifesgdthough we can’t rul@ut effects at other targets by
the individual constituents of theaixture of compounds contained in Prbig increase in
expression.ef.xenobiotic response genes in the livarsad in the presentudy at the 1200

ppm dose (data not showiythersupports the idea that the effect$?obt on longevity may be
at least'partly'due to Nrf2 activatiorFor examplel.eiser and Mille(2010) reportedhat

primary skirderived fibroblasts from the lorigred Snell dwarf mutant mouseanifestelevated
levels of Nrf2, higher levels of glutathione, andreased resistance to plasma membrane lipid
peroxidation..Consistent with those finding®RNA levels forNrf2-sensitive genes were
reported torbelevated irselected tissues of Snell dwarf m{geiser and Miller, 2010)Taken
together, theseresults suggest that Nrf2 activatiapcontributeto the stress resistance and
increasd longevity observed in the Snell dwarf mouse. In the present study, only male mice
showedpositive effecs of Proton longevity. Tis sexspecificeffect may be due to differences
in how malesrand femal@setabolze and/or eliminagé any or all of Tonstituentpresent in the
mixture of eompounds contained in Prot. Alternatively, there may bdiffexences irthe
mechanisms_that control the Kealif2 pathway. For example, Sykiotis and Bohmann (2008)
reported.thaD. melanogaster carryingaloss of function mutation in Keapl haxtreasd Nrf2
activity, increagdoxidative stress resistance agldvated longevity, buh male flies only.
Although male mice in the present study had a significant extension of median lifespatid the
not show amrinerease maximal lifespansuggesting that the effeat$ Prot are most beneficial
earlier in lifesPhase 1l studiesxamining the effects of doses higher and lower than those used in
the present study may be informatiaehis regardin addition, studies examining the response
to Prot over the lifespamayalso help elucidate mechanisms underlying the different effects of

Prot earlier.and, later in the lifespan.

Metformin(Met) has been reported to increase longevity in male mice of the C57BL/6 inbred
stock Martin-Montalvoet al. 2013) at a dose of 1000 ppm, started at 54 weeks of age, leading to
an increase imean lifesparmf 5.8%. This increase was deemed to be significant using the
GehanBreslow statistic, which gives greater emphasis to deaths at earlier ages thasrdné log
test used in our own work. It is not clear whether the use of thealdgstatistic for the
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C57BL/6 mice would have supported the inference of a significant effect of Met.allepar

study of male B6C3F1 mice also suggested a benefit of Met, wWiih exension of mean

lifespan GehanBreslow p = 0.06). The de Cabo group did not report any data on female mice
treated with Met. Our current study ugbd same dose of Met (1000 ppm = 0.1%), but differs

in several respects: use of genetically heterogenaass initiation of Met treatment at 9

months (ratherthan 12 months) of agealuation of male and female mice, analysis at three
independent'sites, and use of the lagk statistic. Statistical power also differed: the de Cabo
group used64"Met mice and 83 control mice, while the ITP protocol used 148 Met mice and 294
controls, distributed among the three test sifBse pooled ITP data showed a reignificant

effect ofMet eanmedian lifespan (7% increasepnd the sitspecific effects (13%,1%, and

10% at TJy UM, and UT) were also indistinguishable from chance. In the ITPtd#iasage

at 90th percentile mortality declined by 2% in the Met group. In C57BL/6 idieewas toxic at
ahigher concentration of 10,000 ppm (1@&artin-Montalvo etal. 2013) and it is possibléhat
evaluation.of doses higher or lower than the 1000 ppmwlesesednight have produced

stronger evidence difenefit. Observational data suggest that diabetic patients who take
metformin-have lower mortality risks thage-matched nowliabetic patient§Bannisteret al.

2014) These suggestive reports, together with the strong evidence that Met can be administered
with few_side effects over many years in people, has prompted suggestions thgerihshauld

be used indrgescale clinical trials to prevent agssociated disease in Adiabetic subjects

(Hall SS 2015).

The decisionsto test the combination of Met and Rapa was based on the ideadisatithences

in glucose homeostasis inducedRgpamight limit its benefits on lifesparLamminget al.

