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Abstract

Despite recent advances in the understandingritaliaspects of sex differences in Alzheimer'sdge
(AD), the underlying mechanisms, for instance, tsew modifies AD risk and why the female brain is
more susceptible to AD, are not clear. The purgdshis study is to elucidate sex disparities iaitor
aging profiles focusing on two major areas — enarrgy amyloid metabolism — that are most signifigant
affected in preclinical development of AD. Total Réolated from hippocampal tissues of both female
and male 129/C57BL/6 mice at ages of 6, 9, 125andnths were comparatively analyzed by custom-
designed Tagman low-density arrays (TLDAS) for gRTIR detection of a total of 182 genes involved in
a broad spectrum of biological processes modulaimeggy production and amyloid homeostasis. Gene
expression profiles revealed substantial differeringhe trajectory of aging changes between ferauade
male brains. In female brains, 44.2% of genes wgrgficantly changed from 6 months to 9 months and
two thirds showed downregulation. In contrast, merbrains, only 5.4% of genes were significantly
altered at this age transition. Subsequent chandemale brains were at a much smaller magnitude,
including 10.9% from 9 months to 12 months and 6ft® 12 months to 15 months. In male brains,
most changes occurred from 12 months to 15 momithshee majority were upregulated. Further, gene
network analysis revealed that clusterin appearesgitve as a link between the overall decreased
bioenergetic metabolism and increased amyloid dyslistasis associated with the earliest transition i
female brains. Together, results from this studijcate that: 1) female and male brains follow
profoundly dissimilar trajectories as they agefe®ale brains undergo age-related changes mudbrearl
than male brains; 3) early changes in female bisigrsl the onset of a hypometabolic phenotypéskt r
for AD. These findings provide a mechanistic ragilenfor female susceptibility to AD and suggest a

potential window of opportunity for AD preventiondrisk reduction in women.

Keywords:
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1. Introduction

As the leading cause of dementia and rated as disé feared human disease by the American public,
Alzheimer’s disease (AD) currently affects approatety 35 million people worldwide, including 5.1
million Americans (Thies and Bleiler, 2013). Thesenbers are predicted to triple by 2050, with one
new case of AD expected to develop every 33 secamd®arly a million new cases per year (Thies and
Bleiler, 2013). There is no cure currently avaidaldnd no success has been found from over 100rhuma
trials conducted over the last decade in an attéonfnd an effective treatment for mid to lateggtaAD
(McBride, September 14, 2012; Schnabel, July 83R00hese unprecedented challenges underscore the
significance and priority for increased researdboref aimed at defining the risk factors and the
underlying mechanisms that would allow institut@fmAD prevention and early intervention while a

treatment continues to be sought (Mullard, 2012gRianuary 25, 2014).

AD affects women and men differently on many le@arter et al., 2012; Regitz-Zagrosek and Seeland,
2012). Of the current AD cases, nearly two-thirdsvaomen (Brookmeyer et al., 2011). After age 66, t
lifetime risk of AD is 1 in 6 for women (16.7%), wreas itis 1 in 11 for men (9.1%) (Thies and Bleil
2013). In addition, sex has been demonstratedatpaimajor role in the pathogenesis, progressiwh, a
clinical manifestation of AD. For instance, depiesds associated with a 2-fold increased riskXbrin
women but not in men; in contrast, stroke is asgediwith a 3-fold increased risk for AD in men hot

in women (Artero et al., 2008). Women with AD tencdexhibit a broader spectrum of dementia-related
behavioral symptoms and experience greater cogritterioration than men in the progression of the
disease (Barnes et al., 2005; Chapman et al., 28dllLet al., 2012; Irvine et al., 2012; Schmidtét
2008). Moreover, several studies presented atttent Alzheimer’'s Association International
Conference provide new evidence supporting the-larid belief that women’s brains are more

vulnerable than men’s brains to AD (Frantz, 201&ptiton, 2015).
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Increasing evidence indicates that sex also mashithe impact of genetic factors in the etiologAbf
Cognitively normal individuals with a maternal faynhistory of AD were found to express greater
phenotypic changes in AD-vulnerable brain regiarggesting a higher risk for developing AD as
compared to those with a paternal history or ndlfahistory (Berti et al., 2011; Honea et al., 2011
Mosconi et al., 2010). Furthermore, some geneti@amts appear to interact with sex to modify thekri
for AD. As an example, thet allele of the apolipoprotein E gene (APOE4),strengest genetic risk
factor for late-onset AD, has been associated avilr more pronounced risk for AD in women than in
men (Altmann et al., 2014; Bretsky et al., 1999r&iaet al., 1997; Mortensen and Hogh, 2001; Paydmi
al., 1996; Ungar et al., 2014). In contrast, dBallele of the APOE gene (APOE2), which is conside
as a neuroprotective variant, has been shown tieicargreater protection against AD in men than in

women (Altmann, et al., 2014; Johnson et al., 1298®jar, et al., 2014).

