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Abstract

In all mammalian species examined thus far, theriesgproduce a burst of ornithine
decarboxylase (ODC) and putrescine during ovulatiorafter application of a bolus of
human chorionic gonadotropin (hCG). Aged micedefcient in this peri-ovulatory ODC
and putrescine burst. Moreover, peri-ovulatory ggtme supplementation in aged mice
increases egg quality and reduces miscarriage fEtese studies suggest that peri-ovulatory
putrescine supplementation may be a simple andteféetherapy for reproductive aging for
women. However, putrescine has never been usednvaihs and, currently no pure source
of putrescine is suitable for human trials. GiveattODC is highly expressed in the ovaries
during ovulation but otherwise exhibits low actvih most tissues, we hypothesized that L-
ornithine, the substrate of ODC, might be a be#tkernative. In this study, we have
demonstrated that systemic application of L-ornghincreased ovarian putrescine levels;
the increase was restricted to animals that had bgected with hCG. Furthermore, L-
ornithine specifically increased ovarian putresdeels without affecting putrescine levels
in most other tissues. Unfortunately, thus farqoemlatory L-ornithine supplementation in
mouse drinking water produced mixed effects on aepctive outcome in aged mice.
Therefore, our studies demonstrated the potenfidl-ornithine supplementation as a
possible therapy for aging-related infertility, butrther work is required to produce an

effective application method.
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1. Introduction
1.1. Reproductive Aging and Infertility

An increasing tendency in modern industrializediety is to delay childbearing until
later in life. However, this delay has a large itpan fertility. According toStatistics
Canada the percentage of women having children at thee 35 years and beyond has
nearly doubled from 10.8% in 1993 to 20% in 2018tHe same period, the percentage of
women waiting until at least age 35 to have thest thild has doubled from 6.1% in 1993

t0 12.9% in 2013Https://www.statcan.gc.ca/pub/82-625-x/201600 0kl 4673-eng.htin

Attempting to conceive a child after 35 years otenaal age is significantly more difficult
compared to younger ages. Women are delaying @alilig in many developed countries
including the US, England, and France (Baird e28l05; Maher and Macfarlane, 2004) due
to economic, social, and technological changes g al., 2008). Delayed childbearing is
accompanied by reduced oocyte quality (Navot et1891; Wang et al., 2012), which
increases aneuploid conception (Benadiva et a@6;1Bemko et al., 2016) and the risk of

miscarriage (Haadsma et al., 2010; Nybo Andersaih,2000).

Compared to human males, who produce sperm fremlge stem cells throughout
adulthood, females have a limited supply of oocytesheir reproductive lifespan. Oocyte
formation begins during gastrulation in fetal deyghent. During gastrulation, uncommitted
epiblast cells differentiate and commit to beconpnighordial germ cells (PGCs). The PGCs
then migrate to the area of the prospective gondmse they differentiate further to become
oogonia. These oogonia then begin to proliferaté fmnm groups, known as germ cell
clusters. Within these clusters, the oogonia urmdrgther DNA replication, entering

meiosis where they are known as primordial oocytsiosis only progresses through the



leptotene, zygotene, and pachytene stages of pgephahere it arrests at the diplotene stage
of prophase | (van den Hurk and Zhao, 2005). Thegss of oogenesis endows women with
the total number of possible oocytes for their ogpictive lifespan, which is also termed the
ovarian reserve (Hansen et al., 2012). At birthhas been estimated that women have
approximately 295,000 non-growing follicles. Unfarately, with age this number decreases
such that there is an estimated 180,000 non-grovualtigles at age 13, 65,000 at age 25,
16,000 at age 35, and less than 1,000 by the ageobpause (Wallace and Kelsey, 2010).
Thus, increased maternal age is not only assocvatbddecreased oocyte quality (Navot et

al., 1991; Wang et al., 2012), but also with deseglanumbers of oocytes.

Due to the reproductive challenges associated adfanced maternal age, many
women seek help from assistive reproductive tedygies (ARTs). ARTs such as vitro
fertilization (IVF) are powerful technologies tosaést conception but they also have some
disadvantages. Women undergoing IVF treatmentgiatyl their own eggs exhibit age-
dependent increases in spontaneous abortion ratapatable to the general population
(Haadsma et al., 2010; Schieve et al., 2003). Hewegpatients utilizing donor oocytes,
generally from young donors (Sauer and Kavic, 200@ye relatively low spontaneous
abortion rates irrespective of age (Schieve eR@D3). Taken together, these studies support

the notion that poor oocyte quality is of the utinogportance in reproductive aging.

1.2. Mammalian Oocyte Prophase Arrest
As previously mentioned, primordial oocytes remairested at the diplotene stage
of prophase | throughout follicular development gnalvth, which can last as long as months

in mice, or decades in humans (McGee and Hsuel®)200



In the ovaries, oocytes are maintained at theotBpk stage of prophase | by intricate
signalling pathways involving both cellular (Zhaegal., 2010) and molecular interactions
(Jones, 2008). High levels of cyclic adenosine nptwogsphate (CAMP) in the oocytes ensure
prophase | arrest is maintained (Jones, 2008). cAMProduced in the oocyte by a
constitutively active heterotrimeric G protein didinked receptor, GPRGPR. This G
protein complex stimulates adenylyl cyclase to Bgaize CAMP in the oocyte (Hinckley et

al., 2005; Mehimann, 2005; Mehlmann et al., 2002).

The oocyte is further surrounded by layers of saralls. The first few layers of
cells directly surrounding and in contact with taeyte are cumulus cells. Some but not all
the cumulus cells enclosing the oocyte are attathedher somatic cells known as mural
granulosa cells. Both cumulus and mural granulagks play roles in regulating cAMP
concentrations in the oocyte. Mural granulosa algete natriuretic peptide precursor type
C (NPPC). NPPC then binds and activates natriupgfatide receptor 2 (NPR2), a guanylyl
cyclase, on cumulus cells surrounding the oocyatarg cyclic guanosine monophosphate
(cGMP). The cGMP created by NPR2 then diffusesuinogap junctions, composed of the
protein connexin 43, from the cumulus cells inte tocyte. cGMP then inhibits the cCAMP
degrading enzyme phosphodiesterase 3A (PDE3A) enoibcyte (Zhang et al., 2010).
Together, the combined action of cCAMP productiod BDE3A inhibition by cGMP ensures

high levels of cCAMP and meiotic arrest at prophlase

1.3. Mammalian Ovulation
As oocytes are maintained at prophase | of meiasklsyrmonal trigger causes the
resumption of meiosis shortly before ovulation @fte onset of puberty (Pelosi et al., 2015).

Prior to ovulation, luteinizing hormone (LH) bintts the LH receptor on mural granulosa



cells (Amsterdam et al., 1975; Peng et al., 199¢ same LH receptor is also activated by
the ovulatory hormone human chorionic gonadotr¢pi@G). Binding of the LH receptor
promotes the production of epidermal growth fadBéGF) like proteins within mural
granulosa cells (Park et al., 2004). EGFs rapidiybit NPR2 activity (Egbert et al., 2014;
Liu et al.,, 2014; Robinson et al., 2012) and at¢#venitogen-activated protein kinase
(MAPK) to phosphorylate connexin 43 connecting¢henulus cells and the oocyte (Norris
et al., 2008; Norris et al., 2009; Sela-Abramowathl., 2005; Sela-Abramovich et al., 2006).
Inhibition of NPR2 prevents cGMP production in tbemulus cells. Phosphorylation of
connexin 43 reduces gap junction permeability twereeducing cGMP secretion to the
oocyte (Norris et al., 2008; Norris et al., 2008here is also a slow decrease in NPPC
secretion by mural granulosa cells reducing agowvadf NPR2 (Egbert et al., 2014; Liu et
al., 2014; Robinson et al., 2012). These two preeesesult in a net decrease of cGMP in
the oocyte. This allows PDE3A to hydrolyze cAMRhe oocyte, promoting the resumption

and continuation of meiosis.

1.4. Oocyte Maturation and Quality
Binding of LH to the LH receptor re-initiates memsn the oocyte, indirectly as

described above. This allows the oocyte to comptet@sis | where the oocyte eliminates
one set of homologous chromosomes in polar bodlgd.oocyte then continues into meiosis
II, such that by the time the oocyte is ovulatédetarrests at metaphase Il. Meiosis only
proceeds to the end if/when the oocyte is fertilibg sperm where it eliminates one set of
sister chromatids in polar body Il. The periodiafd from meiotic re-entry to metaphase II
re-arrest is known as oocyte maturation (JamnoaggitHammes, 2005). Oocyte maturation

occurs concurrently with ovulation and can be subdid into nuclear and cytoplasmic



maturation (Eppig et al., 1994). Nuclear maturatifers to the active progression of meiosis
in the oocyte where it eliminates one set of homols chromosomes in polar body | and
re-arrests at metaphase Il awaiting fertilizatiGgtoplasmic maturation includes a variety
of processes including the relocation of organeligathesis of oocyte-specific proteins, and
alterations of membrane transport systems (Moal. £1998). Both nuclear and cytoplasmic
maturation must occur synchronously in order foe thocyte to be endowed full

developmental competence (Moor et al., 1998). Wheclear maturation occurs in the

absence of cytoplasmic maturation, the oocyte iablento support fertilization and

development of the embryo to term (Eppig et al94)9Therefore, to ensure a high-quality
oocyte capable of supporting fertilization and s$sful embryogenesis both of these

programs must occur together.

Unfortunately, as maternal age increases manyeopthcesses involved in nuclear
and cytoplasmic maturation become flawed or oamyroperly. This leads to drastic effects
on oocyte quality that are generally detrimentateéproductive potential. Issues affecting
oocyte nuclear and cytoplasmic maturation witheased maternal age are numerous, some
examples are provided. Increased maternal agesaiased with increased incidence of
incorrect chromosomal separation. This creates @yte with an incorrect number of
chromosomes known as aneuploidy, many of whicmateurvivable (Chiang et al., 2010;
Duncan et al., 2012; Kuliev et al., 2011). In aitdhif increased maternal age has been
associated with decreases in mitochondrial numbdradtered mitochondrial distribution
and activity (Liu et al., 2016b; Udagawa et al.120Wai et al., 2010). These decreases and
alterations can detrimentally affect mitochondmiginamics or energetics in the oocyte

leading to issues such as insufficient ATP produrcttausing issues during embryonic



development. Last, during oocyte maturation, chtormassociated histones are generally
fully deacetylated and the chromatin is transaooipdily silent (Akiyama et al., 2004,
Akiyama et al., 2006). However, increases in mateage have been associated with
insufficient levels of histone deacetylation. Thean cause insufficient chromatin
compaction, which can lead to issues with chroma@sseparation and can cause aneuploidy
(Gu et al.,, 2010). Together, all these issues nesylt in poorer oocyte quality and

diminished developmental potential of oocytes.

Given the critical role of oocyte maturation in eggality, improving the oocyte
maturation process in aged animals may improvegegdty. In this regard, supplementation
of the polyamine putrescine during oocyte maturdtieulation might be a useful strategy to

lessen the deterioration in oocyte quality obsewgh increased maternal age.

1.5. Polyamines

The polyamines putrescine, spermidine, and sperm@mieeubiquitous poly-cationic
molecules found in all cells that play importandlbgical roles. Some of the defined roles
vivo include: the maturation of eukaryotic initiatioacfor 5A (elF5A) (Nishimura et al.,
2012; Pallmann et al., 2015; Sievert et al., 20#dgulation of ion channels (Pegg, 2009,
2016), roles in heritable disease (Cason et aQ3RGnd roles in reproduction (Liu et al.,

20164a; Liu and Tao, 2012; Tao et al., 2015).

1.5.1. Polyamine Biosynthesis
The polyamine biosynthetic pathway begins with tkazyme L-ornithine
decarboxylase (ODC). ODC is the first and ratediimgi reaction in polyamine biosynthesis.

ODC catalyzes the decarboxylation of L-ornithine poduce putrescine (a diamine).



