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Abstract Reproductive aging is an increasingly pressing
problem facing women in modern society, due to delay in
child bearing. According to Statistics Canada, 52% of all
Canadian births in 2011 were by women aged 30 years and
older, up from 24% in 1981 (http://www.statcan.gc.ca/pub/91-
209-x/2013001/article/11784-eng.htm). Women older than 35
years of age experience significantly increased risks of
infertility, miscarriage and congenital birth defects, mostly
due to poor quality of the eggs. Increasingly sophisticated,
and often invasive, assisted reproductive technologies
(ARTs) have helped millions of women to achieve
reproductive success. However, by and large, ARTs do not
address the fundamental issue of reproductive aging in
women: age-related decline in egg quality. More
importantly, ARTs are not, and will never be, the main
solution for the general population. Here, I attempt to review
the scientific literature on age-related egg quality decline,
based mostly on studies in mice and in humans. Emphasis is
given to the brief period of time called oocyte maturation,
which occurs just prior to ovulation. The rationale for this
emphasis is that oocyte maturation represents a critical
window where unfavorable ovarian conditions in older
females contribute significantly to the decline of egg quality,
and that science-based intervention during oocyte maturation
represents the best chance of improving egg quality in older

women. Finally, I summarize our own work in recent years on
peri-ovulatory putrescine supplementation as a possible
remedy for reproductive aging.
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Introduction

Women experience increasing reproductive difficulties
starting in their late 30s, including infertility, increased risks
of spontaneous abortion and congenital birth defects. Decreas-
ing quantity and, especially, poor quality of eggs are the lead-
ing cause of these premenopausal reproductive problems.
These woman-specific reproductive aging problems stem
from the protracted oogenesis in mammalian females: primor-
dial oocytes are generated at the fetal stage but mature to
fertilizable eggs at ovulation. The time lapse of 10–50 years
in the making of a mature human egg appears to be an insur-
mountable challenge to the age-related decline of egg quality.
Apart from long-term egg freezing and egg donation, there are
no scientifically proven remedies for these problems. Further-
more, both egg freezing and egg donation have their own
technical and ethical difficulties, in addition to their limited
applicability (i.e., only in expensive IVF procedures). In this
review, I focus on the process of oocyte maturation, a brief
time during which the oocyte undergoes dramatic changes,
expelling exactly half of the chromosomes and reorganizing
other cellular components, to get ready to be united with a
haploid sperm to start fetal development. I hypothesize that
a significant proportion, if not the majority, of the aneuploidy
and poor egg quality is due to unfavorable oocyte maturation
in aged oocytes. Furthermore, it is possible, through dietary or
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medical means, to restore a robust oocyte maturation process
in older women, to reduce aneuploidy and improve the quality
of the mature eggs leading to better reproductive outcome.

Oogenesis in mammals including humans

In mammals, oogenesis begins during the embryonic stage
when primordial germ cells initiate meiosis and develop into
primary oocytes (Baltus et al. 2006). By birth, females have
developed a finite number of primary oocytes arrested in mei-
otic prophase that comprise their lifetime egg supply (Lei and
Spradling 2013; Zhang et al. 2014). The prophase oocytes
contain replicated sister chromatids bound together length-
wise by a ring-shaped protein complex called cohesin, similar
to prophase in somatic cells. However, in primary oocytes, all
four sister chromatids, two maternal and two paternal, are
linked together. This happens because, in germ cells, the du-
plicated maternal and paternal chromosomes synapse and un-
dergo one or more homologous recombination events (aka
crossover) between non-sister chromatids, resulting in homo-
log interlocking (Fig. 1, top). The four sisters remain linked
through postnatal development while supporting transcription
activity required for oocyte growth and the accompanying
follicle development. In sexually mature females, cohorts of
their follicles, each containing a prophase oocyte, are recruited
to enter the ovulation cycle throughout the reproductive life.
Prior to ovulation, the fully grown oocyte, still in prophase
with an intact nucleus and with its four sisters of each chro-
mosome linked, undergoes oocyte maturation (meiosis I):
chromosome condensation into bivalents (Fig. 1, top), nuclear
envelop breakdown (aka germinal vesicle breakdown or
GVBD), spindle assembly and expelling of one homolog
(two sisters) of each chromosome to the first polar body. Sub-
sequently, in fertilization (meiosis II), the sisters are segregat-
ed into the 2nd polar body and the fertilized egg (Fig. 1).

Two unique and critical features of meiosis ensure the
differential segregation of homologous chromosomes in mei-
osis I and sister chromatids in meiosis II. The first is sister
kinetochore co-orientation during assembly of the metaphase
I spindle. In yeast, this is achieved by a protein complex
dubbed monopolin (Corbett et al. 2010), which promotes
fusion of the two sister kinetochores (Sarangapani et al.
2014), although the equivalent protein complex in animal
cells has not yet been identified (McCollum 2012). The sec-
ond is the stepwise removal of chromosome cohesin. In
meiosis I, cohesin on chromosome arms is cleaved by a
protease, separase but cohesin near the centromeres is
protected, thus Bunlocking^ chromosome bivalents allowing
chromosome homologs to separate while keeping sisters to-
gether (Fig. 1). Protection of centromeric cohesin in meiosis
I requires a kinetochore protein called Shugoshin (Kitajima
et al. 2004; Rabitsch et al. 2004), which appears to recruit

protein phosphatase 2A to protect centromeric cohesin (spe-
cifically its Rec8 subunit) against the action of separase
(Riedel et al. 2006). Cohesin near the centromeres is cleaved
by separase in meiosis II to allow sister chromatid separation
(Kudo et al. 2006; Lee et al. 2006).