Despite recent advances in the understandingritaliaspects of sex differences in AD, the undiegly
mechanisms, for instance, how sex modifies AD aisét why the female brain is more susceptible to AD,
are not clear. In this study, using custom-desigreginan low-density arrays (TLDAs) and Ingenuity
pathway analysis (IPA) computing tools, we soughidtermine sex disparities in brain aging profiles
focusing on two major areas — energy and amyloithbwism — that are most significantly affected in
preclinical development of AD. The data revealdossantial differences in the overall trajectoryaging
changes between female and male brains. Early ekdndicative of the onset of a hypometabolic
phenotype in female brains could serve as an impbrhechanistic rationale for female susceptibtlity
AD; and timely intervention at this transition cdydotentially halt the progression of metabolicicies

and ultimately reduce the risk of developing ADniamen.



2. Materials and Methods

2.1. Animals

The use of animals was approved by the Instituti@namal Care and Use Committee at the University
of Southern California and followed NIH guidelinfes the care and use of laboratory animals. Animas
were bred and maintained under controlled conditimfrtemperature (22C), humidity, and light (14 h
light, 10 h dark) with water and food availaklglibitum. Both females and males, 4 age groups (5-6, 9-
10, 12-13, and 15-16 months), 5 mice per>sege group, a total of 40 129/C57BL/6 mice wereallige
this study. Hippocampal tissues collected from lommisphere of mice brains were used for TLDA gene
expression analysis; tissues collected from therdiemisphere were used for Western blot protein
expression analysis. The gene network was geneuated the IPA bioinformatics program. A detailed
description of the methods for both TLDAs and IRAd#es can be found in our recent report (Zhad.et a

2012).

2.2. TLDA gene expression profiling

TLDASs with two custom designs in 96-format (91 &irgenes and 5 candidate control genes were
included on each design) were manufactured at Agiosystems (Foster City, CA). Mouse
hippocampal RNA were isolated using the PureLinkAR¥ini Kit (Invitrogen, Carlsbad, CA). RNA
guantity and quality were analyzed using the ExgeRNA StdSens Analysis Kit on an Experion
Automated Electrophoresis System (Bio-Rad, Herc@dg. RNA to cDNA synthesis was prepared
using the High Capacity RNA-to-cDNA Master Mix (Ajmal Biosystems) on a MyCycler Thermal
Cycler (Bio-Rad). Tagman qRT-PCR reactions weréopered on 50 ng cDNA samples mixed with the

TagMan Universal PCR Master Mix 2X (Applied Biosssts), under the thermal cycling conditions:
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stage 1: AmpErase UNG activation at®&D/ 2 min / 100% ramp; stage 2: AmpliTaq gold DNA
polymerase activation at 94°6 / 10 min / 100% ramp; stage 3: melt at@7/ 30 sec / 50% ramp,
followed by anneal/extend at 59C / 1 min / 100% ramp, for 40 cycles. Fluorescemas detected on
an ABI 7900HT Fast Real-Time PCR System equippél thie Sequence Detection System Software
Version 2.3 (Applied Biosystems). Data were analyasing the RQ Manager Version 1.2 and
DataAssist Version 2.0 (Applied Biosystems). Gexgression fold changes relative to the comparison
group were calculated by the comparative&ZX(t) method, with Ct denoting threshold cycle (Livak and
Schmittgen, 2008)5election of the endogenous control gene for nomatan was based on the control
stability measureM), which indicates the expression stability of cohggenes on the basis of non-
normalized expression levels. Four samples persge group were included in the analysis. For each
sample ACt was calculated as the difference in Ct of tihgatagene and the endogenous control gene.
For each group, mean"2'was calculated as the geometric mean ¥t &f the 4 samples in the group.
Fold change was then calculated as me& 99t 90Uy megn 2ACt (comparison aroul) =6 change values
greater than zero indicate a positive expressiarperegulation relative to the comparison grougdFo
change values less than zero indicate a negatpression or down-regulation relative to the conguanri
group. The #“' values for each target gene were statisticallypamed between the target and
comparison group using Student’s t-test. The sigdissignificance was indicated by * P < 0.05,P*
0.01 and *** P < 0.001; P-values were unadjustednitiple testing corrections, thus it is possithiat
some of the results may not reach significance veheorrection is applied. The volcano plot displays
fold changes (X-axis) and P values (Y-axis) enapidentification of genes with both large and small
expression changes that are statistically sigmificBhe heat map displays results of unsupervised
hierarchical clustering. Distances between assayges are calculated based onAfx values using
Pearson’s Correlation. THeCt value of the middle/median expression levekisssich that red indicates