Putrescine is the precursor to the higher polyasapermidine (a triamine) and spermine (a
tetraamine). To produce spermidine and spermirgjedosylmethionine (SAM) becomes
decarboxylated by the action of SAM decarboxyl&&N-DC) producing decarboxylated
SAM (dcSAM). The enzyme spermidine synthase themsfiers an aminopropyl moiety from
dcSAM to putrescine to produce spermidine. In alammanner, spermine synthase transfers

an aminopropyl moiety from dcSAM to spermidine toguce spermine (figure 1).

The polyamines can also be interconverted. Thismdhrough two enzymatic steps
involving sequential action of spermidine/spermiNé acetyl transferase (SSAT) and
acetylpolyamine oxidase (PAO). SSAT can monoacktyfpermidine or mono- or di-
acetylate spermine. Acetylated polyamines havefanas: export via a transport protein and
elimination in urine (Gerner and Meyskens, 2004¢amversion back to lower polyamines
by PAO. In addition to the action of SSAT and PA®Dcbnvert spermine to spermidine,
spermine can be directly converted to spermidiaghe action of spermine oxidase (SMOX)
(Pegg, 2016) (figure 1). The importance of the S$Addiated back conversion pathway is
unknown. Embryonic knockout of SSAT in mice was observed to affect life expectancy,
tissue polyamine pools, or cause phenotypic abndresawhen compared to controls
(Niiranen et al., 2006). Polyamines are availabteugh diet (Atiya Ali et al., 2011; Bardocz
et al., 1995; Nishibori et al., 2007; Okamoto et #097) and are produced by gut bacteria
where they can be absorbed (Kibe et al., 2014; Keaal., 2000; Sugiyama et al., 2017).
Given that the transport proteins responsible follygmine translocation remain poorly
characterized in mammals (Pegg and Casero, 204 )camplete method of polyamine

uptake and efflux is not well understood.
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1.5.2. Ornithine Decarboxylase (ODC)

ODC is the rate-limiting reaction in the productieihpolyamines. Active ODC is a
homodimer with two active sites consisting of regislfrom both monomers (Coleman et al.,
1994). Eukaryotic ODC is highly specific for L-otinine and demonstrates 250-fold lower
activity for L-lysine and 1,000-fold lower activitipr L-arginine compared to L-ornithine
(Osterman et al., 1995). The association betwee@ Giers is unusually weak. Thus, under
physiological conditions active ODC dimers and theec ODC monomers are in rapid

equilibrium (Pegg, 2006).

In vitro assays comparing the enzymatic activity of ODC apdrmidine and
spermine synthases in tissue extracts have beeertakdn (Raina et al., 1976). They
revealed that ODC activity is approximately 1041@0-fold lower compared to the activity
of spermidine or spermine synthases (Raina et @r6). In addition, ODC has a very short
half-life, measuring approximately 10-20 minutesvivo (lwami et al., 1990; Russell and
Snyder, 1969; Tabor and Tabor, 1984). Since ODAQvigctis low in most tissues,
concentrations of putrescine are generally low cameg to spermidine and spermine
(Nishimura et al., 2006; Wagner et al., 1984). Tifeerence in putrescine concentrations
was further demonstrated in studies examining thieepcine concentrations in regenerating
rat liver. The half-life of putrescine was showrotdy be approximately two hours compared
to the roughly four day half-life of spermidine (&&ell et al., 1970). These findings further
explain why only low levels of putrescine are obser in most tissues compared to

spermidine and spermine.



Regulation of ODC

ODC is regulated in a complex manner, but is pradantly controlled at the level
of protein longevity (Pegg, 2006). ODC monomerstargeted for proteasomal degradation
in cells in a ubiquitin independent manner (Murakatral., 1992). Antizyme (AZ) binds to
ODC monomers with high affinity. This prevents OD®nomers from associating into an
active dimer form. Once bound, AZ directs the ODGnmer to the 26S proteasome for
degradation. However, AZ is not degraded by thégasome allowing AZ to target other

ODC monomers for degradation (Coffino, 2001; Murakat al., 1992).

Levels of AZ are regulated by polyamine concentregi AZ expression is induced
by high intracellular concentrations of polyamireesd suppressed by low concentrations
(Petros et al., 2005). AZ also inhibits import atracellular polyamines and increases the
rate of export of acetylated polyamines (Mitchelak, 1994; Sakata et al., 1997; Sakata et

al., 2000; Suzuki et al., 1994).

In humans, there are three AZ homologues (lvanalvAskins, 2007; Ivanov et al.,
2000). AZ1 and AZ2 are expressed in most tissuespor haploid germ cells in the testes.
AZ2 is expressed at much lower levels comparedZ® And does not degrade ODCimn
vitro assays, but inhibits polyamine import (Zhu etE#99). AZ3 expression is restricted to
the testes and regulates ODC activity during spergesesis in haploid germ cells (Tosaka

et al., 2000).

All members of the AZ family are regulated by Azibitor (AZIl). AZI inactivates
all members of the AZ family (Mangold and Leber20d05) preventing ODC degradation.

AZ has a higher affinity for AZI than it does foD@. Thus, AZI can displace bound ODC



monomers from AZ. This allows the ODC monomersitoatize and become catalytically

active (Pegg, 2006; Perez-Leal and Merali, 2012).

Importance of ODC

Polyamines play an important role in cell prol#ton from yeast (Schwartz et al.,
1995) to mammals (Pendeville et al., 2001). LoSS3IDC expression in haploid yeast induced
by loss of function mutations results in growtheatr (Schwartz et al., 1995). Upon
supplementation of exogenous putrescine, spermidine spermine, growth resumes and
the yeast appear phenotypically normal (Schwartd.e1995). Furthermore, wh&DC is
knocked out embryonically in mice, the embryosidiaterobetween embryonic days four
and six (E4 to E6) (Pendeville et al., 2001). Sdewel of proliferation occurs prior to
embryonic death as these embryos persist throughbldstocyst stage. However this is
thought to be largely attributed to maternally ded ODC in the oocyte (Pendeville et al.,

2001).

Consistent with the role of ODC in cell prolifeat, ODC and SAM-DC activity
increase sharply from E6 to E8 during embryogengsimice, a time of high cellular
proliferation (Fozard et al., 1980a). The role @©during embryogenesis has been studied
with -difluoromethylornithine (DFMO), a potent ODC inititr. Treatment of pregnant
mice with DFMO in drinking water from E5 to E8 cadsembryonic death such that no
evidence of pregnhancy was observed at E18 (Fozaall,1980a). This DFMO treatment
was observed to abolish increases in uterine ODwWitgcas well as concentrations of
putrescine, and spermidine. DFMO treatment was rgbdeto have the same effect on
embryogenesis in both rats and rabbits (Fozardtl,et380b). These studies identified ODC

activity as essential for cell proliferation andisifor embryogenesis.



As ODC is important for proper cell growth and phexition it is unsurprising that it
is up-regulated in various cancers (Gerner and kerys 2004). However, in most cancers
increased ODC activity is usually accompanied lmyeased activity of SAM-DC (Russell
and Levy, 1971). The increase in the enzymatio/éigtof ODC and SAM-DC results in
increased levels of not only putrescine, but speimei and spermine as well (Andersson and
Heby, 1972). Thus, the rapid proliferation of cancells may be due to increases in

spermidine and spermine concentrations in addibqrutrescine concentrations.

Despite the correlation of increased ODC activitgt aancers, increases in putrescine
alone have not been observed to increase cellutdifgpation rates (Wilson et al., 2005).
Transgenic human embryonic kidney (HEK) cells tfaci®d with a doxycycline inducible
ODC have approximately 50-fold higher ODC activiapd 9-fold higher putrescine
concentrations when treated with doxycycline corag&o controls (Wilson et al., 2005). No
differences in spermidine and spermine concentiatiovere observed in transgenic
doxycycline exposed cells compared to control célsspite the difference in putrescine
concentrations, no difference in the rate of cedliferation was observed compared to

controls (Wilson et al., 2005).

Similarly, transgenic ODC overexpressing mice whigmonstrate 20- to 50-fold
more ODC activity in virtually all tissues have beexamined. Interestingly, they exhibit
similar levels of spermidine and spermine compdoedild type mice (Halmekytd et al.,
1993). However, they have extremely elevated paitnesconcentrations in almost all tissues
(Halmekyté et al., 1993; Halmekyto et al.,, 1991)espite increased putrescine
concentrations, these transgenic mice show no pyyaicalifferences or differences in tumor

rates compared to wild type mice, even up to twaryef age (Alhonen et al., 1995). Thus,



it appears that for putrescine to increase celifpration it must be converted to spermidine

or spermine via SAM-DC activity.

1.5.3. Polyamine Roles
Polyamines play specific and different rolewivo. Although some polyamine roles
have yet to be elucidated, some of the better-ddfioles of the individual polyamines are

provided.

Spermidine

The best-defined role of spermidine is in the pomtslational maturation of
eukaryotic initiation factor 5A (elF5A) (Park, 200Bark et al., 2010; Pegg and Casero,
2011). elF5A plays a role in translational initoati(Gregio et al., 2009) and is implicated in
the synthesis of proteins containing multiple cansee proline residues (Doerfel et al.,
2013; Gutierrez et al., 2013). Currently, elF54his only known protein to contain the amino
acid hypusine ([¥(4-amino-2-hydroxybutyl) lysine) (Park, 2006). &péline is utilized to
convert lysine 50 of human elF5A into hypusine KP2006). This process is completed in
two enzymatic steps. First, deoxyhypusine synthiasesfers a 4-aminobutyl moiety from
spermidine to th@-amino group of lysine. Second, deoxyhypusine hygiese converts the

intermediate to produce hypusine (Park, 2006; Bagt., 2010) (appendix, figure 11).

This amino acid conversion is essential in micebBmnic knockout of eithegif5a
itself (Nishimura et al., 2012), deoxyhypusine $ase, or deoxyhypusine hydroxylase

causes embryonic death early in embryogenesisiRaii et al., 2015; Sievert et al., 2014).

Spermine



Spermine has been shown to have several fundtiorigo. These functions include
roles in neurological activity through the regubatiof ion channels, including potassium,
glutamate, and calcium channels (Pegg, 2009, 20h&)best described role for spermine is
in neurological function, which is supported bydéas in Gyro (Gy) mice. The Gy mouse
model was originally generated by x-irradiation dra$ retained mutations which make it
ideal for studying defects in the polyamine pathwaylale Gy mice exhibit
hypophosphatemia with rickets, sterility, deafnessduced size and viability, and
neurological abnormalities (Lyon et al., 1986). Bimormalities observed in the male Gy
mice are a result of the deletion of the 5’ enc gfhosphate-regulating gene nanfubx
and of the spermine synthase gene (Lorenz et338;1Meyer et al., 1998). As a result of
the deletion of the spermine synthase gene, tiserery little spermine in the tissues of Gy
mice (Lorenz et al., 1998; Meyer et al., 1998). Thduced size and viability, sterility,
deafness, and neurological abnormalities were hénted to be caused specifically by the
loss of the spermine synthase gene. This was coaditby examining Hyp mice, which only
lack thePhexgene. Hyp mice do not exhibit phenotypes other tiygrophosphatemia and
rickets (Lorenz et al., 1998; Meyer et al., 1998)us, the additional phenotypes exhibited
in Gy mice are due to the loss of spermine syntlaasgity, or the loss of botRhexand
spermine synthase activity. Together, these finglingicate that spermine is essential for

neurological activity, growth, and fertility in meamice (Pegg, 2016).

In humans, alterations in spermine synthase caugde®Robinson syndrome (SRS),
an X-linked developmental disease including intglial disability (Cason et al., 2003). SRS
has a similar phenotype to Gy mice, albeit leseeVAs SRS is an X-linked disorder, it

affects all males with an affected X-chromosome anly females with two affected X-



chromosomes. SRS causes intellectual disabiligedp abnormalities, muscle hypoplasia,
diminished body bulk, hypotonia, and some formsieoporosis (Pegg, 2016). To date, SRS

is the only known polyamine deficiency syndroméiumans (Schwartz et al., 2011).

