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Optimal maturation of the oocyte depends on its environment and determines embryo competence, because the embryonic genome is
not active until the cleavage stage and new mitochondria are not produced until blastulation. Adverse environmental factors include
aging, andropause, oxidative stress, obesity, smoking, alcohol, and psychologic stress, whereas androgen supplementation, a prudent
diet, exercise, nutritional supplements, and psychologic interventions have beneficial effects. Mitochondrial function and energy pro-
duction deteriorate with age, adversely affecting ovarian reserve, chromosome segregation, and embryo competence. In aging mice, the
mitochondrial cofactor coenzyme Q10 reverses most of these changes. Early human experience has been encouraging, although only a
small study using a shorter duration of intervention compared with the murine model has been carried out. Mitochondrial metabolic
stress can result in an abnormal compensatory increase in mitochondrial DNA, which can be assessed in biopsied blastomeres of tro-
phectoderm as a predictive biomarker of implantation failure. Psychologic stress may reduce oocyte competence by shifting blood flow
away from the ovary as part of the classic ‘‘fight or flight’’ physiologic response, and methods to reduce stress or the body's reaction to
Use your smartphone

stress improve pregnancy success. Enhancing oocyte competence is a key intervention that
promises to reduce the number of euploid embryos failing to produce viable deliveries. (Fertil
Steril� 2016;105:548–59. �2016 by American Society for Reproductive Medicine.)
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T he oocyte is supported and nour-
ished by intimate cross-talk with
its surrounding granulosa cells

(GCs) and by endocrine and paracrine
interactions with its environment
(1, 2). During controlled ovarian
hyperstimulation (COH), gonadotropin
stimulation results in growth of
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multiple follicles yielding oocytes.
However, only 7% result in a term
delivery (3), and of oocytes that
fertilize and are found by means of
comprehensive chromosome screening
(CCS) to be euploid, still only
approximately two-thirds result in a
viable birth. During maturation, the
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oocyte undergoes a tremendous in-
crease in the quantity and quality of
the cytoplasm referred to as cyto-
plasmic maturation, which determines
the capability of the resulting embryo
to achieve a viable pregnancy. Oocyte
mitochondria are a critical example of
cytoplasmic maturation, described
below in detail. Gathering evidence in-
dicates that the maternal environment,
including changes brought about by
aging, have amajor impact on the qual-
ity of cytoplasmic maturation and ulti-
mate success of in vitro fertilization
(IVF).

The sperm loses most of its antiox-
idant defenses during maturation by
shedding its cytoplasm to facilitate
motility, making it extremely sensitive
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to oxidative stress (OS). OS primarily affects the sperm during
passage through the collecting system; exposure to OS is
therefore worsened by infrequent ejaculation and minimized
by retrieval of sperm directly from the testicle. Sperm mem-
branes have a high concentration of omega-3 fatty acids
(FAs), which are highly sensitive to oxidation.
AGING
Aging affects the number of oocytes that can be retrieved with
the use of COH. However, the modest decline of term delivery
per euploid embryo with increasing age (4) indicates that
either aging of cytoplasmic quality is of minor importance
or, more likely, cytoplasmic quality influences oocyte compe-
tence both by affecting chromosome redistribution as well as
by other mechanisms (also, available CCS data, particularly in
older women, is skewed toward a select group of more normal
responders whomay have inherently better cytoplasmic qual-
ity). An example illustrating these parallel effects is that treat-
ment of the aging mouse with coenzyme Q10 (CoQ10, an
essential component of the electron transport chain involved
in energy generation), described in detail below, affects the
quality of the oocyte spindle as well as energy available for
cell divisions and other functions (5). Factors impairing cyto-
plasmic maturation may also reduce follicle growth. In the
aging mouse, the decline in ovarian follicles and litter size
with age were also prevented by CoQ10 administration, and
interference with CoQ10 production caused decreased ovarian
reserve (5). Follicle depletion therefore may also be influenced
by decreasing cytoplasmic quality through communication
with the GCs or by the general decline of CoQ10 and mito-
chondrial energy production with aging (5).