Egg aneuploidy rates of humans and of mice

Aneuploidy is defined as a cellular condition where its chro-
mosome number is not the exact multiple of the monoploid
(haploid) of that organism. Specifically, it refers to the gain or
loss of the entire chromosome(s) due to chromosome segre-
gation errors during anaphase of the cell division cycle. Other
common chromosome errors such as triploidy (3 sets of
monoploids) or chromosome translocation are not aneuploidy.
This distinction is important because chromosome aneuploidy
has a unique etiology (anaphase errors) and is associated with
maternal aging. On the other hand, the majority of triploidies
appear to be due to paternal factors, especially dispermy (fer-
tilized by two sperms), in humans (Kajii and Niikawa 1977;
Zaragoza et al. 2000) and in mice (Maudlin and Fraser 1977).
Chromosome translocation errors are caused by chromosome
breakage and rejoining and such errors, unlike aneuploidies
and triploidies, are heritable.

Chromosome segregation errors are typically caused by
non-disjunction, failure of sister chromatids to disjoin in
(mitotic) anaphase.When applied to segregation errors in mei-
osis, meiosis I non-disjunction results in gain or loss of a
whole chromosome (both sister chromatids) and meiosis II
non-disjunction results in gain or loss of a sister chromatid.
Decades of genetic studies have indicated that the vast major-
ity of human aneuploidy has a maternal origin (egg aneuploi-
dy) (Hassold and Hunt 2001; Nagaoka et al. 2012). A trisomic
(3 copies of a single chromosome) offspring with two mater-
nal chromosomes that retain (grand)parental heterozygosity is
considered a meiosis I error (homologous chromosome non-
disjunction). A trisomic offspring with two maternal chromo-
somes of identical sequence is considered a meiosis II error
(sister chromatids non-disjunction). However, it is now clear
that the majority of meiotic chromosome segregation errors
are premature separation of sister chromatids (PSSC) in mei-
osis I (Fig. 1) (Angell 1991; Tao and Liu 2013; Kuliev et al.
2011; Gabriel et al. 2011; Yun et al. 2014; Christopikou et al.
2013; Fragouli et al. 2013; Handyside et al. 2012; Liu and Tao
2012), making this distinction problematic. The aforemen-
tioned offspring with two maternal chromosomes of identical
sequence (i.e., Bmeiosis II error^) could be a meiosis I error in
which the sister chromatids prematurely separated (due to the
loss of centromeric cohesin) but are both retained in the ma-
ture egg, likely because the two sister kinetochores are at-
tached to the same pole (Fig. 1; PSSC 1). The lack of sister
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cohesin renders the random segregation of the two sisters in
meiosis II (in this case, being retained in the fertilized egg).

Accurate assessment of aneuploidy rates in the general
population is not possible due to ethical conditions. Earlier
studies involved metaphase chromosome spread (Evans
1987) of surplus human eggs and invariably had small sample
sizes. This technique suffers frommany deficiencies including
procedural loss of chromosomes and inadequate chromosome
spreading. As summarized by Pellestor et al. (2005), the re-
ported aneuploidy rates for human eggs have a mean of
35.9 %, with significant variations among the individual stud-
ies. With the availability of biopsied polar bodies, some inves-
tigators have employed fluorescence in situ hybridization
(FISH) using chromosome-specific probes to assess chromo-
some copy number. These studies generally reported very
high aneuploidy rates in human eggs (32.1–52.1 %), despite
the small number of chromosomes (3–5) that were examined
(Pellestor et al. 2006).Most notable is a study ofmore than 20,
000 human eggs (via FISH analyses of five chromosomes, 13,
16, 18, 21 and 22, most commonly featured in human triso-
mies at birth or spontaneously aborted fetuses) reporting an
overall 48.6 % aneuploidy rates (average donor age of
38.8 years) and clear maternal age association with higher

aneuploidy rates in older donors (Kuliev et al. 2011). An ex-
trapolation of this number to all 23 chromosomes would sug-
gest that egg aneuploidy rates in these IVF patients must be
extraordinarily high.