Putrescine

The roles of putrescine, other than being the psecufor the other polyamines,
remain poorly characterized compared to the rdlepermidine and spermine. As mentioned
previously, tissue concentrations of putrescine gemerally very low compared to
concentrations of spermidine and spermine (Nishénatiral., 2006). This is due to the short
half-life of both ODC and putrescine (Russell ef 8970; Russell and Snyder, 1969). ODC
expression can be triggered by many physiologragers including hormones, drugs, tissue
regeneration, and growth factors (Maudsley and kabhi, 1974; Pegg, 2016; Pegg and

McCann, 1982). Increases in ODC expression thetr@goutrescine concentrations.

In the brain, putrescine has been observed to beected into the neurotransmitter
-aminobutyric acid (GABA). This occurs by N-acetya of putrescine followed by the
action of monoamine oxidase (Seiler and Al-Theti®/4). This conversion may be related
to a neuroprotective role of putrescine, but noerspdine or spermine on seizure
susceptibility that has been observedXenopus laevisadpoles (Bell et al., 2011). More

recently, it has been discovered that putrescingptay a vital role in reproductive success.

1.6. Putrescine in Reproduction
It has been known for decades that a surge of iLkthe evening of proestrus causes
a large increase in ovarian ODC activity in ratayK et al., 1973; Kobayashi et al., 1971).

During this time, ovarian ODC activity is 10-foldgher compared to any other time in the



four day estrus cycle (Kobayashi et al., 1971). iflteease in ODC activity requires active
transcription and translation of the ODC gene amNA, respectively (Kaye et al., 1973;
Maudsley and Kobayashi, 1974). As opposed to enganyesis where activities of both ODC
and SAM-DC increase (Fozard et al., 1980b), onlyQO&xtivity is increased during the
estrus cycle. Thus, only increases in ovarian paine concentrations occur (Tao et al.,

2015).

In addition to rats, other rodents such as micaso(&nd Liu, 2013) and hamsters
(Persson et al., 1986) exhibit LH/hCG-mediatedaases of ODC activity. In mice, peak
increases of putrescine occur approximately fivarb@fter hCG administration and then
slowly decline (Tao et al., 2015). The increas®DC activity in the ovary is localized to
antral follicles (Icekson et al., 1974), specifigah the mural granulosa cells, cumulus cells,

and the oocyte itself (Bastida et al., 2005; Ta lain, 2013).

In mice, the transient increase in ODC and puinesconcentrations take place
concurrently with oocyte maturation (Eppig et 4894). Supplementation of drinking water
with the ODC inhibitor DFMO during ovulation inhiisi increases in ovarian putrescine
(Bastida et al., 2005; Tao and Liu, 2013) withoff¢@ting ovarian spermidine or spermine
concentrations (Tao et al., 2015). Similar to stadn rats supplemented with DFMO (Fozard
et al., 1980c), DFMO supplementation in mice ditaftect the number of ovulated oocytes
(Tao and Liu, 2013). However, DFMO supplementednice in drinking water during
ovulation significantly increased the rate of chommmal aneuploidies in oocytes from 1.3%

in control animals to 7.7% in DFMO treated anim@lao and Liu, 2013).



Old mice exhibit age-associated declines in ODtWiag during the peri-ovulatory
period. In aged mice, decreased ODC activity offgcss ovarian putrescine concentrations,
not spermidine or spermine concentrations (Tab,&2@15). Consistent with the observation
of DFMO-mediated ODC inhibition in young mice, ofdce exhibit reduced ODC activity
and correspondingly increased rates of oocyte doelyp(Tao and Liu, 2013). When
drinking water was supplemented with putrescinenature oocytes were harvested, and
then maturedin vitro in the presence of putrescine, the rates of ooeyteuploidy
significantly decreased from 12.7% in untreatedtimdroocytes to 5.3% in treated oocytes
(Tao and Liu, 2013). Furthermore, supplementinm ivitro maturation media with 0.5 mM
of putrescine, corresponding to approximately p@adeian concentrations during ovulation
in young mice, increased the quality of blastocystaluced from aged oocytes (Liu et al.,
2016a). Together, these results suggest that putesis an important factor in the prevention

of aneuploidy and is important for oocyte matunamd proper chromosome segregation.

To investigate the effect of putrescine supplentartaon reproductive outcome in
old animals, putrescine was supplemented in drgnkmater (1% w/v) during mating. Peri-
ovulatory putrescine supplementation showed pasiggults. Putrescine supplementation in
old animals was capable of not only restoring amagutrescine concentrations, but also
increased blastocyst cell numbers, reduced emhry@sorption rates, and doubled the
number of live births (Tao et al., 2015). Moreovsupplemental putrescine showed no
toxicity to mothers or fetuses when supplementedide the peri-ovulatory timeframe. The
progeny produced from putrescine supplementatiaie weenotypically and reproductively
normal. Supplemental putrescine was easily excreted had a residence time of

approximately one hour in blood and two hours makary (Tao et al., 2015).



Thus, peri-ovulatory putrescine supplementatiory ha a practical, simple, and
effective therapeutic solution to rescue oocytdigguand reproductive outcome with aging.
However, even though putrescine is relatively nmxet (LDso2000 mg/kg (Til et al., 1997))
and unequivocally rescues reproductive capabilitiedd mice, its application in humans is
hindered. Unfortunately, there is no putrescinepsmpent available for use in humans,
preventing the testing and application of putrescin addition, as the exact mechanism of
action of putrescine remains unknown, it may bdguable to avoid systemic increases in

putrescine concentrations.

1.7. L-Ornithine

We decided to explore the possibility of utilizihgornithine as an additional or
alternative treatment to improve reproductive ptiéémn old mice. L-ornithine is an amino
acid that is not incorporated into proteins (Hakaset al., 2011). L-ornithine is synthesized
by the enzyme arginase using arginine as a substh urea as a by-product (figure 1)
(Yuetal., 2003). It is also readily absorbethia gut (Sakamoto et al., 2015) and is available

from a variety of dietary sources (Ishida et &0132).

L-ornithine is found at varying concentrationsnrany tissues including the liver,
eyes, blood, and brain (Daune et al., 1988; Seilal., 1989; Takach et al., 2014). In the
body, arginase is widely expressed (Yu et al., 20D@e to this widespread expression, it is
thought that arginase may synthesize L-ornithirrenfietabolic processes in some tissues.
Interestingly, arginase activity is relatively lom tissues that have extensive blood
circulation such as the liver, bone marrow, aneéeapl(Yu et al., 2003). This may indicate
these tissues can obtain L-ornithine that is reglufrom the circulation where it is readily

available in plasma (Pegg and McCann, 1982). Howeainase activity was readily



detected in highly regenerative tissues with lichitelood supply such as the surface
epithelium of the esophagus, lymphocytes in theplyrmodes and thymus, and the
endometrium of the uterus (Yu et al., 2003). Thayrnndicate that in tissues with limited
access to blood flow, arginase activity may pldgrger role in the synthesis of L-ornithine

to generate the metabolic products of L-ornithprejine, glutamate, and polyamines.

1.7.1. L-Ornithine Metabolism

There are three major metabolic pathways in whiecbrnithine is involved:
polyamine production through ODC, ammonia detoagiien in the urea cycle through
arginase and ornithine transcarbamylase (OTC) tledynthesis of glutamate and proline

through ornithine aminotransferase (OAT).

L-ornithine and urea are produced from arginin@lgynase as an intermediate in the
urea cycle. Arginase is a cytoplasmic enzyme aadeat$t step of the urea cycle that converts
ammonia into urea (Author, 1988). L-ornithine syedized by arginase is shuttled into the
mitochondrial matrix by the mitochondrial membraransport protein ornithine transporter
1 (ORNT1) (Camacho et al., 2006). Once in the rhibmclrial matrix, it is converted into

citrulline by OTC to continue the urea cycle (Authto88) (appendix figure 12).

There are two important pieces of information tmsider regarding arginase and
OTC. First, the full urea cycle only occurs in pexiportal hepatocytes of the liver (Crombez
and Cederbaum, 2007). However, the individual eresymay be found at lower levels in
other tissues where they may play other metabolesr(Crombez and Cederbaum, 2007).

Second, the L-ornithine produced in the liver atilized in the urea cycle is largely recycled



(Morris, 2002). Thus, liver arginase activity istre significant source of L-ornithine for

ODC or OAT in other tissues (Morris, 2002).

OAT catalyzes the reversible conversion of L-dnimié to glutamate or proline (Lim
et al., 1998) (appendix, figure 13). In mammals,TAQ#&a mitochondrial matrix enzyme that
is expressed in most tissues with the highestidiegvfound in the liver, kidney, intestine,
and brain (Ginguay et al., 2017; Lim et al., 1998)erestingly, the OAT reaction proceeds
towards synthesis of glutamate or proline or towayghthesis of L-ornithine depending on
the tissue. In the liver, kidney, and brain, theyenatic reaction of OAT proceeds towards
synthesis of glutamine and proline from L-ornith{irevillain et al., 2000; Matsuzawa and
Obara, 1987; McGivan et al., 1977; Wroblewski et H85). However, in the intestine the
enzymatic activity of OAT proceeds towards L-ormt#h synthesis from glutamine
(Tomlinson et al., 2011). The intestinal synthesid -ornithine via OAT is important in
neonatal mice (Wang et al., 1995). Proline in mretemilk is converted into L-ornithine and
subsequently arginine in the intestinal epithelioimeonatal mice (Ginguay et al., 2017).
When OAT is disrupted in neonates, L-ornithine @orications increase while arginine
concentrations decrease. This results in a nenagetion of ammonia that is not converted

into urea resulting in neonatal death (Wang etl&95).

1.7.2. L-Ornithine Supplementation as an Alternatie to Putrescine

L-ornithine supplementation may offer distinct adtzges over putrescine when
considering its use to improve reproductive outcdmeging mammals. L-ornithine is
widely available as a dietary supplement and hiefysdata readily available. Therefore, if
L-ornithine is found to be effective, it could beora easily utilized to test its effect in

humans. In contrast, putrescine has never beematered in humans, except through food



intake, and therefore its safety in humans is unknoHowever, both putrescine and L-
ornithine have low oral toxicities and are relalyveafe; the L3y for putrescine is 2,000

mg/kg (Til et al., 1997) and that of L-ornithineli8,000 mg/kg (Breglia et al., 1973).

The largest possible advantage that using L-aréthmay provide is specific
increases in ovarian putrescine concentrations. @ity during the peri-ovulatory period
is LH/hCG-dependent (Kobayashi et al., 1971; Maeylsdnd Kobayashi, 1974) and is
specifically elevated in the ovary (Bastida et 2005; Icekson et al., 1974; Tao and Liu,
2013). Thus, supplemental L-ornithine may spedifjcaroduce putrescine in the ovary
where it can have beneficial effects (Liu et all1@a; Liu and Tao, 2012; Tao et al., 2015)

while avoiding systemic increases of putrescine.

1.8. Project Hypothesis and Objectives

The overall hypothesis of this project is giveatt®DC is produced in the ovary
during the peri-ovulatory period (Maudsley and Kydghi, 1974), L-ornithine
supplementation may specifically increase ovariatrgscine. The increase of putrescine
during this period may provide reproductive benéhitold mice. We hypothesize that
increases in ovarian putrescine caused by periatoyl L-ornithine supplementation may
provide similar reproductive benefits to those obsd with peri-ovulatory putrescine
supplementation (Tao et al., 2015; Tao and Liu320h order to investigate this possibility,

two overall objectives will be explored:

i. To determine whether peri-ovulatory L-ornithine plgmentation specifically

increases putrescine in the ovaries in mice.



ii. To determine whether peri-ovulatory L-ornithine glgmentation conveys
similar reproductive benefits in old mice to thag®served with peri-ovulatory

putrescine supplementation (Tao et al., 2015).



2. Materials and Methods
2.1. Mice and Reagents

Animal protocols were approved by the Animal Camentittee of the Ottawa
Hospital Research Institute and University of O#a(@@HRI-1833 and OHRI-1834). All
animals utilized in the study were purchased framar{®s River (St-Constant, QC, Canada).
Chemicals were from Sigma (St. Louis, MO, USA) gsletherwise indicated. L-ornithine

monohydrochloride is of the BioReagent grade (Sigor&503).