Another example of parallel defects of ovarian reserve
and cytoplasmic quality is the impact of decreased androgen
levels exposed to the follicles with advancing age (6). With
increasing age, serum levels of the adrenal androgen DHEA
and circulating T and free T (7) decrease. Basal T levels corre-
late with reduced ovarian response when controlled for age (8)
(unfortunately, usual T assays are not accurate in that low
range, so measuring serum T for this purpose is generally
not practical). One-half of the intrafollicular T results from
conversion from DHEA. T increases antral follicles, increases
GC proliferation, and decreases GC apoptosis, which in turn
would be expected to favorably affect oocyte competence
(9). Randomized studies have shown improved stimulation
with administration of oral DHEA (10), T gel (11), and T patch
(12), resulting in higher circulating T levels that are modest
with the use of DHEA, moderate with the use of T gel, and ris-
ing toward the low male range with the use of T patch (sys-
temic administration of T would cause relatively small local
increases of ovarian T). Consequently, it appears to require
at least 2–3 months of oral DHEA, a minimum of 3 weeks
with the use of T gel, and at least 5 days with the use of T patch
to increase the ovarian response to stimulation. Therefore,
preparation for stimulation in such patients must be planned
well in advance of the start of gonadotropins. Poor responders
have been the predominant group where androgen treatment
has been applied (9–11), although improved oocyte
competence may also occur.
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Oxidative stress increases with age (13), owing in part to
lowered endogenous antioxidant defenses generating tissue
glutathione levels (14). OS is associated with increased GC
apoptosis, which is in turn associated with reduced embryo
quality and successful birth (2, 15). OS is also implicated in
shortening of telomeres, most likely as a long-term process
while oocytes remain in limbo during this era of delayed child-
birth, and shortened telomeres contribute to aneuploidy (16).

Aging has prominent effects on sperm DNA fragmenta-
tion (17), which is correlated with OS (18), and may account
for the adverse effects of male age on IVF success. The cyto-
plasm of younger oocytes may correct DNA fragmentation,
explaining the lesser impact with the use of egg donation or
a younger female partner (19). Different assays (20) or assay
conditions (21) may vary in their detection of sperm DNA
fragmentation; therefore, increased intake of antioxidants
should be recommended for all men over the age of 40 years,
regardless of testing.

OBESITY
Obesity is a state of high OS (22), including as documented in
follicular fluid (23), and is associated with decreased clinical
pregnancy, with the odds ratio for failure increasing from
1.26 for body mass index (BMI) 35–39.9 kg/m2 to 1.53 for
BMI >50 kg/m2. The odds ratio of failing to achieve a viable
birth was reduced even more significantly, varying from 1.14
with BMI 25–29.9 kg/m2 to 2.3 with BMI >50 kg/m2 (24).
The effect of obesity in recipients of egg donation in some
studies suggests effects on the endometrium as well as the
oocyte (25). The incidence of IVF live birth is reduced even
morewhenobesewomenhave twins (26) or are black,Hispanic,
orAsian. Strikingly, the significant adjusted odds ratios for fail-
ure to achieve live birth comparing nonwhite andwhitewomen
were 1.24 for normal weight, 1.52 for overweight, and 1.86 for
obese, the latter two being significant at P< .0001 (27). Obesity
also increases miscarriage (28). Most importantly, a BMI
>35 kg/m2 more than doubles deliveries at <32 weeks, and
with twins the risk of deliveries at <28 weeks triples (26). Au-
thors cite multiple possible mechanisms, including systemic
inflammation, as possible effectors of these adverse outcomes.
These data emphasize the need to focus maximal attention on
obesity in ethnic minorities to improve IVF outcomes, with
particular emphasis on elective single-embryo transfer.

All obese women, particularly with a BMI >35 kg/m2,
should be advised of the above risks and encouraged to lose
weight before starting IVF, especially women aged
%38 years. Increased antioxidant intake is logical, given their
systemic andovarianOSand inflammation. The antiinflamma-
tory effects of omega-3 FA supplements may also be beneficial
(29). Anexercise programmaybe themost promisingmodality.
In a case-control study, exercise (including at a vigorous level)
was associated with a more than threefold increase of the clin-
ical pregnancy rate in obese women having IVF (30).

SMOKING
Smoking by the female partner reduces the IVF pregnancy
rate by about one-half (31) and increases miscarriage by
almost one-fourth (32). Adverse effects are also observed
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with donor eggs, indicating a pelvic as well as an ovarian site
of action (33). Smoking by the male partner reduces IVF and
intracytoplasmic sperm injection (ICSI) success (34). Second-
hand smoke has lesser, but still significant, effects (35). Smok-
ing is a state of severe OS, so a marked increase of antioxidant
intakemay be helpful for those unable to quit. Given adequate
time from cessation of smoking to the IVF, adverse effects
appear to abate. A period of 3–6 months is likely optimal (36).

ALCOHOL
Alcohol intake by both partners reduces IVF success (37) and
increases miscarriage (38). Couples should be advised to
abstain before and during an IVF cycle.

CAFFEINE
Although an older study had shown the best IVF outcome
with ingestion of 0–2 mg/d caffeine, equivalent to no intake
or one cup of decaffeinated beverage (39), two more recent
studies showed no impact of caffeine on IVF outcomes (40,
41). Until further data are available, women should consider
limiting caffeine intake.