Complete and reliable chromosome copy number can now
be readily analyzed by an increasing array of single cell (polar
bodies, eggs and blastomeres) genomic methods, microarray-
based comparative genomic hybridization (aCGH) (Fishel
et al. 2010), quantitative SNP (single nucleotide polymor-
phism) arrays (Northrop et al. 2010) and next generation se-
quencing (Baslan et al. 2012; Hou et al. 2013). Several studies
using aCGH have been published (Gabriel et al. 2011;
Fragouli et al. 2011, 2013; Geraedts et al. 2011; Handyside
et al. 2012) and provide the most accurate view of human egg
aneuploidy, at least for IVF patients. The results of these re-
cent studies are remarkably consistent among themselves. In
three relatively large studies with IVF patients (average age
between 40.0 and 40.8 years), the overall aneuploidy rates of
combined meiosis I and meiosis II (both 1st and 2nd polar
bodies examined) were 70 % (Fragouli et al. 2011), 72 %
(Geraedts et al. 2011) and 74 % (Fragouli et al. 2013), respec-
tively. If only the first polar bodies are examined, 40 %
(Fragouli et al. 2011), 58 % (Geraedts et al. 2011), 57 %

Fig. 1 Animal oocyte meiosis and major meiosis errors
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(Fragouli et al. 2013) and 52.4 % (Gabriel et al. 2011) were
found to be aneuploid. Many of these samples contain errors
in both the 1st and 2nd polar bodies and many contain
complex aneuploidies (with more than one chromosome
error).The accuracy of this approach is further validated by
the excellent concordance when the corresponding embryos
are karyotyped (Geraedts et al. 2011; Christopikou et al.
2013). It is also clear from these latest studies that older donor
ages are associated with higher egg aneuploidy rates and
higher proportions that are complex aneuploidies.

Efforts in karyotyping mouse eggs appear to lag behind
those in humans and are restricted to cytological analyses. It
is generally agreed that egg aneuploidy rates in young mice
are very low (~1 %), meaning at least an order of magnitude
lower than that in young women. However, the reported egg
aneuploidy rates for older mice are quite variable. Golbus
(1981) reported 2–3 % hyperploid eggs (hypoploidy is ex-
cluded because of technical loss of chromosomes) in 12- to
15-month-old Swiss-Wester random bred or CBA inbred
mice. Koehler et al. (2006) reported a similarly low (2.6 %)
aneuploidy rate in 8- to 11-month-old C57BL/6 mice. On
the other hand, others have reported much higher egg aneu-
ploidy rates in old mice, although generally with a relatively
small number of eggs analyzed (less than 100 per group).
For example, Pan et al. (2008) reported a 25 % egg hyper-
ploidy rate in 17-month-old D6D2F1 mice. Selesniemi et al.
(2011) reported a 30 % aneuploidy rate in 12-month-old
C57BL/6 mice, with the majority being hyperploids. One
unique technical challenge in counting the telocentric mouse
chromosomes in the eggs is the difficulty in discerning a
small chromosome dyad from a single sister chromatid. To
overcome this, we included additional staining of the centro-
meres (Hodges and Hunt 2002) in our study and reported an
egg aneuploidy rate of 12.7 % in 8-month-old C57BL/6
mice, with the vast majority being PSSC and very few being
whole chromosome nondisjunction (1.4 %) (Tao and Liu
2013). Merriman et al. (2012), using a novel karyotyping
technique via in situ centromere counting of fixed intact eggs
(Chiang et al. 2010), reported aneuploidy rates of 37.5 %
(n=40) and 60 % (n=30) for 12- and 15-month-old CD1
females, respectively.

Egg aneuploidy, causes and maternal age association

Decades of genetic studies of human trisomic offspring (or
aborted fetuses) and their parents have yielded a great deal of
information on the origin and maternal age association of hu-
man aneuploidies (Hassold and Hunt 2001; Nagaoka et al.
2012). A two-hit hypothesis (Lamb et al. 1996; Orr-Weaver
1996; Koehler et al. 1996) seems to best summarize these find-
ings. It is hypothesized that a prenatal crossover anomaly rep-
resents the first hit, predisposing the affected chromosomes to a

greater risk of mis-segregation in meiosis I and/or meiosis II.
The eventual manifestation of aneuploidy, however, requires a
second hit, under conditions that render the vulnerable chromo-
somes to actually mis-segregate during meiosis. Three types of
vulnerable chromosomes have been recognized: achiasmate
chromosomes, chromosomes with a single crossover near the
telomere and chromosomes with a crossover near the centro-
mere. While all chromosomes in human spermatocytes have at
least one crossover (Lynn et al. 2002), both genetic
(MacDonald et al. 1994; Fisher et al. 1995; Bugge et al.
1998; Oliver et al. 2008) and cytological (Cheng et al. 2009)
studies have indicated that significant numbers of chromo-
somes in human oocytes are achiasmate. As much as 25 % of
human fetal oocytes contain at least one achiasmate chromo-
some, as determined by staining pachytene oocytes with anti-
bodies against the DNA mismatch repair protein MLH1
(Cheng et al. 2009). Achiasmate chromosomes in mammals
are expected to randomly segregate in meiosis I and this has
been implicated as an important mechanism for human trisomy
18, trisomy 21 and aneuploidy involving the X chromosome
(Nagaoka et al. 2012). In addition to achiasmate chromosomes,
a single crossover near the telomere and a crossover near the
centromere also predispose the affected chromosomes to mis-
segregation. In general, achiasmate or a single crossover near
the telomere predisposes the affected chromosomes tomeiosis I
errors. A crossover near the centromere predisposes the chro-
mosome to meiosis II errors. Most importantly, all three types
of abnormality exhibit a greater risk of mis-segregation with
increasing maternal age (Nagaoka et al. 2012).