2.2. Superovulation Protocol

Female CF1 and C57BL/6 mice were treated utiliarty IlU/mouse intraperitoneal
(IP) injection of equine chorionic gonadotropin (@CSigma, G4527) to stimulate maturation
of the ovarian follicles. Forty-six hours later[lWmouse of human chorionic gonadotropin
(hCG, Sigma, C1063) was injected via IP injectiomiduce ovulation. After treatment with
hCG, mice were given a dose of L-ornithine by agalage or sub-cutaneous injection

(Figure 2). Dosages, routes of delivery, and dejivenes are indicated in figure captions.
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Figure 2: Diagrammatic representation of the superovuladiaeh L-ornithine administration
methodology utilized in the study.



2.3. Natural Estrus Cycle Tracking

Estrus state of young CF1 mice was analyzed bynahgell cytology according to
Byers et al. (2012). Briefly, each morning at apmaately 9:00 am, the vagina was gently
flushed with 203L of phosphate buffered saline (PBS) using a 20pidette. The cell
suspension was then placed on a clean microscaj® aid viewed under a microscope.

Estrus stage was determined by the cell types prase@aginal smears.

Diestrus:Longest stage, lasting 48 to 72 hours (Cora gR@l5). Cell suspension is
composed of mostly leukocytes.

Proestrus: Stage lasts less than 24 hours (Cora et al., 2@é&l). suspension is
composed of mostly nucleated epithelial cells, sooreified epithelial cells.
Estrus: Stage lasts between 12 and 48 hours (Cora €(dl5). Cell suspension is
composed of mostly cornified epithelial cells.

Metaestrus:Stage lasts less than 24 hours (Cora et al., 2@) suspension is a

mix of leukocytes, nucleated epithelial cells, aodnified epithelial cells.

Young CF1 mice determined to be in the proesthase were then given free access
to 4% L-ornithine (w/v) in water at approximatel$:00. Mice were then sacrificed by
cervical dislocation at approximately 02:00 the d@jowing proestrus and their ovaries

were removed. Ovarian polyamine concentrations \wetermined as stated below.

2.4. Polyamine Extraction
At the indicated times, mice were euthanized \8avical dislocation. Tissues of
interest were then removed, placed in pre-weigh&dril micro-tubes, and flash frozen on

dry ice. The tissues were then placed at -80°Q timie of extraction.



All tissues were extracted utilizing homogenizatin 5% trichloroacetic acid (TCA,
Sigma, T-6399) in deionized water. Ovary samplesevextracted with 2GL of 5% TCA
per mg of tissue. For the tissue distribution st(itgble 1), the ratios of 5% TCA to tissue
weight were as follows: 18L per mg of tissue for uterus, spleen, kidney,riaed intestine;

5 pL per mg of tissue for stomach, lung, heartifyrskin (ear), and muscle (leg).

Tissue samples were minced with surgical scissothe indicated volumes of 5%
TCA for one minute. The minced tissue was then hgenzed three times by sonication
with a sonic dismembrator (Fisher Sonic Dismembr&odel 300) at 35% of maximum
power for one minute. Tissue homogenates were tieatrifuged in a table top micro-
centrifuge at 10,000 x g for 10 minutes at 4°C (Mdiuage 22R Centrifuge, Beckman

Coulter).

The supernatants from tissue homogenates werddreats with a micropipette to a
new 1.5 mL micro-tube. Using a disposable pipeliethyl ether (Sigma, 296082) was added
to the supernatant to increase the total volumapiaroximately 1.5 mL. Samples were
vortexed (Vortex Genie 2, VWR) at maximum power fore minute and centrifuged at
10,000 x g for one minute at 4°C. The lower aquephase was then removed by
micropipette and transferred to a new 1.5 mL miatze and the diethyl ether addition was
repeated. 10@BL of extract was then diluted with 9L of water for analysis via ion

chromatography.

2.5. lon Chromatography and Determination of Tissud?olyamine Concentrations
The diluted polyamine extract was directly subjdcte ion chromatography on a

Dionex lon Chromatography system equipped withoarHac CS18 cation exchange column



(http://www.dionex.com/en-us/products/columns/ic/dation-packed/ionpac-cs18/lp-
73230.html). Samples were eluted from the colummbgeasing concentrations (3-45 mM)
of methanesulfonic acid (MSA, Sigma, 64280). Theatd was subjected to an online
ERSM500 suppressor for cations, in order to eliminditardons including MSA, before a
conductivity detector visualizing all cations. Lé&v®f polyamines were measured by the
conductivity of peak areas BSeimens/s calibrated against a standard curveetkefiom a

dilution series of four polyamines (putrescinedmsine, spermidine, and spermine).

2.6. Breeding and Analysis of Births

Old C57BL/6 mice (9.5-13 months of age) were ranided in Microsoft Excel and
assigned to control (water) or treatment with 1%rhithine monohydrochloride w/v, simply
1% ornithine, 4% ornithine, or 1% putrescine groudgemale mice were given free access to
control or drug-containing water, as well as madding two days prior to mating. Exposure
to male bedding synchronises the estrus cyclessakrtbwn as the Whitten Effect (Whitten,
1958). Young BDF-1 males were then co-housed véthaies for four consecutive days.
Water consumption was tracked daily for all testugis and water was refreshed every two
days. After the four days of mating, female miceravgiven regular water and housed
individually. Mice were then checked daily for listfrom 19 days post coitum (dpc) to 25
dpc when the four possible conception dates wéwentanto consideration. The number of

pups birthed was recorded.

2.7. Implantation and Resorption Experiment
Old C57BL/6 mice (10.5 months of age) were givealabedding and free access to
control or 4% L-ornithine hydrochloride (w/v) in ves two days prior to mating. Young male

BDF-1 mice were then reintroduced to the femalesitrol or 4% ornithine water was



refreshed, and mice were mated until a copulatiog was observed or for four consecutive
days. Each morning mice were examined for preseh@®pulation plug, if a copulation
plug was observed we considered this time 0.5 dfice with copulation plugs were
removed from the breeding cage and given normatmnwat 9.5 dpc, mice were sacrificed
via cervical dislocation and the uterus was removeglantation sites were counted, and
placentas were dissected according to Pereira@l1). Individual implantation sites were

classified as:

Normal Fetusesfetuses that display typical morphology at 9.5 dpgesponding to

Theiler stage 15 (Theiler, 1989).

Resorptionsimplantation sites that contain no intact fetusraplacental dissection.
2.8. Statistical Analysis

Data are provided at means + SEM. Data from poiyamnalyses were analysed via
Student’s t-test comparing treatment groups torots)tone-way ANOVA with Dunnett’s
multiple comparison test comparing treatment tdmds, or one-way ANOVA with Tukey’s
post-hoc test. Data from mating analyses of pupthdad were analysed via chi-square
goodness of fit test and Poisson linear regresdiiter size and implantation data were
analysed by Student’s t-test. Resorption data aeaéysed by Fisher’s exact test (two tailed).
Significance was set gt < 0.05 and data were analysed using GraphPad RrisifDO

(GraphPad Software Inc.).



3. Results
3.1. L-Ornithine Increases Ovarian Putrescine Cona#rations

We employed ion chromatography and direct conditgti(ions) detection to
determine what changes, if any, occur in ovaridggmine concentrations in young and old
mice following supplementation with L-ornithine. &ltransient rise of ODC during oocyte
maturation is triggered by a surge of LH, or hCGedtion in the lab (Maudsley and
Kobayashi, 1974) and ODC activity produces peakgsatne concentrations approximately
5h after hCG injection (Maudsley and Kobayashi,497ao et al., 2015). We thus wished
to determine if exogenous L-ornithine was capab#diciting increases in ovarian putrescine
concentrations after hCG administration. Super-aaad young CF1 mice were given a 500
mg/kg dose of L-ornithine or phosphate buffereihea|PBS, vehicle) as control. This dose
was 5% of the LBy for L-ornithine (Breglia et al., 1973) and wasrdfere deemed safe for
the animal. L-ornithine significantly increased gsaa putrescine concentrations resulting in
approximately three-fold higher ovarian putres@orcentrations compared to control mice.
In contrast, L-ornithine supplementation did ngingiicantly alter spermidine and spermine

concentrations (figure 3A).

Similar L-ornithine supplementation was also givemmice primed with only eCG.
In this case, L-ornithine administration did natielany large increase in ovarian putrescine
concentrations regardless of administration times () prior to sacrifice (figure 3B).
Concentrations of spermidine and spermine did hahge significantly either following L-
ornithine administration. These results suggedt ltharnithine can only increase ovarian

putrescine concentrations in the presence of ODEitydi.e. after hCG injection).
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Figure 3: L-ornithine increases ovarian putrescine in yoomge only after both
eCG and hCG treatment. (A) Young CF1 mice (n=3 greup) were primed
treated with eCG and hCG. Mice were then treatéld RBS or a 500 mg/kg dose
of L-ornithine via oral gavage 3h after hCG adntmaison. Ovarian polyamine
concentrations were determined 5h after hCG treattnizata are presented as
means + SEM. Asterisks indicad& 0.05 versus control determined by Student’s
t-test. (B) Young CF1 mice (n= 2 per group) prinvgth eCG only. Following
eCG priming, mice received a 500 mg/kg dose of hitbine via oral gavage 1-
5h prior to sacrifice. Mice on the far right reasivPBS via oral gavage. Ovarian
polyamine concentrations were determined. Datp@®gented as means = SEM.



We next desired to know if exogenous L-ornithirmild increase peri-ovulatory
ovarian putrescine concentrations in aged miceedlb7BL/6 mice were primed with eCG
followed by hCG. As shown previously by Tao et @015), hCG treatment increased
putrescine concentrations in the ovaries duringlaian (figure 4, CTRL). L-ornithine
supplementation together with hCG injection incesasvarian putrescine concentrations
approximately three-fold (figure 4, ORN) over thaseluced by hCG treatment alone.
However, this difference was only significapt<€ 0.05) at three and five hours after hCG
administration. Ovarian spermidine and sperminecentrations did not differ significantly
between control and L-ornithine treated animalgufe 4). These results support our
hypothesis that peri-ovulatory supplementation obrhithine can increase ovarian

putrescine in aged mice.
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Figure 4: L-ornithine increases ovarian putrescine in oldenreated with eCG
and hCG. 10-month-old C57BL/6 mice (n=3 per groupje treated with eCG
and hCG. Mice were sacrificed at the indicated tafter hCG injection. One
hour prior to sacrifice, the mice were given PBIRC) or L-ornithine in PBS
(500 mg/kg) by oral gavage. Ovarian polyamines wéen analysed and
guantified. Data are presented as means * SEMriglsteindicatep < 0.05
versus control determined by Student’s t-test.



3.2. Determining the Minimum Dose of L-Ornithine Rejuired for Restoring Peri-
Ovulatory Ovarian Putrescine Levels in Older Mice

L-ornithine supplementation, at 500 mg/kg, raiped-ovulatory ovarian putrescine
in older mice to levels greater than those founglanng control animals (figures 3 and 4).
Our goal was to restore ovarian peri-ovulatory g@&time concentrations in older mice
roughly to the levels observed in young mice. Thalder mice were primed with eCG
followed by hCG then treated with varying dosed airnithine to examine the effect of
different concentrations of L-ornithine on ovaripatrescine concentrations. L-ornithine
supplementation increased ovarian putrescine coratiEms, in a dose-dependent manner,
with 250 and 500 mg/kg doses reaching statistigghificance (figure 5). In contrast,
spermidine concentrations remained relatively unged regardless of the dose of L-
ornithine administered. Spermine concentrationseeviess consistent, but only the highest
dose of L-ornithine resulted in significantly diféat spermine concentrations from controls.
These results further strengthen our hypothestsotheerved increases in ovarian putrescine

concentrations are the result of peri-ovulatoryrbihine supplementation.
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Figure 5: L-ornithine dose-dependently increases ovarian regaine
concentrations in older mice. 10-month-old C57Biniée (n=3 per group) were
treated with both eCG and hCG. Mice were then suibreously injected with
PBS (control) or 100, 250, or 500 mg/kg doses afrhithine 4h after hCG
treatment. Ovarian polyamines were analysed andtijieal 1h later. Data are
presented as means = SEM. Asterisks represensttalti significance, as
determined by a one-way ANOVA with Dunnett’'s mukipcomparison test
versus control values as followsp* 0.05; **p < 0.01, *** p < 0.001.