an increase with ACt value below the middle level, and green indisaelecrease withXCt value



above the middle level. In the assay centric mapedch assay, the middle expression level issstitea
median of all of thé\Ct values from all samples for that assay. Datatpdor a given assay can only be

compared relative to other data points for thaayss

2.3. IPA gene network profiling

IPA (Ingenuity Systems, www.ingenuity.com), whigvérages the Ingenuity Knowledge Base, the
largest database housing biological and chemitaioaships extracted from the scientific literatur
provides a bioinformatics computing tool to interpthe experimental gene expression data in thiexbn
of biological processes, pathways, and moleculawaris. The IPA network analysis identified
biological connectivity among molecules in the gerpression dataset that were significantly up- or
down-regulated (these molecules are called “netwbdible molecules” or “focus molecules” that serv
as “seeds” for generating networks) and their attons with other molecules present in the Inggnui
Knowledge Base. Network eligible molecules were biored into networks that maximized their specific
connectivity. Additional molecules from the IngetyuKnowledge Base (these molecules are called
“interacting molecules”) were used to specificalbnnect two or more smaller networks to merge them
into a larger one. A network was composed of digemjuiring direct physical contact between two
molecules) and indirect (mediated by intermediatedr(s)) interactions among focus molecules and
interacting molecules. Generated networks wereaatly the network score according to their degfee o
relevance to the network eligible molecules from dataset. The network score was calculated with
Fisher’s exact test, taking into account the nunaberetwork eligible molecules in the network ahd t
size of the network, as well as the total numberativork eligible molecules analyzed and the total

number of molecules in the Ingenuity Knowledge Bise were included in the network.



2.4. Western blot protein expression analyses

Total protein samples were extracted from mouspdupampus as previously described (Zhao et al.,
2009). 20-4Qug of protein samples were loaded per lane and atguhby electrophoresis on a 10-12%
SDS-PAGE. Proteins were then transferred to 0.2PWBDF membranes and probed with primary
antibodies against insulin-like growth factor 1 G 1:1000, Abcam, Cambridge, MA), clusterin (CLU;
1:1000, Santa Cruz Biotechnology, Dallas, TX),agn recepton (ERn; 1:1000, Santa Cruz
Biotechnology), estrogen recepfd(ERB; 1:500, Santa Cruz Biotechnology), G protein-cedpleceptor
30 (GPR30; 1:750, Santa Cruz Technology), progestéereceptors (PRs; 1:1000, Santa Cruz
Technology), and progesterone receptor membranpaoemt 1 (PGRMC1; 1:1000, Cell Signaling
Technology, Danvers, MA), af@ overnight, and then with HRP-conjugated secondatipodies
(1:3000~10000, Thermo Scientific Piece, Rockfokd, B-tubulin (1: 5000, Thermo Scientific Piece) or
B-actin (1:3000, Thermo Scientific Piece) was usetha loading control. Bands were visualized by
chemiluminescence with an ECL detection kit (BicdR&elative intensities of the immunoreactive
bands were captured by a C-Digit Chemiluminescé&estern Blot Scanner and quantitated by Image
Studio Version 4.0 (LI-COR, Lincoln, NE). Statistlty significant differences between groups (N = 5)
were determined by one-way analyses of variandéevield by Student-Newman-Keuls pairwise multiple
comparison post hoc tests. The statistical sigmifie was indicated by * P < 0.05, ** P < 0.01 atdP*

< 0.001.