Maternal aging is indisputably linked to increased aneu-
ploidies in humans and in mice. The reason behind the
maternal aging effect (or the mechanisms of the second hit),
however, is far from clear.

It is thought that the amount of cohesin, which is
established during chromosome replication and which appears
to be non-replenishable in the prolonged prophase arrest
(Revenkova et al. 2010; Tachibana-Konwalski et al. 2010),
progressively decreases through aging, therefore rendering
oocytes more susceptible to nondisjunction in older females.
This is a particularly attractive notion for chromosomes with a
single crossover near the telomere, since the loss of cohesin
distal to the crossover would render the chromosome practi-
cally Bachiasmate^. Indeed, it has been demonstrated in both
mice (Lister et al. 2010; Chiang et al. 2010; Liu and Keefe
2008) and in humans (Tsutsumi et al. 2014; Duncan et al.
2012) that maternal aging is associated with reduced levels
of chromosome cohesin but curiously not overall cohesin in
the oocyte cytoplasm (it is not clear why oocytes retain cyto-
plasmic cohesin if not for replenishing chromosome cohesin).
However, despite an almost complete loss of biochemically
detectable chromosome cohesin (Rec8) in aged mouse oo-
cytes (Chiang et al. 2010; Liu and Keefe 2008), chromosomes
in old metaphase I oocytes remain invariably in bivalent
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configuration (Lister et al. 2010; Chiang et al. 2010). There-
fore, age-related loss of chromosome cohesin alone is not
sufficient to disrupt the chromosome linkage established in
fetal stages. It is intriguing that as many as 25 % of oocytes
in human fetuses have at least one achiasmate chromosome
(Cheng et al. 2009). If, as expected, these achiasmate chromo-
somes randomly segregate in meiosis I, more than 10 % of all
human eggs (regardless of age) should gain or lose at least one
whole chromosome. This is clearly inconsistent with clinical
observations, which suggest that only~5 % of human aneu-
ploidy (not 5 % of eggs!) is whole chromosome non-
disjunction in meiosis I (Angell 1991; Kuliev et al. 2011;
Gabriel et al. 2011; Handyside et al. 2012). Therefore, it is
possible that MLH1 foci underestimate human oocyte recom-
bination rates (Cheng et al. 2009), or that nature is more com-
plex than our current simplistic interpretation.

As for the majority of age-related aneuploidy, PSSC in
meiosis I, the best explanation might be the combined
(partial) loss of chromosome cohesin and Shugoshins (Lister
et al. 2010; Dupont et al. 2012; Yun et al. 2014). Therefore,
instead of selective removal of cohesin on chromosome arms
allowing separation of chromosome homologs, cohesin in
vulnerable chromosomes is completely removed in anaphase
I (Fig. 1) (Liu and Tao 2012). Without centromeric cohesin,
the two sisters can co-segregate if they are attached to the
same pole (PSSC 1, aka Bbalanced predivision^; Angell
1997; Dailey et al. 1996), or prematurely segregated into the
first polar body and the mature egg (PSSC 2). These prema-
turely separated sisters in the mature eggs, either present sin-
gly (PSSC 2) or in pairs (PSSC 1), will randomly segregate in
meiosis II.

Aside from the loss of cohesin and Shugoshins, the most
obvious factor that might influence mis-segregation errors is
the fitness of the meiotic spindle. There are numerous studies
that indicate age-associated abnormality in spindle morpholo-
gy in mice (Eichenlaub-Ritter et al. 2004). The scarcity of
human eggs does not permit large-scale analyses of spindle
morphology by invasive immunofluorescence microscopy.
Nonetheless, an early study of human oocytes indicated that
themajority of eggs (10/12) from youngwomen (20–25 years)
had normal MII spindle with all chromosomes aligned at the
metaphase plate. In contrast, the majority of eggs (11/14) from
older women (40–45 years) had abnormal spindle and
misaligned chromosomes (Battaglia et al. 1996). More recent-
ly, many investigators have taken advantage of non-invasive
polarization microscopy (PolScope) to visualize spindles in
human eggs. These studies generally concluded that eggs
from older patients have spindles with lower light retardance
(indicative of lower density and fewer ordered microtubule
fibers and hence less normal spindles) (Shen et al. 2006;
Rama Raju et al. 2007; De et al. 2005). Others, however, have
questioned the reliability of these PolScope measurements,
because many abnormal spindles have high microtubule

density and exhibit high light retardance (Coticchio et al.
2010). Clearly, defects in spindle function will affect chromo-
some segregation. This is particularly true in animal oocytes
where the quality control mechanism, spindle assembly
checkpoint, is either entirely absent (Shao et al. 2013) or does
not provide strict surveillance on chromosome misalignment
(Nagaoka et al. 2011; Duncan et al. 2009). The question,
though, is why do aged oocytes make inferior spindles?