3.3. L-Ornithine Specifically Increases Ovarian Putescine Concentrations

Given the systemic nature of our treatments, waglsbto examine the tissue
distribution of putrescine following peri-ovulatoryL-ornithine or putrescine
supplementation. Older C57BL/6 mice primed with e&@ hCG. We then treated the mice
with PBS as a control, 100 mg/kg of putresciné&g@® mg/kg of L-ornithine. The polyamine
content of various tissues was determined 1h |Atethree polyamines were detected in the
tissue samples with the exception of putrescinéorotg detectable in the muscle of control
mice (table 1). Compared to PBS-treated mice, gatne treatment increased putrescine
concentrations in most tissues, often dramaticalgr example, putrescine treatment
increased ovarian putrescine approximately two;fdddt increased kidney and liver
putrescine concentrations by approximately 20-%0ébld, respectively, compared to PBS-
treated controls. In contrast, L-ornithine treatm@mly increased ovarian putrescine
concentrations significantly by approximately fdald compared to PBS-treated control
mice. All other tissues in L-ornithine treated aalmhad putrescine concentrations that were

not significantly different from PBS-treated contamimals.

Spermidine and spermine concentrations followingrgacine or L-ornithine
treatment did not vary significantly compared to3”Beated controls in most tissues
examined. There were some exceptions. However, whempared to the drastic changes
observed in tissue putrescine concentrations, sgarenand spermine concentrations varied
between putrescine or L-ornithine treated animatsRBS-treated animals by approximately
15-20% (table I). These results support our hymighé¢hat peri-ovulatory L-ornithine
supplementation specifically increases ovariangagine due to the specific increase of

ODC activity in the ovaries during ovulation (Kagtal., 1973; Kobayashi et al., 1971). By



contrast, putrescine supplementation increasedegxitre levels in all tissues non-

discriminately.



Table I: Polyamine tissue distribution in old mice followipgri-ovulatory putrescine or L-

ornithine supplementation.

Polyamine . Group
(nmol/g) Tissue Control Putrescine Ornithine
Ovaries 308.18 + 71.99 695.87 + 94.84* 1069.52 ¢ 9@**
Uterus 31.00+9.76 234.69 + 45.33** 62.25 + 27.79
Spleen 541.15 + 274.%0 448.66 + 36.03 245.45 + 44 .44
Kidney 33.59 £ 12.23 642.40 £ 151.10** 56.21 + 0.6
e Liver 12.54 + 12.54 754.64 + 143.90** 41.22 + 21.00
.g Intestine 150.53 £ 31.43 517.97 + 73.32** 137.640464
g Stomach 19.43 + 6.65 125.78 £ 16.09** 33.24 £ 13.87
& Lung 32.47 £ 2.88 359.96 + 28.69**** 45,77 + 13.82
Heart 4,83 +£4.83 161.75 £ 25.08*** 16.44 + 10.12
Brain 3.10+£3.10 17.20 £ 4.02 47.93 + 41.06
Skin (Ear) 74.62 £ 11.18 262.45 + 65.47* 61.17 067
Muscle (Leg) n.d. 14.35 + 14.35 9.44 £ 9.44
Ovaries 1050.53 + 61.95 1022.62 + 108.00 1161.2Q110
Uterus 1052.00 + 40.54 1092.27 £ 102.70 1210.78.48
Spleen 1322.59 £ 118.00 1214.65 £+ 25.93 1153.12.866
Kidney 395.08 + 14.91 420.51 + 29.84 429.52 + 16.22
Q Liver 903.77 £ 49.74 898.31 + 114.80 1004.67 £ 27.6
E Intestine 1531.97 £ 59.92 1482.49 £ 112.70 138137.#8
g’_ Stomach 519.74 + 3.72 627.02 £ 22.70 528.73 £71.80
o Lung 476.77 + 8.53 529.85 + 33.97 460.22 + 27.09
Heart 161.53 £ 6.31 183.97 £11.98 183.34 £ 19.56
Brain 329.65 = 35.01 466.68 + 70.47 446.47 + 107.20
Skin (Ear) 607.25 + 41.05 600.89 + 62.87 433.568Y
Muscle (Leg)  75.09 + 10.44 100.76 + 17.54 97.93585
Ovaries 442.63 + 214.40 563.92 + 172.70 1185.90.545
Uterus 524.05 + 91.28 403.70 + 44.09 697.03 £ 19.78
Spleen 1123.13 +£ 102.30 897.13 + 42.68 1026.19.8337
Kidney 1103.40 + 45.79 1010.72 + 64.44 1056.01 6567
© Liver 989.62 + 83.93 983.65 + 123.50 943.19 £+ 5.53
E Intestine 1037.42 £ 106.50 1009.82 £ 70.72 962.0Z.¥5
(%"_ Stomach 494.24 + 39.08 533.98 + 8.99 489.10 + 91.45
Lung 507.75 = 13.30 481.22 + 69.75 416.88 + 22.14
Heart 355.23 + 19.04 451.71 + 15.50* 384.38 + 26.38
Brain 338.02 + 43.59 374.68 + 39.77 269.15 + 26.67
Skin (Ear) 338.91 + 60.21 363.26 + 83.70 299.03.08
Muscle (Leg) 126.56 + 36.85 172.52 £ 16.75 116.3®@ 82

10-month-old C57BL/6 mice (n=3 per group) were m@thwith eCG followed by hCG. 4h
after hCG treatment, mice were sub-cutaneouslyctege with PBS (control), 100 mg/kg



putrescine, or 500 mg/kg L-ornithine. Tissue poly@mconcentrations were analysed and
guantified 1h later. Polyamine concentrations armewsy as means * SEM. Statistical
significance as determined by a one-way ANOVA vidihnnett's multiple comparison test
versus control values are represented as follows: 9.05; **p < 0.01, *** p < 0.001, ****

p < 0.0001. n.d., not detectédnflated means caused by abnormally high valuss fa single
mouse.



3.4. Exogenous L-Ornithine has a Limited Effectivé’eriod

As L-ornithine specifically and dose-dependentigreased ovarian putrescine, we
wished to determine the period of a single dosd.-ofnithine could increase ovarian
putrescine concentrations. To explore this, older®L/6 mice were primed with eCG and
hCG. The mice then received a dose of L-ornithine t five hours prior to sacrifice and
polyamine determination (figure 6). L-ornithine &gped to increase ovarian putrescine at
all time points except when administered five hdaefore sacrifice. When the data were
analyzed by one-way ANOVA, it was evident that Inititine administered one hour before
sacrifice yielded the most and significant increasevarian putrescine of approximately
three-fold compared to PBS-treated controls. Librmne administered between two and four
hours before sacrifice yielded increases of ovapiginescine of approximately 1.5- to 2-fold
compared to PBS-treated controls, but the incrdas@ot reach statistical significance. It
should be noted that ovarian putrescine levelstomMour hours after a bolus of L-ornithine
administration were also not significantly diffetelnom that one hour after L-ornithine
administration (figure 6). Therefore, exogenousrhHhine appeared to sustain ovarian
putrescine concentrations, at least partially, deveral hours in mice. These results are
consistent with published data suggesting that emogs L-ornithine can remain in

circulation for several hours in humans (Kato etE87).
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Figure 6: L-ornithine supplementation at various times faflog hCG injection. 10-month
old C57BL/6 mice (n=3 per group) were treated ve@@G and hCG. At the indicated time
before sacrifice, mice were given a 500 mg/kg dwde-ornithine via oral gavage. Control
mice (right) received no treatment. Ovarian polyanconcentrations were analysed and
quantified 5h after hCG treatment. Data are preseas means + SEM. Statistics were
determined via one-way ANOVA and Tukey’s post-hestt Bars without a common letter
are significantly differentp < 0.05.



3.5. 1% L-Ornithine Supplementation During Mating

To investigate the effect of L-ornithine on reprotive success, we started with 1%
L-ornithine supplemented in drinking water (w/v). eWchose 1% L-ornithine
supplementation as reproductive benefits have besarved from supplementation of 1%
putrescine (w/v) in drinking water (Tao et al., 8DIWe thus wished to see if 1% L-ornithine

in drinking water provided similar reproductive leéits to aged mice.

Female C57BL/6 retired breeders (10-months of agee bred with young male
BDF-1 mice. Male and female mice were randomizeddach round of breeding and
assigned to two groups: control or 1% L-ornithiwév in drinking water. Female mice were
then given male bedding and free access to watkraonithine containing drinking water
for two days. Afterward, the males were introdutedhe cage and co-housed with the
females for four consecutive days. The males wemgowved, and the females were single
housed and were given regular drinking water. Emedies were examined for births from
19 dpc to 25 dpc considering the four possible eption dates. The number of pups birthed
was recorded and the results are presented in lfaldetailed tracking of individual mice

across all 1% L-ornithine mating can be found & &ippendix (table V).

Mice treated with 1% L-ornithine in drinking wateonsumed approximately 10%
more water compared to control mice (figure 7A)pamentation of 1% L-ornithine in
drinking water did not significantly alter the nuertof litters or the litter size compared to
control mice at any of the time points analysedie@iequal numbers of mice in each of the
two groups, equal numbers of pups would be expdeted each group if 1% L-ornithine
supplementation in drinking water has no effectr Qata appeared to show that as the

animals aged, more pups were produced in L-orratigimups compared to aged matched



controls (11-13 months). We thus preformed chi-sgg@odness of fit analyses (McHugh,
2013; Rana and Singhal, 2015) on the number of prgzhiced in the control and L-ornithine
treated mice for each of the four age groups. @henale of the Chi-square goodness of fit
test is to determine if the frequencies observey wieom the expectations of the null
hypothesis (i.e. equal numbers of pups in contndl la-ornithine treated mice). Chi-square
goodness of fit analysis indicated that 1% L-oringhsignificantly increased the number of
pups at 11 and 13 months of age by approximatélyahd 2.5-fold respectively, but not 9.5
or 12 months of age (table 11). When the combiradltpups from 9.5 to 13 months were
compared between the two groups, no significanfeidihce was found. Furthermore,
analysis of the data across time by Poisson liregression found significantly fewer pups
born with time in both groups, but no significafiteet of 1% L-ornithine treatment was
detected compared to control at any age. Thesdgesueal that compared to 1% putrescine
supplementation in drinking water, 1% L-ornithingoplementation in drinking water has a
small effect on reproductive outcome at best. Threselts seem to indicate that 1% L-
ornithine supplementation in drinking water may ibsufficient to provide reproductive

benefit to mice.
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Figure 7: Average daily water intake of aged mice suppleeemuring mating with (A)
water (n=336) and 1% L-ornithine (n=340), (B) wate+75) and 4% L-ornithine (n=70),
and (C) water (n=60) and 1% putrescine (n=58). Data presented as means + SEM.
Statistical significance as determined by Studemtsst is represented as follows: *

<0.001.



Table II: 1% L-ornithine treatment in chronologically bredcenhas limited reproductive
benefit.

Litters (% Litter Size £
Age Treatment N mice) SEM Total Pups p (Total Pups)
Control 68 34 (50.0) 43+05 145
9.5 Months o 0.1593
1% Ornithine 68 29 (42.6) 42+05 122
Control 67 20 (29.9) 35+£05 70
11 Months o 0.0257
1% Ornithine 66 22 (33.3) 45+05 99
Control 46 5 (10.9) 36+x1.1 18
12 Months o 0.3545
1% Ornithine 45 8 (17.8) 3.0£05 24
Control 43 5 (11.6) 1.4+0.2 7
13 Months o 0.0412
1% Ornithine 44 6 (13.6) 28+0.9 17
All Ages Control 224 64 (28.6) 3.8+0.3 240 0.3261
Combined 19 Ornithine 223 65 (29.1) 40+0.3 262 '

Control and peri-ovulatory L-ornithine treated (M#v in drinking water) C57BL/6 mice
were chronologically mated with young BDF-1 malesl @xamined for birthing, recorded
as litter size and total number of pups. Only ngoeang birth to at least one pup were

included in the litter size calculations. Statistiwere determined using the chi-square
goodness of fit test; significance was sqb &t0.05.