Results

Total RNA isolated from hippocampal tissues of bietimale and male 129/C57BL/6 mice at ages of 6, 9,
12, or 15 months were comparatively analyzed byooaslesigned TLDAs for gRT-PCR detection of a
focused set of 182 genes involved in a broad spmctf biological processes modulating energy
production and amyloid homeostasis. Among 5 canelidantrol genes (18S, Actb, Gapdh, Hprtl, and
Ipo8), Gapdh exhibited the most stable expresdiracross all samples and thus was used as thektontr
gene for normalization in the following data anay©f the 182 target genes assayed, 17 genes that
showed low expression with Ct values > 35 werelwadall from the dataset (Tables S1 & S2); 165 genes

with Ct values < 35 are included in Figs. 1, 2A, 2Bd Table S3.

Gene expression profiles revealed substantial disgsain the overall trajectory of aging changes
between female and male brains; and female braimibiteed a much earlier onset of changes compared
to male brains ((Figs. 1, 2A, 2B, Table S3). Speally, in female brains, most changes (73 outGf 1
genes; 44.2%; 23 increase and 53 decrease) ocheteden the ages of 6 months and 9 months (Figs. 1
2A, 2B, 3). Among these, 37 genes involved in epengtabolism exhibited a fold change > 1.4-foldj an
the majority were downregulation (32 decreaseckemse), including: 1) four genes involved in
insulin/insulin-like growth factor (IGF) signalingfoxol (FC =-2.36, P = 0.012), Igfl (FC =-1.45 P
0.031), Irs2 (FC =-1.83, P = 0.0025), and Prk&&d € -1.72, P = 0.026); 2) two genes involved in
glycolysis: Ldhb (FC =-2.01, P = 0.000001), LdiC(= -2.01, P = 0.0024); 3) four genes involved in
pyruvate dehydrogenase (PDH) complex and tricalimagid (TCA) cycle: Pdk2 (FC =-1.70, P =
0.020), Pdk3 (FC = -1.71, P = 0.0052), Sdha (FC.44, P = 0.027), and Sdhb (FC = -1.55, P = 0.0018)
4) four genes involved in electron transport cH&MC) and oxidative phosphorylation (OXPHOS):
Ndufs4 (FC = -1.88, P = 0.0011), Ndufs8 (FC = -175 0.00073), Uqcrc2 (FC = -1.42, P = 0.0077),
and Uqgcrfsl (FC = -1.74, P = 0.00087); 5) severeg@émvolved in reduction and oxidation (Redox)»Glr
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(FC = -2.04, P = 0.0044) , GIrx2 (FC = -2.07, P.80053), Gpx1 (FC = -1.96, P = 0.0018), Gpx4 (FC =
1.47, P = 0.037), Prdx3 (FC = -1.47, P = 0.000088y1 (FC = 2.09, P = 0.00077), and Sod2 (FC = -
1.43, P =0.000077); 6) nine genes involved ingpant: Hspd1 (FC = -2.30, P = 0.00013), Slc25a13 (F
=-1.60, P = 0.0017), Slc25a27 (FC = 1.68, P =0,081t25a4 (FC = -2.21, P = 0.0000003), Sic2al (FC
=1.78, P = 0.020), SIc2a3 (FC = 1.44, P = 0.0R2)m23 (FC = -1.99, P = 0.0015), Timm20 (FC = -
1.83, P =0.0037), Vdac2 (FC = -1.48, P = 0.03pirié gene involved in apoptosis: Bcl2 (FC = -1B8,
= 0.039); 8) nine genes involved in lipid/ketonetam®lism and cholesterol trafficking: Acaala (FE =
2.57, P = 0.000011), Acaa2 (FC = -1.70, P = 0.008¢xdI (FC = -2.19, P = 0.0097), Acadm (FC = -
1.49, P =0.027), Acadvl (FC = 1.60, P = 0.045), tA¢&C = -1.58, P =0.017), Cpt2 (FC = -1.59, P =
0.00090), Decrl (FC =-1.76, P = 0.0045), and R&éh=-1.69, P = 0.0022). No genes involved in
mitochondrial biogenesis and dynamics exhibitediéh éhange > 1.4-fold at the transition from 6 nient

to 9 months in female brains.