Egg quality is not just chromosomal

Analyses of spontaneous abortions in humans have indicated
an overall 35 % (30–40 %) being chromosomal abnormal. The
majority (~2/3) of chromosome anomaly are trisomies
(Hassold and Hunt 2001; Carp et al. 2001; Kroon et al.
2010). Autosomal monosomies are rarely found among spon-
taneously aborted human fetuses, suggesting that they likely
die before or shortly after implantation. Indeed, earlier experi-
ments in mice have indicated that autosomal monosomies die
much earlier (E3–E4) than trisomies of the corresponding chro-
mosomes (≥E10) (Epstein and Travis 1979). Nonetheless, the
majority (~65 %) of human spontaneous abortuses are euploid,
which die of causes other than these gross chromosomal abnor-
malities. Although these studies do not identify single gene
mutations or small chromosomal deletions, it is safe to con-
clude that a significant proportion of these deaths are due to
poor egg quality not related to egg aneuploidy. In addition, a
large proportion of human conceptions, particularly of older
women, are lost before clinical recognition of pregnancy due
to aneuploidy (particularly monosomies and multiple chromo-
somal errors) and poor egg quality.

It appears that this is also true, if not more so, in mice. For
example, we reported a 12.7 % of egg aneuploidy rate in 8-
month-old C57BL/6 mice (Tao and Liu 2013) and yet the fetal
death rate of similar aged C57BL/6 mice is as high as 60 %
(Tao et al. 2015). We karyotyped these dead fetuses and found
that the vast majority are euploid (Tao and Liu, unpublished).
Clearly, aging-related decline of egg quality and developmental
potential is more than just egg aneuploidy. What are these other
factors that impact the developmental potential of the eggs?

A fully grown mouse oocyte contains about 100,000 mito-
chondria (Piko and Taylor 1987). Although the number does
not increase during oocyte maturation, mitochondria translo-
cate to the peri-nuclear area and form aggregates (Dumollard
et al. 2006). This translocation/remodeling is correlated with
distinct bursts of ATP production (Yu et al. 2010). It has been
hypothesized by many that compartmentalized ATP produc-
tion may serve a specific energetic need (e.g., spindle forma-
tion) while minimizing the production of reactive oxygen spe-
cies (ROS) associated with mitochondrial respiration
(Eichenlaub-Ritter et al. 2011; Dumollard et al. 2004; Van
Blerkom 2011). Although mitochondria produce most of the
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cellular ROS, they also play a vital role in regulating cellular
redox balance (Dumollard et al. 2009). Mammalian oocytes
synthesize millimolar quantities of the antioxidant glutathi-
one, an ATP-dependent process involving substrates provided
by the surrounding cumulus cells (Luberda 2005). In addition,
mitochondria also produce the TCA cycle intermediate,
NADPH, another major cellular-reducing equivalent
(Dumollard et al. 2007). Oocyte maturation is accompanied
by an increase in glutathione and eggs matured in vivo
contain much higher glutathione levels than those matured
in vitro, likely contributing to the superior developmental po-
tential of in vivo eggs. A high concentration of glutathione in
the mature egg is thought to be critical for pre-implantation
development when the embryo is relying on itself after losing
cumulus cell support. Finally, in addition to endoplasmic re-
ticulum, oocyte mitochondria are also important intracellular
calcium stores and participate in calcium signaling after fertil-
ization (Dumollard et al. 2003). Therefore, mitochondrial dys-
function has been postulated as a major mechanism in repro-
ductive aging (Eichenlaub-Ritter et al. 2011; Van Blerkom
2011). Examining human oocytes from IVF patients have in-
dicated a significant inverse correlation between maternal age
and mtDNA copy number (as a surrogate of the mitochondrial
number) (May-Panloup et al. 2005; Santos et al. 2006). How-
ever, there are no compelling studies to indicate that simply
boosting mitochondrial numbers in the oocytes can reduce
egg aneuploidy or improve its developmental potential, par-
ticularly given the possible importance of maturation-specific
mitochondrial translocation (Yu et al. 2010; Dumollard et al.
2006). Genetic (Johnson et al. 2007) and pharmacological
(Zeng et al. 2007; Zhang et al. 2006) depletion of ATP in the
oocytes disrupts spindle formation but this total disruption of
ATP synthesis does not equate the possible energy deficiency
in aged oocytes. On the contrary, measuring ATP contents of
individual oocytes from IVF patients has not revealed an age-
dependent decline (Van Blerkom et al. 1995; Van Blerkom
2011). Furthermore, genetic studies in mice have indicated
that as much as a 60 % reduction in the mitochondrial number
has no noticeable effect in embryonic development (Wai et al.
2010). Nonetheless, it remains probable that mitochondrial
health, in energy supply and particularly with regards to cel-
lular redox regulation, may be a key factor in the developmen-
tal potential of the eggs (Eichenlaub-Ritter et al. 2011).