2013), and that Met, by increasing insulin sensitivity, might therefore compensata€iotigdly
harmful side effect®Our new data are consistent with this idea, in that male and female mice
treated with Mef{at 1000 ppmand Rapa (at 14 ppm) showed a greater percentage increase in
median lifespan than in either of two previous cohorts of mice treated with Rdpgap(aitn)

alone. Our'evidence is inconclusive, however, in that the comparisons areriodhistther

than to simultaneous cohorts, the effect seen in males is not statistically significant by our

standardsite-stratifiedlog-rank test (p = 0.12), and the effect in females is small.
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It is possible that alternate dosing regimens, including potgdhat begin one or both drugs at

later ages, or use other doses, or which alternate drug-free with drug-tregaémeas, could

produce more conclusive evidence of synergy between these two agents or others astheir cl

The use of rapamycin analogs with a reduced impact on glucose metabolism, such as everolimus,
might also be.considered (Arriola Apedbal. 2015). Other compounds that regulate glucose
homeostasis, including the PPARCctivator rosiglitazone, might also synergize with rapamycin;
rosiglitazone'was recently shown to normalize fasting hyperglycemia and attenuate rapamycin
induced glucoese intolerance and insulin resistance in rats (Festtakcid014). Acarbose, an

agent that extends both male and female lifespan and which is thought to work by preventing
post-prandialssurges in blood glucose concentratitamr{sonet al. 2014, may also deserve

consideration in combination with rapamycin treatment.

Our new data on NDGA make two points of interest. First, the failure of NDz%508 ppm,

to increase. longevity in female micgtfonget al. 2008) seems not to be due merely to lower
blood congentrations of this agent in females, since we fail to see increased female lifespan even
at a concentration, 5000 ppm, that produces bloagldesimilar to those seen in males at 2500
ppm Harrisonet al. 2014). In addition, our new data replicate the earlier finding of longevity
increasausing 2500 ppnmn malesand show that benefits are also seexfaild higher and 3-

fold lower doses NDGA did not, however, significantly alter the proportion of mice alive at the
90th percentile at any dose, suggesting that its positive effects may bd tionite middle

portion of thevlifespan. The percentage increase in median male lifespan inclidaslesevat

TJIL (7%, 16%419%) and at UT (5%, 11%, 15%), but not at UM (7%, 2%, -7%), which may
reflect the consistent, but unexplained, pattern of higher longevity in UM contre$ mal
compared.to control males at the other two test dites finding of ncreased median lifespan,

but no increase,in maximum lifespan in NDGA treated male B6C3F1 hylca was also

recently reportethy Spindleret al. 2015 females were not testedtime Spindlestudy In the
Spindler study, significant results were seen at 3500 ppm but not at 1500, 2500, or 4588 ppm.
discussed earligor Prot, studies examining the response to NDGA over the lifespan may also
help elucidate mechanisms underlying the different effetNDGA earlier and later in the

lifespan.
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In contrast tdhe sexdifferencesobserved iMNDGA's effects on lifespan, it isoteworthythat
NDGA attenuated ageelated deficits in rotarod performance in botales andemales The

lack of effect on NDGAon female lifespan and its positive effects on female rotarod
performance supports the idea thechanisms underlying the effects of specific interventions
on lifespanmay. bedistinctfrom those contributing teome agesensitive physiological traits.
Studying a.wider range of age-sensitive traits may be informative. The actiN®A as an
antiHnflammatory agent with antxidative effects opens new avenues for mechanistic testing
and a toolfor'studying differences between male and female micerfool of aging and late-

life diseases.

Although ne previous studies of the effects of giDlifespan ofong-ived strains oimice have
been reportedseveral studies have been reported in whinkga3 fatty acidsincreasd lifespan

in short-lived autoimmune-prone (NZB x NZW)F1 mice (Fernandes 2008;dl@lly200]). A
demographic analysis of the survival of fish feitt(NZBxNZW)F(1) mice by de Magalhaes et

al. (2005)revealedhat fish oilalteredthe Gompertz slopencreasing thenortality rae doubling
time two-fold (de Magalhaest al. 2005), suggesting that FO may slow aging. However, in the
present study there was no effect of encapsukfedn lifespan at either of two doses, 15,000 or
50,000 ppmpon either median or maximal lifespdrhere was, however a significant effect on
body weight, at least in males, suggesting that FO was biologically active. ThugyFO m

increase lifespan, bonly ina disease specifmontext.