In regards to genes involved in amyloid metabolisthgenes exhibited a fold change > 1.4-fold at 9
months relative to 6 months in female brains, idirlg six that increased in expression: Apbbl (FC =
1.53, P =0.032), Apbb3 (FC = 1.91, P = 0.035),8a¢C = 1.57, P = 0.025), Ctsb (FC = 1.50, P =
0.036), Ncstn (FC = 1.44, P = 0.0057), and Pse@1=R.49, P = 0.022), and four that decreased in
expression: Apba2 (FC =-1.41, P = 0.038), App €~1.48, P = 0.0061), Nael (FC = -2.07 P = 0.0087),
and Psenen (FC = -2.09, P = 0.00063). Additionalg, genes that are recently identified as gemstic
factors for late-onset AD exhibited a decreasedeasgion > 1.4-fold, including Clu (FC =-1.84, P =

0.0016) and Picalm (FC =-1.43, P = 0.0065).

Compared to the changes in female brains that cedat the transition from 6 months to 9 monthereh
were not only a much smaller number of genes tsat thle majority of them were altered at a much
smaller magnitude at transitions from 9 monthszaeribnths and from 12 months to 15 months. A total
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of 18 genes (10.9% of the total number of genelyaed) were significantly changed from 9 months to
12 months, and only three of them exhibited a ébldnge > 1.4-fold, including: Foxol (FC = -1.406; P
0.026), Gpx3 (FC = 1.44, P =0.030), and Pcdh1Tx£F2.04, P = 0.024). Similarly, a total of 10 gen
(6.1% of the total number of genes analyzed) wigrgfecantly changed from 12 months to 15 months,

and only one of them exhibited a fold change >ftld; Cyp27al (FC = 1.85, P = 0.029).

Male brains exhibited two major differences compagefemale brains. First, male brains underwent
substantially less changes between the ages ohthsiand 9 months; nine genes were significantly
changed, 2 increased and 7 decreased, represbrtdgof the total number of genes analyzed. In
addition, the magnitude of changes in male braias much smaller than those that occurred in female
brains; all nine genes exhibited a fold change3<fdld. Similarly, a total of nine genes exhibited
significant change from 9 months to 12 months, taeg all had a magnitude of change < 1.3-fold. The
second major difference between male and femalasoveas detected between the ages of 12 months and
15 months. During this age period, female brairshited the fewest changes in both the number of
genes and the overall magnitude, whereas maleshuaitherwent the most changes involving a totabof 4
genes, representing 27.3% of the total number négexamined. Among them, the majority presented
an increase in expression (35 increase, 10 degreambeight genes exhibited a fold change > 1ldi-fo
including: five increases in expression: Igfl (FQ.63, P = 0.00046), Prdx3 (FC = 1.41, P = 0.000024
Mfnl (FC = 1.54, P = 0.0055), Bcl2 (FC = 6.29, B.e000001), and Bace2 (FC = 1.94, P = 0.038), and
three decreases in expression: Bcl2l1 (FC = -32860.0000001), Nr1h3 (FC = -1.91, P = 0.016), and

Apba3 (FC =-3.52, P = 0.0021) (Figs. 1 and Talde S

The graph in Fig. 4 displays the IPA network (wathetwork score of 85), with the most relevance to
gene expression changes occurring at the tranditom6 months to 9 months in female brains. Within
this large network that includes 40 focus molec@eferring to significantly changed genes included
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the dataset), two sub-networks were revealed. Onenstwork was largely populated with bioenergetic
genes and many of them were decreased, in whithalgfpeared to serve as a central node. The other
sub-network was populated primarily with genes lmgd in amyloid production and many of them were

increased. Clu appeared to serve as a linker bettheewo sub-networks.

Changes in the expression of Igfl and Clu at thesition from 6 months to 9 months in female brains
were further confirmed by western blot analysesigixient with the gene expression data, the protein
levels of both Igfl (FC = 0.73 9 months vs 6 monkhs 0.029) and Clu (FC = 0.68 9 months vs 6
months; P = 0.042) were significantly decrease@irmabnths compared to 6 months (Fig. 5). Among the
six major estrogen and progesterone receptors zewdlpnly ER showed a significant change between 6

months and 9 months (FC = 0.70 9 months vs 6 mpRtks0.047) (Table 1 and Fig. S1).
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Discussion