In addition to mitochondrial dysfunction, age-related
deficiency of histone deacetylation (and other histone
modifications; Gu et al. 2010) may also contribute to both
chromosome segregation errors and poor developmental
potential. Immature mouse oocytes are highly acetylated on
multiple lysine residues of histone H3 and H4 and undergo
global histone deacetylation during oocyte maturation (Kim
et al. 2003). Inhibition of histone deacetylation using
trichostatin A (TSA), an inhibitor of class I and class II histone
deacetylases (HDACs), during oocyte maturation results in

lagging chromosomes in anaphase (Wang et al. 2006), in-
creased aneuploidy and poor embryonic development after
the treated eggs are fertilized in vitro (Akiyama et al. 2006).
Interestingly, incomplete histone deacetylation has been re-
ported in eggs of older mice (Akiyama et al. 2006; Suo et al.
2010) and older women (van den Berg et al. 2011), as well as
in eggs following IVM (Huang et al. 2012). It is not clear why
insufficient histone deacetylation increases egg aneuploidy. A
possible reason might be that insufficient histone
deacetylation interferes with chromatin remodeling and chro-
mosome condensation, which is required for proper kineto-
chore function and spindle attachment (Yang et al. 2012). This
is likely an oversimplification, since mitosis (which has a sim-
ilar requirement for chromosome condensation) in somatic
cells and early embryos does not involve global histone
deacetylation (Kim et al. 2003). More importantly, global his-
tone deacetylation during oocyte maturation is likely essential
for re-establishing embryonic histone acetylation patterns for
normal embryonic development, since histone acetylation is
an important epigenetic mechanism that generally activates
transcription of the targeted gene (Verdin and Ott 2015).

It seems that global histone deacetylation during oocyte
maturation is accomplished by activation of class 1 HDACs
in mice (Ma and Schultz 2013; Kim et al. 2003), although one
study has suggested that other classes of HDACs are respon-
sible in porcine oocytes (Endo et al. 2008). Importantly, why
is histone deacetylation deficient during maturation of aged
oocytes? The obvious answer might be a diminished expres-
sion of HDACs in aged oocytes, although no evidence has
yet been published. On the other hand, using prolonged
in vitro incubation after maturation (so-called postovulatory
aging) as a maternal aging model, Cui et al. (2011) sug-
gested an increased expression of histone acetyltransferase
1 (HAT1) and increased ROS as the main reasons for his-
tone hyperacetylation in porcine oocytes. Similarly, Huang
et al. (2007) demonstrated a gradual re-acetylation of multi-
ple lysin residues of H3 and H4 during postovulatory aging
in mice, suggesting the presence of HAT activity in mature
eggs. Therefore, histone hyperacetylation in aged oocytes
could be due to increased HAT activity, reduced HDAC
activity, or both.

Like insufficient histone deacetylation in aged oocytes
that likely contributes to egg aneuploidy (therefore, a compo-
nent of Bsecond hit^) and poor developmental potential, we
have recently discovered another biochemical deficiency,
peri-ovulatory deficiency of putrescine, in aged oocytes that
might be an equally important contributor to egg aneuploidy
and poor developmental potential. Luteinizing hormone (LH)
surge plays a central role in triggering oocyte maturation and
the subsequent rupture of ovarian follicles to release the ma-
ture eggs. It has been known for more than four decades that
mammalian ovaries produced a LH-mediated transient rise of
ornithine decarboxylase (ODC) and its product putrescine,
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concurrent with in vivo oocyte maturation (Fig. 2). This met-
abolic change has received relatively little attention, likely
because its inhibition in adult rats did not impair ovulation
or normal pregnancy (Fozard et al. 1980b). We have now
demonstrated that deficiency in this metabolic pathway in
older mice has significant reproductive consequences,
pointing to a promising remedy for reproductive aging (Tao
and Liu 2013; Tao et al. 2015; Liu and Tao 2012).

Peri-ovulatory ovarian ODC deficiency as a key
factor in reproductive aging

ODC is the first and rate-limiting enzyme in cellular synthesis
of biogenic polyamines, putrescine (a diamine), spermidine (a
triamine) and spermine (a tetraamine). In eukaryotic cells,
putrescine is produced via decarboxylation of ornithine, cata-
lyzed by ODC (Fig. 2). Putrescine serves as a substrate for
spermidine synthesis in which spermidine synthase transfers a
p ropy l am ine mo i e t y f r om deca rboxy l a t ed S -
adenosylmethionine (dcSAM) to putrescine. Spermine is syn-
thesized in a similar fashion by transferring a propyl amine
moiety from dc-SAM to spermidine, catalyzed by spermine
synthase (Gerner and Meyskens 2004).

Biochemically, spermine can be converted back to
spermidine and spermidine to putrescine, catalyzed by a poly-
amine oxidase and involving prior acetylation of the substrates
(spermine and spermidine). However, the physiological sig-
nificance of this Breverse^ pathway to generate putrescine is

not clear, since in most animal tissues/cells the level of putres-
cine is low or undetectable while spermidine and spermine are
at high steady state levels (>1 mM) (Nishimura et al. 2006). In
addition, animals readily take up polyamines from food
sources, as well as from the symbiotic bacteria primarily re-
siding in the gut (Gerner and Meyskens 2004).