Treatment'with'the bile acid, UDCAas been reported to have a wide variety of effects that are
compatible with extended lifespan in mammals, including protecting agaatabolic

derangements such as diabetes, and suppression of tumor formation (Lukerska3@04;

Oyamaet al..2002). Nevertheless, no previous lifespan studies have been reported for UDCA. At
the dose used.in this study, there were significant reductions in body weight aerifes plan

in both malerand female mice, suggesting that UDCA treatment had biological alipigsil

effects. However, there was no effect of UDCA on median or maximal lifespan in either sex.
Given the wide range of positive effects reported for UDCA on measures of healthspan it is
unclear why it had no effect on lifespan. It is possible that higher or lower dos&xC# hay

be effective. On the other hand, as we observed with NDGA in the presentiséueifects of
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specific interventions on lifespan may be distinct freffiects on agaensitive physiological
changes in specific organ systems

We previously reported th&CA increasd median and maximal lifespan in both male and
female mice.when started at 4 months of @fgarisonet al. 2014) WetestedACA againat the
dose used previousliput with treatment started at 16 months of age. We foundsthgtng

ACA treatmentater in lifeled toincreass in mediariifespan in malesand inmaximal lifespan
in both sexes:*“In the previous study, the increase in median survival calculated fromete pool
data frommale mice wa22%, butwasonly 6% in the present studgimilarly, in females, there
was a significant increase sairvival in the previous study, with586 increasen median
lifespan but'no’significant effedp = 0.07)on lifespan in the present study. Thus, @ffectsof
ACA treatmeng@ppear to be optimalhen treatment imitiatedearlier in life. We are currently
testing different dosesyith treatmeninitiatedat an intermediatéime (12 months of age)We
are also performing crosectional studies, testirige effects oACA on agesensitive changes
in multiplestissues. Studies like thesenayhelp us to better understand the mechanism(s) of
action of ACAwon lifespan and healtpan. Studies such as these may alsoihfglpm the

design of*human trials &CA, which is FDA-approved for treatment of type 2 diabetes.

The NIA ITP has matured into a useful test bed for initial investigatiainugs and mixtures

that deserve evaluation for lifespan extension in rii\@aonet al. 2016) The features of the
ITP designyineluding parallel studies in males and females at each of thoesday sites, the
use of genetieally heterogeneous mice to guard against conclusions based on gEcajle, t
inbred, genotype, and the use of enough numbers of mice to provide decent statistical power for
modest (e.g. 10%) lifespan benefits have now stimulated new ideas and impetus dn severa
biogerontological fronts. ITP studies of rapamycin have helped to motivate new work@iR m
and aging.in.cells, mice, and even human studies, while newer observatiaashmoseand,

now, 17aE2q@are expected to focus experimental attention on glucose transients terdidsx s
as potentialkmediators of agelated diseases and as potential guides to humampikeveials.
Many of the drugs are known to be safe in humans (for séornt-or longterm use), and clinical
studies are easy to imagine and in some cases, e.g. rapamg@narboseare already
underway even prior to a definitive molecular understagndf target(s)We note that some of
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the most impressive ITP longevity results, such as those seeacattioseand 17aE2, reflect
physiological pathways that are not easy to model in worms or flies, whose pathwayshof sta
digestion and steroid sensity differ dramatically from those used by mammals. The growing
availability of tissue banks from mice treated with these agents should serve as a spur towards
increased cellaboration on the pathways by which these drugs lead to preserved health and
posponed mortality in mice.

Experimental”Procedures

Animals UM-<HET3 mice were produced at each of the three test sites as previously described
in detail Stronget al, 2013 Miller et al. 2011 Harrisonet al. 2014). The mothers of the test

mice wereCByB6F1/J, JAX stock #100009, whose female parents are BALB/cByJ and whose
male parents are C57BL/6J. The fathers of the test mice were C3D2F1/J, JAX1€00604,

whose mothers are C3H/HeJ and whose fathers are DBA/2J. For breeding cages, eadh site use

Purina 5008ymouse chow. For weanlings prior to 4 months of age, each site used Purina 5LG6.

Mice wereshouseds previously described (e.g., Stratgl. 2013)in plastic cages with metal

tops, using¥ inch corn-cob bedding (Bed O'Cobs, produced by The Andersons, PO Box 114,
Maumee, Ohio). Mice were given free access to water, acidified (pH2Z% by addition of
hydrochloric acid, using water bottles rather than an automated watering systeenvevie

housed in entilated cages, and were trangfdodresh cages every 14 days. Temperature was

maintainedwithin the range of Z1to 23C.

At the age of 42 days, each cage was assigned to a control or test group by use of a random
number table. Each mouse was then briefly anesthetized by iseflimtzalation administered
either by nose.cone or by an instrument desldoesmall animal anesthesaad an electronic

ID chip wassimplanted by sterile syringe beneath the dorsal skin between the shizdds,

after which'the wound was closed by a drop of superglue (Loctite gel, purchased locally, or
Nexaband S/C, purchased from Abbott Laboratories, North Chicago, IL). UM and UT used
chips purchased from AVID Microchip ID Systems (Catalog AVID3002; Folsom, LA}, T

used chips purchased from Locushieology (Manchester, MD; catalog 1D-100A). A portion
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of the distal tail (1 cm) was taken and frozen for later analysis of DNA polymorphisms, after
which the mouse was permitted to awaken from the anesthesia. The duration of anesthesia was

approximately 1 to 2 min.