AD disproportionally affects women more than meroriién have a greater lifetime risk of developing
AD and constitute two thirds of the current AD plation (Brookmeyer, et al., 2011; Thies and Blgiler
2013). The prevailing view has been that women&eptibility to AD is due to the fact that theydiv
longer and hence have a higher age-associatetbrigiD, which is true to a minimal extent. Statisti
show that the living age difference between menvamhen is not as large as one might think. Curyentl
the average life expectancy worldwide for all pedpl71 years, 69 years for men and 73 years for
women, a difference of four years (www.statista.c2@15), whereas on average people with AD can live
eight to 10 years from the diagnosis (http://wwaha&imers.org.uk, 2015). Results from a meta-aralysi
of seven sex-specific studies concluded that woweme 1.5 times more likely to develop AD than age-
matched men (Gao et al., 1998), which is consistéhtthe data derived from the Cache County study
that showed a clear higher incidence of AD in wort#andi et al., 2002). These findings suggest that
age does not solely account for the sex disparitiie prevalence of AD, and there must be oth¢offac
that play an even greater role in predisposing fesn@ a higher level of risk for AD. Understandthg
biological bases underlying such sex differencesbncould potentially lead to new directions for
preventing or reducing the risk of developing tieedse, especially in the high-risk populationldeo

women.

In this study, using custom-designed TLDA geneyaprafiling and IPA bioinformatics computing tools,
we analyzed the expression aging profile and iotemanetwork of a focused set of genes in the
hippocampus of both female and male mice. The tggees were selected based on their involvement in
energy and amyloid metabolism, two major areasat@most significantly affected in preclinical
development of AD (Brinton, 2009; Mosconi et aDO8; Swerdlow et al., 2013; Yao et al., 2009). The
results revealed substantial disparities in thiedtary of changes with age, most significantlg tnset
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of changes between female and male brains. In &brains, 44.2% of genes showed significant changes
between the ages of 6 months and 9 months, archédrges were overall indicative of decreased
bioenergetic function and increased amyloid dyshastasis. Protein analysis revealed that among six
major estrogen and progesterone receptors, onfyexRibited a significant change at this early titzors

in female brains. In stark contrast, in male braimdy 5.4% of genes were significantly changethi

same period. Subsequent changes in female bramsrelatively small; however, in male brains, most
changes occurred between the ages of 12 monthssamibnths and the majority of changes were
upregulation, suggesting a possible adaptive resptnthe aging process. Taken together, these data
indicate that female and male brains follow profiiyrdisparate paths as they age, and female brains

appear to undergo a much earlier aging processntiadm brains, in which ERmay play a role.

Among the genes involved in energy metabolism,ifiggmt changes associated with the earliest
transition in female brains spanned across alltfanal domains examined, including insulin/IGF
signaling, glycolysis, PDH and TCA cycle, ETC andRHOS, redox, lipid and ketone metabolism,
mitochondrial biogenesis, mitochondrial dynamicangport, and apoptosis, indicating a system-level
bioenergetic decline. Bioinformatics analysis réeddhat IGF1 appeared to serve as a central mottesi
overall decreased bioenergetic network associatidtie transition from the age of 6 months to 9
months in female brains, which is consistent wlid Wwell-characterized properties of IGF1 as a maste
regulator of metabolism in both central and peniphsystems (McRory and Sherwood, 1997; Wit and
Walenkamp, 2013). In the brain, IGF1 plays a sigaift role in diverse neural activities from early
development to adult neurogenesis, to neuronahslnand to cognition (Benarroch, 2012; Torres-
Aleman, 2010). In particular, IGF1 has been weatbgmnized for its role in the regulation of cellular
bioenergetics and energy production. IGF1 signakagglates multiple targets in glucose metabolism,
including facilitation of the translocation of glhue transporters from the cytosol to the plasma

membrane, thereby facilitating cellular glucosealiptand subsequent ATP generation (Bassil et al.,
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2014; Yin et al., 2013). Moreover, IGF1 polymorphsshave been associated with increased risk for AD
(Vargas et al., 2011; Wang et al., 2012), furthighlighting the importance of IGF1 signaling in the
maintenance of neurological health. Thus, it camtgected that sustaining IGF1 signaling and the
downstream metabolic cascades through physicaiampacological interventions holds promise to
maintain the brain under a bioenergetically rolstste, and as a result, offers a therapeutic Heagsinst

the onset of metabolic deficits that could leathedevelopment of AD.