ODC is an essential gene, from yeast to mammals. Yeast
deficient in ODC growth-arrests unless exogenous poly-
amines are added (Schwartz et al. 1995). Pregnant mice
exhibit high ODC activity in the uterus/fetuses during early
gestation (E5–E8); ingestion of the highly selective ODC
inhibitor α-difluoromethylornithine (DFMO) during this pe-
riod causes immediate growth arrest and death of the em-
bryos (Fozard et al. 1980a). Mice homozygous for the
ODC gene die before implantation (Pendeville et al.
2001). Given the essential role of ODC and polyamines
in cell proliferation, many aspects of male and female
reproduction, as well as embryogenesis, require this meta-
bolic pathway (Lefevre et al. 2011).

The essential role of polyamines in cell proliferation is
indisputable, although the precise mechanisms bywhich poly-
amines participate in cell proliferation remain unknown. This
review, however, focuses on the peri-ovulatory rise of ODC
(Fig. 2) and putrescine (not polyamines in general) in the
ovaries and their function in healthy oocyte maturation. Tran-
sient rise of ovarian ODC activity has been demonstrated in
many mammalian species (Channing and Tsafriri 1977), in-
cluding rats (Kobayashi et al. 1971; Fozard et al. 1980b), mice
(Bastida et al. 2005), hamsters (Persson et al. 1986), rabbits

Fig. 2 Peri-ovulatory transient
rise of ODC and putrescine, and
their deficiency in aged ovaries
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(Bieniarz et al. 1983) and pigs (Veldhuis and Hammond
1979). Inhibition of the transient ODC rise in mice by DFMO
diminishes ovarian ODC activity, resulting in reduction of
progesterone production and reduction of vascularization in
the corpus luteum, suggesting a role in luteinization of gran-
ulosa cells (Bastida et al. 2005). However, similar DFMO
treatment in rats does not reduce the number of implantation
sites or litter size (Fozard et al. 1980b). Furthermore, a similar
transient rise of ovarian ODC activity and putrescine in non-
mammalian species such as Xenopus (Younglai et al. 1980;
Sunkara et al. 1981) and hens (Armstrong 1994) clearly indi-
cates additional function(s) unrelated to luteinization. In
Xenopus oocytes, this transient rise of ODC activity is elimi-
nated by antisense morpholino oligos targeting Xenopus
ODC mRNA. Inhibition of the transient ODC rise does not
interfere with first polar body emission but the mature eggs
exhibit elevated levels of ROS, Cytochrome c leakage from
mitochondria and caspase 3 activation (Zhou et al. 2009).

Given these results in Xenopus oocytes, we investigated a
potential role of ODC in mouse oocyte maturation. Injecting
young mice with hCG stimulates a transient rise of ODC (Tao
and Liu 2013) and putrescine (Tao et al. 2015) in the ovaries,
peaking 5 h post-injection, similar to the transient rise of ovarian
ODC and putrescine in rats (Fozard et al. 1980b). Adding 1 %
DFMO inmouse drinkingwater for 48 h including the period of
hCG stimulation eliminates ODC activity (Tao and Liu 2013)
and putrescine increase (Tao et al. 2015). DFMO treatment does
not affect the number of ovulated eggs but increases egg aneu-
ploidy. Similarly, adding DFMO in IVM medium does not
affect oocyte maturation rates but increases egg aneuploidy.
The effect of DFMO on egg aneuploidy is not restricted to
CF1 mice. The F1 hybrid mice from crossing C57BL/6 and
SPRETexhibit a Bbasal^ egg aneuploidy rate much greater than
those found in the parental mice, likely due to suboptimal
homologous recombination in germ cells of the hybrid (Koehler
et al. 2006). DFMO treatment of oocytes from these F1 mice
further increases aneuploidy rates (Tao and Liu 2013).

Older mice exhibit reduced levels of ovarian ODC (Fig. 2)
(Tao and Liu 2013) and putrescine (Tao et al. 2015). A com-
bination of putrescine supplementation of mouse drinking wa-
ter up to the time of oocyte retrieval and putrescine supple-
mentation in IVM medium reduces egg aneuploidy in older
mice (Tao and Liu 2013). Remarkably, peri-ovulatory putres-
cine supplementation of mouse drinking water significantly
improves egg quality, as indicated by the greater cell number
of the resulting blastocysts, reduces early embryo death and
increases the number of live birth (Tao et al. 2015).

The mechanism by which age-related ODC/putrescine defi-
ciency increases egg aneuploidy and decreases egg develop-
mental potential remains unknown. In Xenopus oocytes, inhi-
bition of ODC during oocyte maturation significantly increases
the level of oxidative stress, which is rescued by the addition of
excess putrescine in the medium (Zhou et al. 2009).