Mice received,Purina 5LG6 control diet until treatments were bedartir§y at various ages as
listed in the results sectipmice in the treatment groups received Purina 5LG6 containing the

additives atall'three sites, andice in the control group received Purina 5LG6.
Details ofthe methods used for health monitoring were provided in Milaér (2014) in brief,

each of the three colonies was evaluated four times each year for infectious agents, including

pinworm. “All such tests were negative throughout the entire study period.

Control and ExperimentaliBts. All diets were prepared biestDiet, Inc., a division of Purina

Mills (Richmend, IN) Purina 5LG6ood containing each of the test substances, as well as
batches of'control diet, was prepared at intervals of approximately 4 months aizcbfifood

was shipped at the same time to each of the three testRitdandim®wasa gift from

LifeVantage Corp. (Sandy, UT, USA)was mixed with chow at a concentration of 600

milligrams of Profper kg of food (600 ppm) and fed to mice beginning at 10 months of hge.

dose ofProtwas increased from 600 ppm to 1200 ppm when the mice reached 17 months of age.
17aE2wasspurchased from Steraloids Inc. (Newport, RI, USA) and mixed at a dose of 14.4
milligrams perkilogram diet (14.dpm). Mice were fedhe 1 AE2diet continuously from 10

months of ageMetforminwas a gift from Rafel de CabqNationallnstitute on Aging

Intramural Progragnand used at a dose TH00 mg/kg (0.1%) beginning at 9 months of age.

Microencapsulated rapamycin was obtained from Southwest Research Institute (San Antonio,
TX) and mixed at a concentration of 14 ppm with metformin (1000 ppm¢termine the effects

of the mixture,on longevity. The mixture was fed to mice starting at 9 months oN&eA
waspurchased from Cayman Chemicals (Ann Arbor, Michigan, USA) and mixed at a
concentration of either 800, 2500, or 5000 ppm and fed to male mice beginning at 4 months of
age. A group of female mice received only the diet containing 5S00®ppPDGA from 4
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months of agelUrsodeoxycholic aciavas obtained froriBC Chem, LLC (Union City CAand

fed beginning at 5 months of ageadose of 5000 mg d§DCA per kg of food.
Microencapsulated fish oftontaining DHA, minimum 132mg/g of powder and EPA plus DHA,
minimum 168 mg/kg of powderyas purchased fro@cean NutritiorRCanada (Dartmouth,
Canada) and.incorporated into food at a concentration of 15,000 and 50,00@ippnwvere fed
FO continuously from 9 months of ag&carbose was purchased from Spectrum Chemical Mfg.
Corp., Gardena, CA. It was mixed at a concentration of 1000 mg of ACA per kilogram of diet

(1000 ppm);"mice were fed continuously from 16 months of age.

Measuremendfimotor coordination and strengtaroups of male and female UMET3 mice

were fed control or NDGAontaining diets (males2500 ppm; females - 5000 ppm) beginning
at 13 months of.age and were treatatll they were 22 months of age. A group of 4 month old

mice fed the control diet served as young controls group.

Removal ef'mice from the longevity populatioAs described in detail in Millaat al. 2011,

mice were removed from the study becaudgbting, or accidental death, typically during chip
implantation.or because ofchip failure, or because they were used for another experimental
purpose,.such as testing for blood levels of a test agent. For survival analyses, aitsuch m

were treagd as alive at the date of their removal from the protocol, and lost to follow-up

thereafter., These mice were not included in calculations of median longevity.

Estimation‘ef-age at death (lifesparlice were examined at least daily for signs afdalth.

Mice were euthanized for humane reasons if so severely moribund that they weltereonsly

an experienced.technician, unlikely to survive for more than an additional 48 hrs. A mouse was
considered. severely moribund if it exhibited more thaa afirthe following clinical signs: (a)

inability to.eat.or to drink; (b) severe lethargy, as indicated by reluctameeve when gently

prodded withra forceps; (c) severe balance or gait disturbance; (d) ragit less over a period

of one weekoer. more; or (e) an ulcerated or bleeding tumor. The age at which a moribund mouse
was euthanized was taken as the best available estimate of its natural lifespan. Mice found dead
were also noted at each daily inspection. At the time of analysis of the C2011 pop9iadi

female mice had died, 19 had been removed, and 11 were still alive, including one control and 10
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mice in the MetRapa group. Among males, 1039 had died, 50 had been removed (mostly
because of fighting), and 9 were still alive, including one control mice, one in thgréupt one

in the MetRapa group, and six in the 17aE2 group.