ADVANCED GLYCATION END-PRODUCTS
Advanced glycation end-products (AGEs) are toxic end-
products that induce OS and accumulate with age owing to
increased circulating glucose and/or ingestion of foods
cooked at high heat (e.g., grilling, barbecuing). Elevated levels
in serum and follicular fluid have been associated with a
reduced ovarian response and a reduced chance of pregnancy
(42). Boiling, microwaving, and poaching are ideal ways to
avoid overheating of foods.

BISPHENOL A
Urinary bisphenol A (BPA) was almost twice as high in
women who were given a low-responder protocol (P< .001),
and there was a marked trend toward lower implantation
(43). Higher urinary BPA has also been correlated with
miscarriage (44). BPA may also affect sperm quality (45).
Sources of BPA are mainly plastic containers (number 7, pol-
ycarbonate), canned food linings, and most credit card
receipts.

EXERCISE
Moderate exercise for both the male (46) and the female (47)
partners is associated with improved gamete function and IVF
outcomes. Moderate exercise reduces oxidative stress, in part
by increasing circulating (48) and cellular (49) antioxidant
defenses. Vigorous exercise in the female partner is associated
with reduced IVF success (50, 51), though not in obese women
(51); in the male partner, R5 hours of cycling per week
reduced semen quality (52), most likely owing to heating of
the testicles rather than physical activity per se.

DIET
A ‘‘prudent’’ diet improves fertility for both partners, i.e., less
red meat and saturated fat, more seafood, and more fruits and
550
vegetables, often referred to as the ‘‘Mediterranean diet’’ (53,
54). Antioxidants may explain part of this positive effect.
Follicular fluid reactive oxygen species (ROS) have been
correlated negatively and total antioxidant capacity (TAC)
positively with clinical pregnancy rate (both P< .001) (55).
The type of fat consumed in a ‘‘prudent’’ diet may explain
some of the remaining impact. Omega-3 FAs are concentrated
in sperm membranes and are lower in the circulating blood
and spermatozoa of infertile men. Infertile men also had
higher intakes of total, saturated, and trans fats and lower
intake of omega-3 FAs than fertile men (56). Omega-3 FAs
may also be helpful for the female partner in improving IVF
outcome (57), but data are as yet limited. Because omega-3
FAs are very sensitive to oxidation, the appropriate study
may be to compare omega-3 and antioxidant supplementa-
tion versus antioxidants alone.

ANTIOXIDANTS
An obvious way to counteract the adverse effects of OS is to
increase intake of antioxidants, which may in part explain
benefits of the ‘‘Mediterranean diet’’ noted above. Pome-
granate, chocolate, berries, and espresso coffee are excellent
sources of antioxidants. Fruits and vegetables contain vary-
ing amounts, and their content, almost without exception,
is increased by cooking. Spices such as turmeric, cumin,
ginger, and oregano contain up to 50 times as much as berries
by weight (58, 59). Isoflavones are antioxidants that have
been correlated with IVF birth rate (60). Numerous
antioxidant supplements are available, of which vitamin C
is the most well characterized and least expensive. A
combination of vitamins C and E was shown to reduce
sperm DNA fragmentation from 22 to 9% (P< .001) (61).
Vitamin E should be avoided because it has been linked
with increased all-cause mortality and with prostate cancer
and it markedly sensitizes the platelets to aspirin (62). As
described here, there are many stronger antioxidants that
are available without such safety issues having been
observed. Pycnogenol, a commercial preparation of polyphe-
nols similar to those in berries, was shown to improve semen
quality and raise T levels (63). Alpha-lipoic acid increased
TAC by >50% and doubled rapid progressive motility (64).
L-Carnitine, a weak antioxidant long used in male fertility
supplements, has been implicated in the adverse effects of
red meat on the cardiovascular system (65). It should not be
recommended now that other better-studied agents are
available.