In addition to IGF1 signaling, another major chanfiparticular significance was clusterin (CLU), iain
exhibited a 1.84-fold decrease in expression a6ttee9-month transition in female brains.
Bioinformatics analysis revealed that CLU may pdale in the regulation of both bioenergetic and
amyloid metabolism in the brain. CLU, also knowragslipoprotein J, is a highly conserved
glycoprotein that has been demonstrated as a pvosalregulator in a variety of pathological event
including cancer progression and neurodegeneréBieriram and Tanzi, 2010; Nuutinen et al., 2009;
Rizzi and Bettuzzi, 2010; Sala et al., 2009). Régetwo independent genome-wide association studie
and many follow-up studies have demonstrated agtagsociation between CLU genetic variants and
increased risk for late-onset AD (Harold et al.020Lambert et al., 2009). Moreover, recent stutleegse
shown that CLU may play a role in the regulatiogloicose metabolism (Daimon et al., 2011; Kim et al
2011), and serve as a cellular biosensor of axielatress (Trougakos, 2013). CLU has also beewrsho
to regulate amyloid metabolism by limiting amylgidptide misfolding and facilitating their transport
across the blood-brain barrier (Charnay et al.2201 and Tan, 2012). These earlier studies, aluitly
our current findings, warrant further in-depth iatigations of the roles of CLU in both normal
neurological health and in the etiology of AD adlas its potential as a therapeutic target for AD

prevention and early intervention.
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The major question that remains to be determinedhat could have caused the earliest transition in
female brains. Could it have resulted from a repotigle status change, in particular, a reproductive
transition similar to what occurs in humans, ilee, transition from premenopause to perimenopalmse?
general, reproductive cycle irregularity in lab eatk, including both rats and mice, begins afterofiths
(the age of “retired breeders”) and is significamticreased after 8 months, although some animais m
be still actively cycling until 15 months of aged$§glen et al., 1983; Nelson et al., 1981). Regrigitéie
animals used in this study were not monitoredHeirtcycling profiles, so a conclusive correlatmould
not be drawn between the changes in the brainfenceproductive phenotype. Nevertheless, based on
our recent analysis in which we found that apprataty 50% of lab rodents at 9-10 months of age are
irregular cyclers, it is reasonable to postulatg the 9-10-month female mice group used in oulyaiza
were likely to be a heterogeneous population comgha$ both regular and irregular cyclers and they
could have been at different estrous stages wiltg@rcycle. Despite the possibility that these mice
differed in their reproductive profiles when tissweere collected, their brains exhibited greatlysistent
expression patterns as shown in Fig. 2 and Figu@gesting that the changes observed between éise ag
of 6 months and 9 months in female mice brains atbe simply related to the reproductive status or
levels of classical sex hormones, such d&dstradiol and progesterone. With respect to tlssipte role
of sex hormone receptors, it remains to be detexthitow significantly a decrease in [EBould

contribute to the changes at this earliest trasith female brains. Together, these uncertaimgsant
further in-depth investigations of potential cobtriors beyond the traditional concepts of repradeact
aging and classical sex hormones that could plagjar role in modulating sex-specific brain aging

processes.

In summary, the purpose of this study was to determow female and male brains age differently,
specifically in two major areas that are most gigantly affected in preclinical development of ADhe

study presents several strengths and noveltiehiniadly, the state-of-the-art qRT-PCR-based TLDA
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gene profiling technology provided us with not oalthroughput but also a robust approach to
investigate our hypotheses-driven questions asgesylevel. Scientifically, different from sevemlor
studies that explored a similar subject, includimgstudy conducted by Xu et al in which the reseens
focused on late aging in mice (6, 16, and 24 mor{g et al., 2007), our study targeted an earipgg
window in mice (6, 9, 12, and 15 months). Our firgdi provide strong evidence indicating that female
and male brains follow profoundly dissimilar trdj@@es as they age. The earliest transition indieadf
the onset of a hypometabolic phenotype in femabrcould serve as an important mechanistic
rationale for female susceptibility to AD; and timentervention at this transition could potentyafialt

the progression of metabolic deficits and ultimatelduce the risk of developing AD in women.
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Table 1: Estrogen and progesterone receptor protein expresBanges from 6 months to 9 months in

female brains

Recepta Fold Chang P-Value
(9mo vs 6mo)
ERo 0.71£0.1. 0.07:
ERB 0.70+£0.10 0.047*
GPR3( 0.77 £ 0.1 0.16¢
PRA 0.95+0.1 0.397
PRE 0.85+0.1 0.18:2
PGRMC] 1.08+0.1 0.34¢