Rotarod perfermancélice were tested on a rotarod (Rotarte)XColumbus Instruments) for

five days by a technician who was blinded to the treatment groups. Testing on each day
consisted of'8trials with a 10 minute rest between trials 4 and 5. Each trinlvadgshe

rotarod set atan initial rate of 4 rpm, accelerating to a maximum 40 riwin 800 seconds.

The latengy to fall was recorded by the Ra¢x-5 software and the average latency to fall was

calculatedforeach day.

Grip StrengthGrip strength was determined using a digital grip meter (Chatillion; Columbus
Instruments)by a technician who was blinded to the experimental grdtgsh animaivas

allowed to grip a wire mesh screen with either the forelimbs or forelimbs and hindlimbs. The tail
was gently-and steadily pulled to measure the maximum force and duration untiuse m
released the wire mesh screen. The grip strength meter sofvll@eed the maximum grip

force produced in grarforce (gf) and the latency (milliseconds) to release the wire mesh screen
for each.of'the 5 trials. The average grip strength and grip duvegi@calculated from the 5

trials.

Measurementaf 7aE2estrogenicity UM-HET3 mice were ovariectomized 2imonths of age

and then given'mouse chow containing 17aE2 at 4.8 or 14.4 pgiet aithout hormone.
Treatments continued for 2 monthintreated intact miceé6(25months of agat sacrifice) were
alsoincluded as,normal controls.ité were euthanized and uteri were dissected free of fat and

mesentery, nicked and blotted to release luminal fluid, and weighed.

Statistical Methodd-or each sex, we performed site specific and combined site analysis. We

calculatedthe KaplaMeier estimate of the median survival for the control group as well as for
each treatment group. To compute the megdemsentage increase, we subtracted the median age
in the control group from the corresponding value in the treatment group and divided the
difference by median age of the control group and multiplied by 100. Usingrsided5%
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significance level, we performed theghank test to determine whether survival curves for mice
receiving treatment differ from the survival function for control miceg-rank tests that pooled
data across the three test sites used a method that stratifies by site. To assess the maximum life
span, we computed 8(ercentile age of both the treated and control mice. To determine which
treatmens prelongdlongevity in mice, we utilized the Warfglison test(Wanget al., 2004).

This is thekisherExactTest comparing the numbers of mice suirng in control and treatment
group at'the'age corresponding to the 90th percentile of lifespan in the joint surtivalitios.

To determine“the difference between the survival function in treated and coatrpivghnile
controlling for site effect, @ performed logank test stratified by site. We further assessed the
longevity of mice in all three sites combined using a modified version of the YWhsgr test

in the manner with which the 2x2 contingency table is constructed. Basically, wethepsrtn

of corresponding sitepecific 2x2 tables cell entries as the combined site 2x2 table cell entries.

This allows for information from all sites to be used in a balanced manner.

For statisticalanalysis of the rotarod performandeg taverage of timeo-fall sessions for each

animal on'each day (1 to 5) was considered as a repeated measure. We usegeHeuvixedar
model with.a random intercept for males and females separately, and estimated the main effects
of day, greup (Old Control, Old NDGA, and Young control), and the group by day interaction.
The statistical significance of the group by day interaction would indicatéhingroups have
difference learning trajectories (as distinct from just being higher or lower on average). If the
interacton termywas not significant (p>0.05), then the interactitasremoved from the model.

In order toreduce the number of comparisons, day was considered as a linear or a quadratic
effect, depending on the significance of the quadratic term. We furtheacedwwach of the

three subgroups to one another by excluding the other group for both males and females (Old
Control vs..Young; Old Control vs. Old NDGA; Young vs. Old NDGA). In these models, we

only considered the main effects of Day (1 to 5) and Group. We used R (v3.1+, Vienna, Austria)
and the Imerand ImerTest packages.

Grip strength data were analyzed by a one-way ANOVA followed by the Tukey post-hoc test to
determine the significance of differences between means of individual groups.
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L egendsto Figures

1. Survivalkcurvesfor micetreated with 17-a-estradiol (17aE2), or Protandim (Prot)

pooled across sites. A: males treated with 1@dpm 17aE2 B: femalestreated with 14 ppm
17aE2.C: males treated witRrot at600 ppm (10 — 17 months of age) followed by 1@ph
(17 months_of age onlp: females treated witRrot at600 ppm (10-17 monthsof age) followed
by 1200 ppm (17 months of age on). Each symbol represents one moreaedreflect log

rank test, stratified by test site. See Table 1 for statistical results.