3.6. 4% L-Ornithine Supplementation During Mating

As 1% L-ornithine supplementation did not provithe reproductive benefit we
expected, we further increased the concentratiderahithine from 1% to 4% in drinking
water. In practice, 4% L-ornithine (w/w) has beeavously supplemented to rats in food
with no adverse effects observed (Sakamoto €2@L5). Since mice consume roughly equal
amounts of food and water (Bachmanov et al., 2082}, should consume roughly the same

amount of L-ornithine in drinking water or in food.

Therefore, we bred our aged C57BL/6 mice in a simiashion to the previous
experiments examining the effect of 1% L-ornithomereproductive outcome. The mice were
randomized between control and 4% L-ornithine imking water and mated for four
consecutive days with young BDF-1 males. We theatkéd the females for births from 19
dpc to 25 dpc considering the four possible conoapdates. The number of pups birthed
was recorded and the results are presented in tdbl& detailed breakdown of the
reproductive history of our mice across 4% L-onmiéhbreeding is available in the appendix

(table VI).

The presence of L-ornithine in drinking water wast observed to affect water
consumption (figure 7B). However, 4% L-ornithingoplementation appeared to adversely
affect fertility of these older mice. At 10-montbkage, a slightly reduced number of litters
were found in the L-ornithine treated group comgarethe control group (8 vs. 11, or 38%
vs. 52%, respectively) when the litter size wasilsimAt 11.5-months of age, significantly
smaller litter size was observed in the L-ornithgneup compared to the control group when
the number of litters was identical. More revealpegghaps was the smaller number of total

pups observed in L-ornithine treated mice at baglsacompared to control. Chi-square



goodness of fit analysis revealed a significante@se in the number of pups birthed at 11.5
months of age compared to age-matched controle () A comparison of the combined

total pups also revealed a significant reductiothen4% L-ornithine supplemented group.

L-ornithine administered orally specifically incesal putrescine concentrations in
the ovaries in mice injected with hCG (figure 1&)d yet peri-ovulatory L-ornithine
supplementation had either no effect (1%) or apgk#o negatively affect the fertility of
these retired breeders. To determine if these CEYBltired breeders, which were purchased
from Charles River, could indeed benefit from pmrilatory putrescine supplementation as
their counterparts purchased from Taconic (Tad.e2@15), we performed 1% putrescine
supplementation and mating experiments on the saite We randomized the mice once
again between control and 1% putrescine in drinkiater. 1% putrescine in drinking water
was not observed to affect water consumption (8gl€). Putrescine treatment was observed
to more than double the number of pups and incdetiselitter size by approximately 1.5-
fold compared to control mice (table IIl). The riksuve observed are similar to those
presented in Tao et al. (2015) showing an approt@rdaubling of the number of pups in
putrescine-treated mice. Our results indicate lthatnithine supplementation, at least when
administered in drinking water (1% or 4%) duringuation and mating, did not provide any
reproductive benefit to aged mice. These resuke akrve to confirm the reproductive

benefit of putrescine supplementation in aged rfiie® et al., 2015; Tao and Liu, 2013).



Table 1ll: 4% L-ornithine treatment has undesirable effentseproductive potential in aged
mice.

Litters Litter Size +  Total
Age Treatment N (% Mice) SEM Pups p (Total Pups)
Control 21 11 (52.4) 42 +0.6 46
OMonths o Omithine 21 8 (38.1) 3.9+0.8 33 00874
Control 31 7(226) 50+0.9 35
11.5 Month o 0.0195
OMNS " 4o Omithine 31 7(22.6) 2.6+ 0.3 18
10 and 11.5 Control 52 18 (34.6) 45+0.5 81 0.005
Months Combined 4% Ornithine 52 15 (28.8) 33+05 49 '
Control 31 4(129) 33+06 13
12.5 Month _ 0.0022
OMNS 196 putrescine 31 7 (22.6) 49+0.9 34

Control and peri-ovulatory L-ornithine treated (4% in water) and putrescine (1% w/v in
water) C57BL/6 mice were chronologically mated wittung BDF-1 males and examined
for birthing, recorded as litter size and total tiemof pups. Only mice giving birth to at
least one pup were included in the litter size Wakions. Statistics were determined using
the chi-square goodness of fit test on total psjgjificance was set at< 0.05. Asterisks
indicate statistical significance versus contrdedained by Student’s t-tegi< 0.05.



3.7. Effect of 4% L-Ornithine Supplementation on Inplantation and Resorption
We wished to investigate the apparent adversecteftd 4% L-ornithine

supplementation more closely. To do this, aged nieee bred in a similar fashion to
previous experiments; however, they were checkdg ta the presence of a copulation
plug. Plugged female mice were removed from majesn regular drinking water, and
considered 0.5 dpc. Plugged mice were then sasdlifat 9.5 dpc and pregnancy status was
determined. If the mice were pregnant, the uteras ¥emoved, and the implantation sites
were counted and dissected (figure 8A). Fetuses wlassified as normal if they displayed
typical morphology at 9.5 dpc corresponding to Tdrestage 15 (Theiler, 1989) or resorbed

if there was no intact fetus in the placenta (feg8B).

Supplementation of 4% L-ornithine in drinking watkd not affect the number of
mice that became plugged or pregnant indicating ltharnithine does not disrupt mating
behavior or pregnancy rates. However, mice suppiésdewith 4% L-ornithine had 30%
fewer implantation sites compared to control mge 0.05). Among the implants found on
9.5 dpc, the proportion of normally developing esarbed implantation sites was similar in
the two groups (table 1V). A detailed breakdowrtted number of normally developing and
resorbed fetuses can be found in the appendixe(¥l). A reduction of implantation sites
could be due to a reduction in the number of oedatggs, reduced fertilization rates, or

reduced implantation rates.



Table 1V: 4% L-ornithine supplementation decreases the numbeenplantations in aged
mice.

. Average Normal Resorbed
Plugs Pregnancies Total
Group N (% Mice) (% Mice) Imolants Implants Implants Implants
° ° P + SEM (%) (%)
Control 30 16 (53.3) 9 (30.0) 82 9.1+0.6 63 (6.8 19 (23.2)
4% L-Ornithine 30 19 (63.3) 11 (36.7) 59 5.4+ 1.1* 48 (81.4) 11 (18.6)

10-month-old control and peri-ovulatory L-ornithitreated (4% w/v) C57BL/6 mice were
mated with young BDF-1 males and examined for capar plugs for 4 days. Mice were
sacrificed at 9.5 dpc for pregnancy. Implantatibessvere counted and dissected to examine
fetal status. Asterisks indicate statistical sigaifice versus control determined by Student’s
t-test,p < 0.05.
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Figure 8: Determination of pregnancy, number of implantadicand fetal status in 10.5-
month-old C57BL/6 mice treated with (n=30) or witlh@gn=30) 4% L-ornithine. (A)
Pregnancy status and number of implantation sitesdetermined by uterine dissection. A
uterus from a 4% L-ornithine treated mouse cont8insrmally developing implants and 1
resorption site (black triangle). (B) Placentakéistion was utilized to determine fetal
developmental state. Two normally developing feduesad one resorbed littermate (left)
from a 4% L-ornithine treated mouse.



3.8. Analysing Ovarian Polyamines Following L-Ornihine Supplementation in
Drinking Water

We investigated the efficacy of L-ornithine suppented in water to increase ovarian
putrescine concentrations during the natural estgese. Peak putrescine concentrations
have been observed to occur at approximately 0@x0e day of estrus in mice (Liu et al.,
2016a) and rats (Fozard et al., 1980c). We assdhlseéstrus status of young CF1 mice
utilizing vaginal cell cytology (figure 9). Mice tmd to be in the proestrus phase
(predominantly nucleated epithelial cells in thginal lavage) of the estrous cycle were then
divided between control and 4% L-ornithine (w/v)inling water groups in the late
afternoon. Mice were then sacrificed at 02:00 tilwing morning (the morning of estrus).
Ovaries were excised and subjected to polyamindysem We found slightly higher
putrescine concentrations in the ovaries of migaéén_-ornithine group compared to control
mice, but the difference was not significant (figur0). Concentrations of spermidine and
spermine were very similar in the two groups. Gidle® much greater variations in estrus
cycle regularity (Nelson et al., 1982), and thehisdive cost of older mice, we did not

attempt similar analyses utilizing retired breeders



Figure 9: Determination of murine estrous cycle phase vigina cell cytology. Estrus
phase in young CF1 mice was determined by vagieklcgtology. Leukocytes (circle),
nucleated epithelial cells (black triangle), andnified epithelial cells (white triangle) were
identified under 20X magnification.
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Figure 10: Ovarian polyamine concentrations in young micated with 4% L-ornithine in
drinking water during the natural estrus cycler&stycle tracking was performed in young
CF1 mice. Mice found to be in proestrus phase weparated into water (n=20) and 4% L-
ornithine treated (n=23) groups. Ovarian polyammvese analysed and quantified at 02:00
the following day. Data are presented as meansht. SE



4. Discussion

The results presented in the current study fouradnithine can increase ovarian
putrescine during the peri-ovulatory period in bgtitung and old mice. The concentration
of L-ornithine in some tissues has been analysgdeji for the liver, concentrations of L-
ornithine observed in tissues tend to be belowl8G3M Ky of ODC (Coleman et al., 1993;
Kitani and Fujisawa, 1988; O'Brien et al., 1986Jornithine is observed at an average of
approximately 5BM in the blood of mice (Takach et al., 2014) andnlans (De Bandt et
al., 1998; Kato et al., 1987), approximately 8 nfgah the brain, 32 nmol/g in the kidney,
and 343 nmol/g in the liver of mice (Seiler et &4B89). Given that L-ornithine is one of the
primary intermediates in the urea cycle which, sadace in the liver, it is not surprising that
high L-ornithine concentrations are observed thAsesupplemental L-ornithine increases
ovarian putrescine concentrations in both young @ddmice, it stands to reason that the
concentrations of L-ornithine in the ovary do ratisate the activity of ODC during the peri-
ovulatory period. In addition, despite lower ODQiwty with age (Tao and Liu, 2013), L-
ornithine increased ovarian putrescine concentratio aged mice. Moreover, the increases
of ovarian putrescine concentrations were doserdipd. Taken together, these results
provide strong support that the ovarian concemtnadf L-ornithine does not saturate ODC
activity during the peri-ovulatory period regardiesf age. Unfortunately, the L-ornithine
concentrations in the ovary with age have not lseparted and we are unable to definitively
show this given the current results. It is suggestieat future work examine the

concentrations of L-ornithine in the ovary and wiegtthey are altered with age.

We also investigated the effective time of L-dnimie to increase ovarian putrescine

concentrations. L-ornithine supplementation pdytiakustained ovarian putrescine



concentrations for several hours after adminigiraitn aged mice. This finding suggests that
L-ornithine resides in the ovaries for several Isoafiter supplementation. Although we did
not analyse ovarian L-ornithine concentrationsoiwihg supplementation, the concentration
of L-ornithine is proportional to the amount of pagcine produced as demonstrated by our
dose-dependence results. Thus, the concentratigndrescine elicited provide insight as to
the concentration of L-ornithine present in therg\at that time allowing some conclusions
to be drawn. Interestingly, the increases of ovapatrescine concentrations following L-
ornithine administration appear to be consistett wWie residence time of L-ornithine in the
blood reported in the literature. Peak putrescimecentrations were observed in our mice
one hour after L-ornithine administration. This gasgts that L-ornithine concentrations may
peak in the ovary after approximately one hoursTihisupported by two separate studies
utilizing bolus doses of L-ornithine (150 and 17@/kg) in human patients finding peak
blood L-ornithine concentrations approximately dmir after L-ornithine administration
(Bucci et al., 1990; Kato et al., 1987). We alsgared reduced putrescine concentrations
with increasing time between L-ornithine suppleraéioh and polyamine determination. L-
ornithine was only found to provide increases iar@an putrescine up to four hours after
administration. By five hours after administratibwere is no difference in ovarian putrescine
concentrations of L-ornithine treated mice compacecontrol mice. This is consistent with
supplementation studies finding L-ornithine concaidns return to basal levels roughly
four to five hours after administration (Kato et 4987). As the decline of serum L-ornithine
concentrations and ovarian putrescine concentsoe similar, one may suggest that the
clearance rate in the serum and ovaries is sintlewever, the clearance rate of L-ornithine
should be more clearly determined in the futurprmduce an effective treatment schedule

should L-ornithine be utilized to increase ovanmutrescine concentrations.