#Western blots and graphs are included in Fig. S1
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Figure Legends:

Figure 1. Female and male mice hippocampal gene expressanmgeb with age. In female brains, 44.2%
(73 genes, 23 increase, 50 decreases), 10.9% (&8,g&increase, 15 decrease), and 6.1% (10 denes,
increased, 1 decreased) of genes showed signifibaniges between the ages of 6 months and 9 months,
9 months and 12 months, and 12 months and 15 maegpectively. In contrast, in male brains, 5.4% (
genes, 2 increase, 7 decrease), 5.4% (9 genewedse, 5 decrease), and 27.3% (45 genes, 353B¢crea
10 decrease) of genes were significantly changad the ages of 6 months to 9 months, 9 months to 12

months, and 12 months to 15 months, respectively.

Figure 2A. Female and male mice hippocampal gene expresging profile comparison. The heat maps
display the relative expression levels of 85 gemigis Ct < 35 analyzed by TLDA #1 (list of genes are
included in Table S1); 4 mice per age group; reicates high expression, green indicates low

expression.

Figure 2B. Female and male mice hippocampal gene expresging profile comparison. The heat maps
display the relative expression levels of 80 gemigis Ct < 35 analyzed by TLDA #2 (list of genes are
included in Table S2); 4 mice per age group; reicates high expression, green indicates low

expression.

Figure 3. Hippocampal gene expression changes between éseod@ months and 9 months in female
mice. The heat maps display the relative expredsiais of genes that were significantly changednfr
6 months to 9 months in female mice, including 86egs from TLAD #1 (upper panel) and 37 genes
from TLDA #2 (lower panel); 4 mice per age grougd indicates high expression, green indicates low
expression. The volcano plots display fold char{gfeaxis) with P-values (Y-axis) from 6 months to 9
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months in female mice on all genes analyzed by Ti2Aupper panel) and TLDA #2 (lower panel);
each dot represents a gene; red indicates upredudanes, green indicates downregulated genes; dots
that fall above the horizontal blue line indicaigngicantly changed genes (P < 0.05), dots thiabfelow

the blue line indicate non-significantly changedeg (P > 0.05).

Figure 4. The IPA-derived molecular network with the mosex@nce to gene expression changes
between the ages of 6 months and 9 months in femiake Molecules (or nodes) in the network are
displayed as various shapes that indicate theifimadtclass. Focus molecules (colored moleculdey re
to genes from the dataset. Red indicates significapregulated genes (P < 0.05), green indicates
significantly downregulated genes (P < 0.05), graljcates non-significantly changed genes from the
dataset (P > 0.05), and white indicates molecudegé from the Ingenuity Knowledge Base; color
intensity indicates the degree of up or downregahat_ines (or edges) connecting molecules indicate
biological relationships; solid lines indicate direnteraction, dashed lines indicate indirectrattions,
and circular lines indicate self-referential redaghips that arise from the ability of a molecal@tt upon
itself; the types of arrows indicate specific biiteal relationships and the directionality of the

interaction.

Figure 5. Hippocampal insulin-like growth factor 1 (IGF1) addsterin (CLU) exhibited significant

changes at both gene and protein levels at theitiamfrom 6 months to 9 months in female micé& 4-

mice per age group; * P < 0.05 and ** P < 0.01.
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Supporting Information

Table S1: TLDA #1 — Tagman gene expression assays
Table S2: TLDA #2 — Tagman gene expression assays
Table S3: Gene expression fold changes and P-values
Figure S1: Estrogen and progesterone receptoripmtpression changes from 6 months to 9 months in

female brains
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Highlights:

1

2.

Female and male brains follow profoundly dissimilar trgjectories as they age.
Female brains undergo age-related changes much earlier than male brains.
Early changes in female brains signal the onset of a hypometabolic phenotype at risk for AD.

Timely intervention at the onset of early changes could potentially halt the progression of
metabolic deficits and ultimately reduce the risk of developing AD in women.