2. Survivakeurvesfor micetreated with metformin (Met) with and without rapamycin
(Rapa), pooled across sites. A: malestreated with 1000 ppm MdB: femalestreated with 1000
ppm Met.C: males treated with 1000 ppm Met plus 14 ppm RBpéemales treated with000
ppm Met plus 14 ppm Rapa. Each symbol represents one mowsdueBreflect logank test,

stratified by'test site. See Table 1 for statistical results.

3. Survival curvesfor micetreated with NDGA, pooled across sites. A: males treated with
800 ppm. B: males treated with 2500 ppr@.: males treated with 5000 ppm.: 2males treated
with 5000,ppm:= Each symbol represents one mousealues reflect logank test, strified by

test site. See.Table @rfstatistical results.

4. EffectsoffNDGA on grip strength and duration and on rotarod performance. Panels
A,C,E: males. PanelsB,D,F: females. The data are expressed as mean + SEM of the number of
mice shown in parentheses.

*, significantly different fromold NDGA,; t, significantly different from young controls.
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5. Survival curvesfor micetreated with fish oil (FO), pooled acrosssites. A: males treated
with 15,000 pprB: femaledreated withl5,000ppm. C: males treated withG000 ppm.D:
females treated with(B000 ppm. Each symbol represents one mousalues reflect logank

test, stratified.by test site. See Table 3statistical results.

6. Survivaleurvesfor micetreated with ursodeoxycholic acid (UDCA)or acarbose (ACA),
pooled acrosssites. A: malestreated with 5000 ppm UDCAB: femaledreated with 5000 ppm
UDCA. C: males treated with 1000 ppm ACB: femalestteated with 1000 ppm ACA=ach
symbol represents one mousevdhies reflect logank test, stratified by test site. See Taldle

and 2or statistical results

L egendsto Supplemental Figures.
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S1. Effectsof 17aE2 on survival at each test site. Left to right: TIL, UM, UT.A-C: males.
D-F: females. PRralues calculated by the lognk test. See Supplemental Table 1 for statistical

results.

S2.Dose-dependent effects of 17aE2 on uterine weightsin ovariectomized mice.

2 month old mice were ovariectomized (OVX) and treated with diet containing 4igher 14.4
ppm 17aE2:"Uterine weights were talarsacrifice 2nonthsafterstart of treatmentJntreated
intact mice(used as a positive control group) were 6.25 monthsioacrificeData are
expressed as the mean + SBM to 10 mice per group.

** signifieantly different from OV X control group, p=0.0015.

*** signifieantly different from OV X control group, p<0.001

S3. Effects of Prot on survival at each test site. Left to right: TIL, UM, UT.A-C: males. D-
F: females.,_Pralues calculated by the lognk test. See Supplemental Table 1 for statistical

results.

S4. Effects.of Met on survival at each test site. Left to right: TIL, UM, UT.A-C: males.D-
F: females#*Pvalues calculated by the lognk testSee Supplemental Table 1 for statistical

results.

S5. Effectsof*Met/Rapa on survival at each test site. Left to right: TIL, UM, UT.A-C:
males. D-Fufemales. Pralues calculated by the lognk test See Supplemental Table 1 for
statistical results.

S6.Effectsof ACA, initiated at 16 months, on survival at each test site. Left to right: TJL,
UM, UT. A-C. males.D-F: females. Pralues calculated by the lognk testSee

Supplemental Table f8r statistical results.

S7. Hfectsof 17aE2, Prot or UDCA on body weight in male and female mice. A: malesB:

females.
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S8 Dose-dependent effects of FO on body weight in male and femalemice. A: malesB:

females.
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Table 1: C2011 Mice, pooleatiass sites

Males: pooled across sites

Group

Control
17aE2
Prot

Met
Met/Rapa
UDCA

Number

294
144
155
148
158
149

Median

Days

780
925
834
835
959
832

Females: pooled across sites

Control
17aE2
Prot

Met
Met/Rapa
UDCA

281
135
134
140
142
133

874
883
896
872

1078

865

Median %

Increase

19

23

Log-rank

P-value

0.000
0.012
0.348
0.000
0.448

0.981
0.291
0.791
0.000
0.762

This article is protected by copyright. All rights reserved

90"%ile
Days

1064
1193
1130
1046
1175
1063

1092
1091
1154
1094
1278
1105

90th %ile

Increase

(o]