Following our hypothesis and first objective, wesoaexplored whether L-ornithine
supplementation resulted in specific increasesvarian putrescine compared to putrescine
supplementation. As predicted, peri-ovulatory Librine supplementation only
significantly increased ovarian putrescine con@dins compared to the systemic increases
caused by peri-ovulatory putrescine supplementafitis finding indicates that L-ornithine
can take advantage of the LH/hCG-induced increa§#&C activity localized to the ovary
(Bastida et al., 2005; Icekson et al., 1974, Tablan, 2013) to specifically increase ovarian
putrescine while preventing systemic putrescinegases. No tissues other than the ovaries
were observed to have significantly increased gatne concentrations compared to control
mice. Although we did not examine the putrescinecentrations in all tissues, it should be
a safe conclusion that L-ornithine supplementatioes not result in significant increases to
overall putrescine levels. Putrescine concentratimmained low in the kidney and liver
indicating that no significant amount of putreschreal been or was passing through to be
excreted. This supports that L-ornithine supplemtm results in ovary specific increases

of putrescine concentrations.

One of three L-ornithine treated mice had signifiba higher putrescine
concentrations in the brain, resulting in a 10-folciease in the putrescine concentrations of
the group compared to control mice. The exact calisthe increased concentration of
putrescine in the brain of this mouse is unknowowelver, there is evidence in the literature
suggesting that ODC activity may be elevated inkitaén following an ischemic event such
as a stroke, coinciding with increased putrescoreentrations even several hours after the
event (Dempsey et al., 1991; Henley et al., 1986)a single mouse was responsible for the

large increase of putrescine concentrations andnibe were approximately 10-months of



age, it is possible an ischemic event may haveroeguSince ODC activity and putrescine
concentrations may increase many hours after dremsic event (Dempsey et al., 1991,

Henley et al., 1996), this could explain the origfrthe observed increase.

In contrast to peri-ovulatory L-ornithine supplertaion, peri-ovulatory putrescine
supplementation induced increases of putrescinestrations across most tissues that were
examined. One of the three control mice were olesete have unusually high putrescine
concentrations in the spleen, 1090 nmol/g compiarad average of 270 nmol/g for the other
controls, artificially raising the mean of the cartgroup. This was likely the result of a
pathological condition. First, this was much higtien the spleen putrescine concentrations
observed in any of the other aged mice in this expnt, including the putrescine treated
animals. Second, this value is also much greagerttine concentrations reported in the spleen
of young mice (Nishimura et al., 2006). Despitesthincertainty, it seemed likely that
putrescine supplementation, but not L-ornithine pbegmentation, increased putrescine
concentrations in the spleen of aged mice (comipexrepleen values of the last two groups

of table I).

Since the overall mechanism for putrescine act@nains unknown it may still be
preferable to avoid non-specific increases of mairee concentrations by utilizing L-
ornithine. However, most literature available appda suggest putrescine supplementation
should be safe. In addition to the highgbf putrescine (Til et al., 1997), putrescine has a
short half-life (Russell et al., 1970) and a vengrs residence time in the blood and ovaries
after administration (Tao et al., 2015). FurtheR@expressing transgenic mice with 2- to
10-fold higher putrescine concentrations in mossues exhibit no increased risk of

developing cancer or neurodegenerative diseaseBawe any phenotypic differences



compared to non-transgenic mice (Alhonen et ab51®almekyto et al., 1991). Moreover,
excess putrescine does not affect rates of cellptaliferation (Wilson et al., 2005).
Putrescine is supplemented 1% w/w in milk replacerewborn pigs (Grant et al., 1990) and

calves (Grant et al., 1989) to promote intestiresltn.

The first objective we sought to explore in therent study was whether peri-
ovulatory L-ornithine supplementation specificallyncreases ovarian putrescine
concentrations in mice. We believe that we havegreed strong evidence to show that L-
ornithine can specifically and dose-dependentlyaase ovarian putrescine concentrations.
It is suggested that future studies should exanawarian L-ornithine concentrations
including the effect of age on L-ornithine concatibns. In addition, alternative means of
delivering L-ornithine during the peri-ovulatory rpel and ovulation, such as controlled
release mechanisms (Priya James et al., 2014),bmagought to provide longer lasting

increases in ovarian putrescine concentrations.

Despite the clear demonstration that L-ornithineeistration specifically increases
ovarian putrescine concentrations, our attempimpoove reproductive outcomes in aged
mice via L-ornithine supplementation have been ocsssful. One explanation for the lack
of reproductive benefit may be that 1% L-ornithgwgplementation generated insufficient
putrescine in the ovaries. We did not determineriamaputrescine concentrations in mice
given 1% L-ornithine water. However, we could detect significant increase of ovarian
putrescine in mice given 4% L-ornithine water. lontrast, significantly higher ovarian
putrescine concentrations were observed in micengil® putrescine water (Tao et al.,
2015). Furthermore, our data indicated that therh@(kxg dose of L-ornithine produces lower

concentrations of ovarian putrescine concentratmmpared to 100 mg/kg of putrescine



(figure 5, table I). Therefore, it is likely tha#dlL-ornithine supplemented in drinking water
did not increase ovarian putrescine concentrattonthe same extent as 1% putrescine

supplementation.

In contrast to 1% L-ornithine supplementation whicly have a slight reproductive
benefit in aged mice, 4% L-ornithine supplementatiad a clear detrimental effect. One
possible reason might be the 4% L-ornithine supplaation increased ovarian putrescine
concentrations to levels that became harmful orirdental to egg quality. This appears
unlikely as we did not detect significant increasé®varian putrescine concentrations in
mice supplemented with 4% L-ornithine in drinkinguter (figure 10). In more controlled
experiments where aged mice were injected withouardoses of L-ornithine or putrescine,
2.5-fold more L-ornithine than putrescine (i.e. 202ng/kg dose of L-ornithine vs. a 100
mg/kg dose of putrescine) was required to prodim#zs levels of ovarian putrescine (figure
5, table I). Therefore, in the future it may be &igral to evaluate if an intermediate dose,
for instance 2.5% L-ornithine in drinking waternhgarovide reproductive benefit similar to
that provided by 1% putrescine supplementationrinkéhg water (table Ill, (Tao et al.,

2015)).

However, 4% L-ornithine supplementation could heaguced the fertility of aged
mice independently of increasing ovarian putrescomeentrations. Metabolic deficiency of
OAT results in 10- to 15-fold increases of L-ormigconcentrations in almost all body fluids
with modest reductions in plasma lysine, glutamglatamate, and creatine (Sipila, 1980;
Sipila et al., 1980; Wang et al., 1995). Thesetdrad prolonged increases of L-ornithine
concentrations result in gyrate atrophy of the oltbrand retina (GA), which causes

progressive vision loss and eventual blindness@damage to the retinal pigment epithelial



cells of the eye (Simell and Takki, 1973). Despite drastic increase in L-ornithine
concentrations caused by OAT deficiency, L-ornighsupplementation is not likely to
induce any detrimental effects on the eyes or misithe safety of high dose L-ornithine
supplementation has been demonstrated in animakatiient of rats with 4% w/w L-
ornithine in food for 49 weeks caused no sign ahet degeneration characteristic of GA
(Sakamoto et al., 2015). Research has shown tbatithine is only toxic if concentrations
are high (in excess of 600 uM) for a few years. Begr, constant blood L-ornithine
concentrations below 600 uM do not appear to bendental. Moreover, transient high-dose
L-ornithine supplementation was concluded to be $af the eye (Hayasaka et al., 2011).
Issues other than retinal toxicity have not beeeniified in the literature. Moreover,
supplementation studies in humans have not indicatry dangers of L-ornithine
supplementation (Chromiak and Antonio, 2002; Dedat al., 1998; Demura et al., 2010;
Kokubo et al., 2013). However, the apparent detniaeeffect of excess L-ornithine on
fertility demonstrated in the current study shosiuve as a warning to the potential danger

of excess L-ornithine supplementation for womempiag pregnancy.

Two possible future approaches should be consideredursuing L-ornithine
supplementation further. First, L-ornithine candmeapsulated in a biodegradable polymer
such as poly(lactic-co-glycolic acid) (Makadia aBgkgel, 2011) serving as a controlled
release mechanism. A controlled release L-ornithioemulation could be deposited
vaginally, directly into the uterus, providing a radirect route to the ovaries. This will
likely greatly reduce the amount of L-ornithine wegd to increase ovarian putrescine
concentrations, hence minimizing the possible ibxiof L-ornithine through other

pathways. The second is to examine the effect ofrithine supplementation in oocyite



vitro maturation (IVM) media. Putrescine supplementationVM media can improve
oocyte quality in aged mice (Liu et al., 2016a)tHis approach, cumulus-oocyte complexes
(COCs) are incubated in IVM media in which the desyare matureth vitro to become
fertilizable eggs. Since ODC is expressed in bbéhdocytes and cumulus cells (Bastida et
al., 2005; Icekson et al., 1974; Tao and Liu, 20&8pgenous L-ornithine present in the IVM
media is expected to be converted into putrestieeeby correcting putrescine deficiency in

aged COCs while avoiding the undesired effects-ofriithine supplementatian vivo.



5. Conclusion
Aged animals produce significantly lower levels @farian putrescine during

ovulation due to lower activity of ODC. Low conceattons of ovarian putrescine adversely
affect the likelihood of reproductive success ie@gnimals. Putrescine supplementation to
correct this metabolic deficiency improves reprddigcsuccess in aged animals. Herein, we
have effectively shown that peri-ovulatory L-ormité supplementation might be a viable
alternative treatment. We demonstrated that adneinng L-ornithine specifically and dose-
dependently increased ovarian putrescine in mi¢keont changing concentrations of other
polyamines in the ovaries and without altering @stine concentrations in any other tissues
examined. However, future work will be requirediiermine the optimal dose and route of

administration to realize this potential.
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Figure 11: Conversion of lysine 50 into hypusine for the mation of human elF5A. Lysine
50 is converted to hypusine through the actioneaighypusine synthase which transfers an
aminobutyl moiety from spermidine to lysine 50 torh deoxyhypusine. Deoxyhypusine
hydroxylase then converts the intermediate deoxybiyye into hypusine to form the mature
and active elF5A.



Figure 12: Production of L-ornithine and subsequent convarsio_-citrulline. L-ornithine is produced by argise ARG with urea as
a by-product. L-ornithine can then be converted-tiatrulline by ornithine transcarbamylageTC) using carbamoyl phosphate as a co-
factor.



Figure 13: The reversible production of proline and glutanamdrom L-ornithine. L-ornithine can be reversebnverted to pyrroline-
5-carboxylate (P5C) through the action of ornithameinotransferasé>)AT). P5C can be converted to proline or glutamic &gidP5C
reductaseR5CRD and P5C dehydrogenage5CDH), respectively. Conversely, P5C may be produceah foroline and glutamic acid

throughP5CDH and proline oxidasd>¢oline OXD), respectively.