Remedies to reduce aneuploid conceptions
and to improve egg quality in older women

With the apparent reliability of genomic approaches to karyo-
type polar bodies and single cells biopsied from fertilized eggs
and early embryos, respectively, many IVF clinics have
started to apply them in selecting euploid embryos for transfer
(Gardner et al. 2015). Some groups have used polar body
screening to select euploid zygotes for transfer (Fishel et al.
2010; Geraedts et al. 2011). Most others have used blastomere
biopsy of cleavage embryos (day 3 biopsy for day 5 transfer)
or trophectoderm cell biopsy of blastocysts (day 5 biopsy for
day 6 transfer, or for next cycle transfer after freezing) to select
euploid embryos. Most of these studies, including several ran-
domized control trials, have reported better reproductive out-
come for the interventions (Gardner et al. 2015). However,
others have warned against wide-spread and indiscriminate
application of these invasive preimplantation genetic diagno-
sis (PGD) approaches in the general IVF population (Gleicher
et al. 2014; Mastenbroek and Repping 2014). Regardless,
PGD is limited to women undergoing IVF procedures. For
women undergoing natural conception, there are no proven
remedies to reduce age-related aneuploid conceptions.

It is clear that oocytes and oocyte chromosomes are not
born equal. A proportion of the endowed primary oocytes of
each female contain Bvulnerable^ chromosomes susceptible
for mis-segregation (achiasmate chromosomes, chromosomes
with a single crossover near the telomere and those with a
crossover near the centromere). Recent egg karyotyping by
aCGH have indicated that some, particularly smaller, chromo-
somes are more prone to mis-segregation (Gabriel et al. 2011;
Fragouli et al. 2011, 2013; Handyside et al. 2012), confirming
the conclusion of decades of genetic and cytogenetic studies
(Nagaoka et al. 2012). However, the chance of all vulnerable
chromosomes, including achiasmate chromosomes, to mis-
segregate increases with maternal age, suggesting that all vul-
nerable chromosomes need a second hit to mis-segregate and
therefore have a Bsecond chance^ to properly segregate. I
hypothesize that oocyte maturation represents the best win-
dow of opportunity to intervene to improve fertility of older
women. Specifically, an unfavorable oocyte maturation con-
dition represents the most important Bsecond hit^ in age-
related aneuploidy.What about meiosis II errors, as some have
suggested that in older women the majority of chromosome
segregation errors occur in meiosis II (Fragouli et al. 2013)? In
my opinion, a significant proportion, if not the majority, of
these Bmeiosis II errors^ are likely meiosis I errors in which
the prematurely separated sister chromatids co-segregate
(Fig. 1; PSSC 1). If so, reducing meiosis I errors will likely
significantly reduce these Bmeiosis II errors^.

Perhaps just as important, if not more so, an unfavorable
oocyte maturation condition contributes greatly to the poor
developmental potential of aged eggs, irrespective of
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karyotype. This is perhapsmost evident by the fact that despite
decades of research on the mechanisms of mammalian oocyte
maturation and refining of IVM conditions, human IVM re-
mains the most challenging assisted reproductive technologies
(ART) procedure due to the poor developmental potential of
IVM eggs, even for young women (Smitz et al. 2011). As
proposed long ago by Eppig et al. (1994), oocyte Bcytoplasmic
maturation^ is critical for ensure optimal post-fertilization de-
velopment. The biochemical nature of oocyte cytoplasmic
maturation remains poorly defined but should include the bio-
chemical changes discussed here. Strategic mitochondrial
translocation and mitochondrial health in energetic, redox
and post-fertilization calcium signaling and global histone
deacetylation are likely important components of oocyte cyto-
plasmic maturation. Peri-ovulatory rise of ovarian ODC and
putrescine may be an evolutionally conserved mechanism to
safeguard this critical process in vertebrates.

Peri-ovulatory putrescine supplementation represents an
ideal intervention in reproductive aging. First, putrescine is nat-
urally produced during ovulation. Second, exogenous putrescine
is readily absorbed, rapidly cleared after cessation of supplemen-
tation and safe for both the mother and fetuses (Tao et al. 2015).
Third, it entails a very short period of intervention. Finally, it is
applicable both in IVF and in natural conception.

Concluding remark

Reproductive aging in women is a serious societal problem in
industrialized countries, with women increasingly struggling
with fertility due to delayed child bearing. Increasingly sophis-
ticated and invasive ART have helped millions of older women
to conceive but these do little to tackle the fundamental problem
of female reproductive aging, increased aneuploidy and the
poor developmental potential of aged eggs. Studies in model
organisms, mainly mice, have identified several likely culprits
underlining the age-related decline in egg quality. These include
loss of chromosome cohesin and Shugoshins, mitochondrial
dysfunction, defective spindles and insufficient histone
deacetylation. However, most are not likely Bdruggable^, espe-
cially for reproductive aging. Unlike most human diseases in
which a potential drug needs to be nontoxic to the affected
person only, a potential drug for reproductive aging needs to
be safe for the woman and her conceptus and a developing fetus
is extremely sensitive to many otherwise benign chemicals.
Peri-ovulatory putrescine supplementation represents a unique
and compelling candidate. Further work, however, will be
required to validate its efficacy and safety in humans.
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