17

WangAllison

P-value

0.000
0.103
0.405
0.000
0.868

0.864
0.163
0.617
0.000
0.491



Table 2 C2010 and C2012 mice, pooled across sites

C2010

Males: pooled across sites

Group Number

Control 274
FO(5M00) 146
FO(1500) 141
NDGA(5000) 137
NDGA(250Q@ 133
NDGA(800), 132

Median

Days

780
749
830
839
851
831

Females: pooled across sites

Control 264
FO(5000) 135
FO(1500) 132
NDGA(5000) 125

C2012

900
919
852
874

Males: pooled across sites

Median %

Increase

Log-rank

P-value

0.218
0.263
0.003
0.015
0.023

0.246
0.090
0.416

This article is protected by copyright. All rights reserved

90" %ile
Days

1085
1040
1078
1108
1080
1103

1111
1084
1084
1077

90th %ile

Increase

N O N O

WangAllison

P-value

0.317
0.864
0.087
0.864
0.864

0.481
0.481
0.594



Control 283 823
ACA 147 875

Females: pooled across sites
Control 278 881
ACA 135 902

0.000

0.07

Supplemental Table 1: C2011 Male Mice, sipecific results

Males: TJE

Median
Group Number

Days
Control 101 763
17aE2 54 960
Prot 54 767
Met 53 859
Met/Rapa 54 1030
UDCA 54 863.5
MalesigM

Median
Group Number

Days

Median %

Increase

26
1

13
35
13

Median %

Increase

Log-rank

P-value

0.000
0.144
0.128
0.000
0.596

Log-rank

P-value

This article is protected by copyright. All rights reserved

1055
1183

1100
1166

90" wile
Days

1057
1274
1189
1093
1219
1067

90th %ile
Days

12

90th %ile

Increase

21

12

15

90th %ile

Increase

.0001

0.010

WangAllison

P-value

0.000
0.267
0.786
0.000
0.789

WangAllison

P-value



Control
17aE2
Prot

Met
Met/Rapa
UDCA
Males: UT,

Group

Control
17aE2
Prot

Met
Met/Rapa
UDCA

94
43
50
a7
53
44

Number

99
a7
51
48
51
51

861
940
919
855
1021
844

Median
Days
715
876
816
790
827
789

Median %

Increase

23
14
10
16
10

0.003
0.439
0.687
0.000
0.459

Log-rank

P-value

0.003
0.034
0.681
0.003
0.164

1121
1211
1123
1061
1208
1088

90th %ile
Days
1013
1094
1077

985

1098
1034

Supplemental Table 1, continued: C2011 Female Micespgeific results

Females»TJL

Group

Number

Median

Median %

Log-rank

This article is protected by copyright. All rights reserved

90" %ile

-3

90th %ile

Increase

90th %ile

0.037
1.000
0.142
0.037
0.548

WangAllison

P-value

0.082
0.148
0.774
0.148
0.389

WangAllison



Control
17aE2
Prot

Met
Met/Rapa
UDCA

Females: UM

Group

Control
17aE2
Prot

Met
Met/Rapa

UDCA

Females=UT

Group

95
48
48
48

a7

Number

95
43
43
49
50

42

Number

Days

892
872
890
867
1086
913

Median
Days
872
835
872
864
1094

819

Median

Increase

Median %

Increase

Median %

P-value

0.389
0.220
0.630
0.000
0.694

Log-rank

P-value
0.821
0.894
0.551

0.000

0.498

Log-rank

This article is protected by copyright. All rights reserved

Days

1106
1065
1246
1113
1295
1107

90" %ile
Days
1081
1122
1116
1142
1252

1110

90" %ile

Increase

13

17

90th %ile

Increase

16

90th %ile

P-value

0.386
0.263
1.000
0.000
1.000

WangAllison

P-value
0.366
0.366
0.580

0.000

0.761

WangAllison



Days Increase P-value Days Increase  P-value

Control 91 857 1089

17aE2 44 943 10 0.272 1087 0 1.000
Prot 43 926 8 0.483 1099 1 0.755
Met 43 884 3 0.533 1026 -6 0.225
Met/Rapa 44 1054 23 0.000 1287 18 0.002
UDCA 44 863 1 0.778 1097 1 0.384