Table V: Reproductive history of aged C57BL/6 female migepdemented with 1% L-
ornithine in drinking water or control drinking veat

Age (Months)

9.5 11 12 13
Mouse _ _ . .
Treatment L'Stitzi Treatment L'Stitzi Treatment L'St}Zeé Treatment L'St}Zeé

126 Water Water Water Water
129 Water --- Water - 1% ORN Water
130 1% ORN 3 Water 1% ORN 1% ORN
140 1% ORN 2 1% ORN 3 1% ORN 3 Water
145 1% ORN 2 Water 4 Water 1 1% ORN
146 1% ORN --- Water 1% ORN Water -
147 Water 5 1% ORN 1% ORN 1% ORN
149 Water - Water N/A N/A N/A N/A N/A
150 1% ORN Water 1% ORN Water
152 Water - Water - Water N/A N/A
154 1% ORN Water 4 1% ORN Water
155 Water --- 1% ORN Water Water
157 Water Water 3 Water 1% ORN 4
160 Water --- 1% ORN 1% ORN Water -
161 1% ORN 6 1% ORN Water N/A N/A
164 Water 5 Water 1% ORN 1 N/A N/A
165 1% ORN 1% ORN 1% ORN Water
167 1% ORN 8 Water --- Water --- Water
170 Water 1 Water Water 1% ORN
173 Water 10 1% ORN Water 1% ORN 7
175 Water 3 Water Water 1% ORN
181 1% ORN Water 1% ORN 1% ORN
182 1% ORN Water Water 1% ORN
184 Water --- 1% ORN Water Water 2
187 1% ORN Water 3 Water 6 Water 2
190 Water N/A N/A N/A N/A N/A N/A
191 Water 1% ORN 1% ORN 1% ORN
192 Water 3 Water 1% ORN 1% ORN 1
194 1% ORN 1% ORN Water 1% ORN
195 Water 1% ORN 2 Water 1% ORN
196 Water 1% ORN Water Water
199 Water 10 1% ORN 5 1% ORN 1% ORN
200 1% ORN 5 Water 1% ORN 1% ORN
202 1% ORN 9 1% ORN 9 1% ORN Water
203 Water 1 1% ORN 1% ORN 1% ORN



Age (Months)

9.5 11 12 13
Mouse _ _ . .
Treatment L'Stitzet; Treatment L'Stitzet; Treatment L'St}Zeé Treatment L'St}Zeé

205 Water 1% ORN 3 Water 1% ORN
206 1% ORN 2 1% ORN Water 1% ORN
207 1% ORN Water Water Water
211 1% ORN --- Water Water Water
212 1% ORN 1% ORN 6 1% ORN 2 Water
214 1% ORN Water 1 Water 1% ORN
215 1% ORN 4 Water 1% ORN 1% ORN
216 Water 1 Water 1 1% ORN - Water ---
217 1% ORN Water Water 6 Water
219 1% ORN 7 Water 8 Water 1% ORN
220 Water 1% ORN Water Water
225 Water --- Water - 1% ORN 1% ORN -
226 1% ORN 1% ORN Water Water
227 1% ORN 1% ORN 1% ORN Water
228 1% ORN 4 1% ORN Water Water 1

229 1% ORN Water 1% ORN Water 1

230 1% ORN Water 9 Water 1% ORN 2

231 1% ORN 1 Water 1% ORN Water
232 1% ORN 1% ORN 1% ORN 6 Water 1
233 1% ORN 4 Water 1% ORN 1% ORN
234 1% ORN 1 1% ORN Water Water
235 1% ORN --- 1% ORN Water Water -
236 Water 8 Water Water 1% ORN
237 1% ORN 3 1% ORN N/A N/A Water

238 1% ORN 1% ORN Water 1% ORN
239 Water 4 Water Water --- Water -
240 Water 1% ORN 1% ORN Water
241 1% ORN 1% ORN 5 Water 1% ORN
242 Water 1 1% ORN Water 1% ORN
243 Water 1 Water 1% ORN --- Water
244 Water 4 1% ORN 1% ORN Water
245 Water 1% ORN 6 1% ORN 1% ORN
246 Water 5 Water Water 1% ORN 1

247 Water --- Water 4 1% ORN 4 Water ---
248 Water Water 1% ORN Water
249 1% ORN 1% ORN 6 1% ORN N/A N/A
250 1% ORN 6 Water Water N/A N/A



Age (Months)

9.5 11 12 13
Mouse _ _ . .
Treatment L'Stitzi Treatment L'Stitzi Treatment L'St}Zeé Treatment L'St}Zeé

251 Water 2 1% ORN 2 Water 1% ORN
252 1% ORN 4 Water 1% ORN 3 Water
253 Water 5 Water 1 Water 1% ORN
254 1% ORN 3 Water 3 Water 1% ORN
255 1% ORN Water 5 Water 4 Water
256 Water 1 1% ORN 4 1% ORN 2 Water
257 1% ORN 1% ORN 1 1% ORN 1% ORN
258 1% ORN 1% ORN 1% ORN 1% ORN
259 1% ORN 1 N/A N/A N/A N/A N/A N/A
260 1% ORN 6 1% ORN 5 1% ORN 1% ORN
261 Water Water Water 1% ORN
262 Water 1 1% ORN Water 1% ORN
263 Water 1% ORN 1% ORN Water
264 1% ORN 5 Water 5 1% ORN 1% ORN 2
265 Water 1% ORN Water Water
266 1% ORN 1% ORN 1 Water 1 Water
267 Water 1% ORN Water 1% ORN
268 Water 1% ORN 1% ORN 1% ORN
269 Water 1% ORN 5 Water 1% ORN
270 1% ORN --- Water 1% ORN Water -
271 Water 1 1% ORN 1% ORN Water
272 Water 8 Water 1% ORN 3 1% ORN
273 Water 6 Water 1% ORN 1% ORN
301 Water - Water - N/A N/A N/A N/A
302 1% ORN 1% ORN N/A N/A N/A N/A
303 1% ORN 4 Water 3 N/A N/A N/A N/A
304 1% ORN 4 Water 2 N/A N/A N/A N/A
305 Water 5 1% ORN 4 N/A N/A N/A N/A
306 Water 1% ORN N/A N/A N/A N/A
307 Water 2 1% ORN N/A N/A N/A N/A
308 Water 5 Water 2 N/A N/A N/A N/A
309 1% ORN Water N/A N/A N/A N/A
310 Water 6 1% ORN 7 N/A N/A N/A N/A
311 Water 11 1% ORN 11 N/A N/A N/A N/A
312 1% ORN 1% ORN N/A N/A N/A N/A
313 Water - Water - N/A N/A N/A N/A
314 1% ORN 1% ORN N/A N/A N/A N/A



Age (Months)

9.5 11 12 13
Mouse _ _ . .
Treatment L'Stitzet; Treatment L'Stitzet; Treatment L'St}Zeé Treatment L'St}Zeé

315 1% ORN 2 Water 1 N/A N/A N/A N/A
316 1% ORN 4 1% ORN 5 N/A N/A N/A N/A
317 Water 4 Water 1 N/A N/A N/A N/A
318 1% ORN Water N/A N/A N/A N/A
319 1% ORN 1% ORN 6 N/A N/A N/A N/A

320 1% ORN 5 Water N/A N/A N/A N/A
321 Water 1% ORN N/A N/A N/A N/A
322 Water 5 Water N/A N/A N/A N/A
323 1% ORN 1 1% ORN N/A N/A N/A N/A
324 Water 3 Water N/A N/A N/A N/A
325 1% ORN 11 Water N/A N/A N/A N/A
326 1% ORN 1% ORN N/A N/A N/A N/A
327 Water Water N/A N/A N/A N/A
328 Water 3 1% ORN 1 N/A N/A N/A N/A
329 Water 4 Water 5 N/A N/A N/A N/A
330 1% ORN Water N/A N/A N/A N/A
331 Water Water 5 N/A N/A N/A N/A
332 Water 1% ORN N/A N/A N/A N/A
333 1% ORN 1% ORN N/A N/A N/A N/A
334 1% ORN Water N/A N/A N/A N/A
335 Water 6 1% ORN N/A N/A N/A N/A
336 Water - Water - N/A N/A N/A N/A
337 Water 5 1% ORN 2 N/A N/A N/A N/A
338 1% ORN Water N/A N/A N/A N/A
339 1% ORN 5 1% ORN N/A N/A N/A N/A

340 1% ORN --- 1% ORN --- N/A N/A N/A N/A




Table VI: Reproductive history of aged C57BL/6 female micepdemented with 4% L-
ornithine followed by 1% putrescine in drinking wabr control drinking water.

Age (Months)

10 115 12.5
Mouse _ _ .
Treatment L'Stitzi Treatment L'Stitzi Treatment L'St}Zeé

421 Water 6 Water 6 1% Put 8
422 Water Water 1% Put
423 Water 1 Water 3 1% Put 3
424 Water Water 5 1% Put 3
425 ORN Water 1% Put -
426 Water 4% ORN Water
429 Water --- Water - Water
432 ORN 5 Water 1% Put
433 Water 2 4% ORN --- Water ---
434 Water 3 4% ORN 3 Water 3
436 Water 4% ORN 1% Put
437 Water 6 4% ORN 1% Put
439 Water 4% ORN 1% Put
440 ORN 4% ORN Water
441 Water 6 Water 1% Put -
442 ORN 4 Water 1% Put 2

444 ORN 2 4% ORN Water 5

447 Water Water 1% Put
448 ORN Water 1% Put -
450 Water 4% ORN Water
451 Water --- 4% ORN Water
454 ORN 4% ORN Water
456 ORN 4% ORN Water 3

457 ORN 4% ORN 3 Water
459 ORN 3 4% ORN 1% Put
460 ORN Water 1% Put 7

461 Water 5 N/A N/A N/A N/A

462 Water Water Water
463 ORN Water 1% Put -
466 Water Water Water
467 Water --- 4% ORN Water
468 Water 4% ORN 1% Put
472 ORN 4% ORN 3 Water

473 Water 4 Water 4 1% Put




Age (Months)

10 115 12.5
Mouse _ _ .

Treatment L'Stitzet; Treatment L'Stitzet; Treatment L'St}Zeé
474 Water --- 4% ORN 2 Water ---
475 ORN 1 4% ORN 1% Put 7
477 ORN Water 1% Put -
478 ORN Water Water
479 ORN 4% ORN Water
481 ORN 4% ORN 1 Water
483 Water 1 4% ORN --- Water ---
484 ORN Water 3 1% Put
486 ORN 5 4% ORN 3 Water
487 ORN Water 1% Put
489 ORN 3 Water Water
490 ORN Water 10 Water
491 Water --- Water - 1% Put ---
492 Water Water 4 1% Put
493 Water --- Water - Water
494 ORN 8 N/A N/A N/A N/A
496 Water 6 4% ORN --- Water ---
497 ORN 4% ORN 1% Put
498 Water --- 4% ORN Water
499 Water 6 4% ORN 3 1% Put
901 Water --- Water - Water
902 Water Water 1% Put
906 ORN 4% ORN 1% Put
907 ORN 4% ORN 1% Put 4
908 ORN Water 1% Put -
910 Water 4% ORN Water
911 Water --- 4% ORN Water 2
913 Water Water 1% Put
916 ORN Water Water ---
918 Water Water N/A N/A




Table VII: Detailed breakdown of implantation sites at 9.5 mhpiemale 10-month-old
C57BL/6 mice treated with water or 4% L-ornithimedrinking water.

Mouse Treatment Impla.ntations Normal  Resorbed
Left Right Total Fetuses Fetuses
471 Water 6 6 12 10 2
912 Water 2 9 11 6 5
919 Water 5 5 10 7 3
455 Water 5 4 9 8 1
443 Water 4 5 9 7 2
485 Water 5 4 9 9 0
915 Water 3 5 8 8 0
920 Water 2 6 8 6 2
904 Water 1 5 6 2 4
480 Water N/A N/A N/A N/A N/A
464 Water N/A N/A N/A N/A N/A
476 Water N/A N/A N/A N/A N/A
453 Water N/A N/A N/A N/A N/A
458 Water N/A N/A N/A N/A N/A
428 Water N/A N/A N/A N/A N/A
488 Water N/A N/A N/A N/A N/A
905 ORN 5 4 9 9 0
909 ORN 2 7 9 8 1
430 ORN 6 3 9 8 1
438 ORN 4 5 9 7 2
435 ORN 5 3 8 6 2
445 ORN 5 0 5 4 1
420 ORN 3 1 4 3 1
446 ORN 2 0 2 2 0
917 ORN 2 0 2 0 2
914 ORN 1 0 1 1 0
427 ORN 0 1 1 0 1
465 ORN N/A N/A N/A N/A N/A
431 ORN N/A N/A N/A N/A N/A
449 ORN N/A N/A N/A N/A N/A
470 ORN N/A N/A N/A N/A N/A
495 ORN N/A N/A N/A N/A N/A
469 ORN N/A N/A N/A N/A N/A
452 ORN N/A N/A N/A N/A N/A

903 ORN N/A N/A N/A N/A N/A
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