Supplemental Table 2: C2010 Male Mice, sipecific results

Males: TJL

Median Median %  Log-rank  90th%ile  90th %ile WangAllison
Group Number

Days Increase P-value Days Increase  P-value
Control 91 683 1067
FO(5M00) 51 789 16 0.445 1025 -4 0.57
FO(15Q0) 50 737 8 0.853 1046 -2 0.77
NDGA(5000) 45 812 19 0.072 1020 -4 0.39
NDGA(2500 42 794 16 0.080 1034 -3 0.55
NDGA(800), 39 731 7 0.364 999 -6 0.34
Males:UM
Group Number Median Median %  Log-rank  90th%ile  90th %ile WangAllison
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Control 88
FO(5000) 44
FO(1500) 43
NDGA(5000) 48
NDGA(2500 44
NDGA(800). 46

Males: UL
Group Number
Control 95

FO(5M00)= 51
FO(1900) 48
NDGA(5000) 44
NDGA(2500 47
NDGA(800) 47

Days
926
754
951
864
945
992

Median
Days
732
703
801
840
816
771

Increase

Median %

Increase

15
11

P-value

0.003
0.815
0.869
0.709
0.265

Log-rank

P-value

0.721
0.055
0.002
0.041
0.059

Days
1146
1058
1061
1210
1105
1164

90th %ile
Days
1041
1038
1128
1094
1102
1145

Supplemental Table 2, continued: C2010 Female Micespgeific results

Females»TJL
Group Number

Median

Median %

Log-rank

This article is protected by copyright. All rights reserved

90th %ile

Increase

90th %ile

Increase

o 01 0 O

90th %ile

P-value

0.38
1.00
0.03
0.77
1.00

WangAllison

P-value

1.00
0.26
0.14
0.57
0.57

WangAllison



Control
FO(50000)
FO(1500)
NDGA(5000)

Females: UM

Group

Control
FO(50000)
FO(1%00)
NDGA(5000)

Females=JT

Group

Control
FO(50000)
FO(15000)
NDGA(5000)

92
48
a7
44

Number

88
43
41
41

Number

84
44
44
40

Days
864
918
852
859

Median
Days
931
947
873
947

Median
Days
906
892
831
815

Increase

Median %

Increase

Median %

Increase

-2
-8
-10

P-value

0.920
0.495
0.887

Log-rank

P-value

0.742
0.106
0.606

Log-rank

P-value

0.097
0.486
0.053
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Days
1102
1085
1053
1106

90th%ile
Days
1132
1100
1089
1122

90th %ile
Days
1100
1067
1109
1004

Increase

90th %ile

Increase

90th %ile

Increase

-3
1

P-value

0.77
0.77
0.77

WangAllison

P-value

1.00
0.22
1.00

WangAllison

P-value

0.54
0.76
0.22



Supplemental Table 3: C2012 Mice, ssigecific results foACA started at 16 months

Males: TJL

Median Median %  Log-rank 90th%ile  90th %ile WangAllison
Group Number

Days Increase P-value Days Increase  P-value
Control 101 844 1006
ACA 53 876 4 0.003 1170 16 0.01
Males: UM

Median Median %  Log-rank  90th %ile  90th %ile WangAllison
Group Number

Days Increase P-value Days Increase  P-value
Control 84 870 1111
ACA 44 937 8 0.009 1191 7 0.02
Males: UT

Median Median %  Log-rank  90th %ile  90th %ile WangAllison
Group Number

Days Increase P-value Days Increase  P-value
Control 98 751 994
ACA 50 792 5 0.23 1133 14 0.09
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Females: TJL

Median Median %  Log-rank  90th %ile  90th %ile WangAllison
Group Number

Days Increase P-value Days Increase  P-value
Control 96 922 1092
ACA 48 875 -5 0.56 1240 14 0.25
Females: UM

Median Median %  Log-rank  90th %ile  90th %ile WangAllison
Group Number

Days Increase P-value Days Increase  P-value
Control 90 842 1084
ACA 44 904 7 0.23 1133 5 0.23
Females: UT

Median Median %  Log-rank  90th %ile  90th %ile WangAllison
Group Number

Days Increase P-value Days Increase  P-value
Control 92 873 1116
ACA 43 919 5 0.19 1160 4 0.11
Supplemental Table:££Lomparison of Met/Rapa to Historical Data for Rapa alone
Male Female
Rx Median % Change | Rx Median % Change

(Days)
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(Days)

Control[C2011] 785 Control[C2011] 875

Met 847 8 Metformin 875 0
Met/Rapa 971 23 Met/Rapa 1079 23
Rapa [C200p 887 10 Rapa [C200p 1030 18
Rapa [C2009] 909 13 Rapa [C2009] 1086 21
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Figure 2.
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Figure 3
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Figure 4
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