NUTRITIONAL SUPPLEMENTS/DURATION OF
TREATMENT
For those patients who are unwilling to increase dietary sour-
ces of antioxidants, the commercial sources discussed above
are readily available online or in health food stores. For
omega-3 treatment of infertile men, a period of loading
may be required to substantially change sperm membrane
concentrations. In a randomized study of 6 months' adminis-
tration of �1,800 mg of an omega-3 supplement compared
with placebo, total sperm and sperm density increased (61.7
million/ml vs. 38.7 million/ml and 28.7 million/ml vs. 15.6
VOL. 105 NO. 3 / MARCH 2016
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million/ml; both P< .001), motility increased from 18.6% to
27.4% (P< .002), and strict morphology increased from
7.5% to 12.8% (P< .002) (66). Lower doses and durations
have not been studied. For men with increased DNA fragmen-
tation, a 2-month treatment with antioxidants was used (61).
A detailed discussion of lifestyle factors influencing fertility is
available at www.lifechoicesandfertility.com. Because longer
abstinence intervals compromise sperm quality, a detailed
discussion of similar lifestyle factors influencing erectile
function is also provided. Links to Pubmed abstracts provide
an evidence-based approach to those materials.
MITOCHONDRIAL FUNCTION IN THE OOCYTE
AND EMBRYO IS PERTURBED BY AGE AND
OXIDATIVE STRESS
According to the Centers for Disease Control, which monitors
clinic assisted reproductive technology (ART) success rates in
the USA, one in every eight North American couples seeks
medical treatment for infertility, often requiring ART. Howev-
er, over the past 20 years, live birth rates following ART have
not improvedmuch beyond 30% per cycle. Embryo quality re-
mains a strong determining factor for predicting success rates
of ART (67). Mathematical modeling of death rates in human
preimplantation embryos has suggested that the factors pre-
disposing an embryo to arrest may be determined before the
zygote stage (68, 69). The ability of the embryo to pass
through the transition from maternal to zygotic control
in vitro has been proposed to depend predominantly on
cytoplasmic components either already present in the
primordial oocyte or acquired during follicle growth. With
the onset of the mid-cycle LH surge, gap junctions between
the cumulus cells and the oocyte are disrupted and the cyto-
plasmic content of the oocyte is fixed with minimal impact
from the newly formed zygotic genome (70). Therefore, after
ovulation, survival of the mature oocyte and subsequent em-
bryo depends almost exclusively on preexisting maternal
mRNA, proteins, and other factors, especially mitochondria,
that have accumulated during oocyte growth and maturation
(71), and these components appear to be lacking or dysfunc-
tional in those embryos that arrest.
Mitochondria and Energy Production

Mitochondria are thought to originate from a prokaryotic
ancestor that became an eukaryotic symbiote (72). The mito-
chondrial genome (mtDNA) is a double-stranded circular
DNA, which, unlike nuclear DNA, does not contain histones,
has no introns, does not have any DNA-repair enzymes, and
is, consequently, highly susceptible to mutations (73). MtDNA
encodes 37 genes for 13 proteins of respiratory chain com-
plexes involved in adenosine triphosphate (ATP) production
(74), 22 transfer RNA genes, and 2 genes for ribosomal
RNA. The transfer of many of the mitochondrial genes to
the nuclear genome likely occurred to keep parts of the
vulnerable DNA away from the nearby energy production
site that generates a large amount of reactive oxygen species
(ROS) (75). The inheritance of mitochondria is strictly
maternal. Paternal mitochondria are eliminated by the oocyte
VOL. 105 NO. 3 / MARCH 2016
shortly after fertilization by lysosomal degradation through
allogeneic (nonself) organelle autophagy (76). Mitochondrial
morphology in oocytes is also unique, with an atypical round
shape, thick mitochondrial membrane, and few cristae, and
the oocyte mitochondrion generally has a single mtDNA
genome and spatially regulated respiratory activity (77).

An important feature of mitochondrial physiology is the
amplification of mitochondrial numbers as human oocytes
develop from the primordial state, when they contain about
6,000 mitochondria, to mature metaphase II (MII) eggs con-
taining 300,000 to 400,000 or more mitochondria (78). A
speculation underlying this tremendous expansion of mito-
chondrial numbers during oocyte maturation is that the
oocyte is actively preparing for the increased energy demands
of fertilization and the cleavage divisions associated with
early embryonic development. This seems reasonable,
because the ability for mitochondrial DNA replication is ab-
sent in the MII egg and is not reactivated in the embryo until
the blastocyst stage (79). Therefore, as an embryo expands
from the 1-cell zygote to a blastocyst containing 60–100 or
more cells, the number of mitochondria per cell would be
continually diluted. This supposition is supported by assess-
ment of reduced mtDNA content in blastomeres compared
with the oocyte during preimplantation embryogenesis (80)
and reduced mitochondrial numbers per cell in blastocyst
stage embryos (81).

There is evidence that older infertility patients have
abnormal oocyte mitochondrial activity and reduced produc-
tion of ATP, which in turn limits normal embryo develop-
ment. It has been proposed that insufficient endowment of
the mitochondrial pool could drive poor embryo development
(82) and that supplementation of mitochondria can improve
fertilization, at least in laboratory and domestic species (83,
84). Many studies have proposed a link between insufficient
ATP availability in oocytes and meiotic spindle
abnormalities leading to defective chromosomal segregation
(85, 86). Defective spindle formation would result in the
failure of zygotes produced from these ATP-compromised oo-
cytes to form viable blastocysts (87, 88). This concept is
supported by work in mice showing that disruption of
mitochondrial oxidative phosphorylation in oocytes results
in meiotic spindle abnormalities and decreased
preimplantation embryo developmental potential (89).

The oocytes, and in fact the pre-granulosa cells which
give rise to the GCs and cumulus cells (CCs) are unique in
the body because there is no cell division after late gestation.
Therefore, in older women, the oocytes and GCs in primordial
follicles will have been exposed to low levels of ROS produced
by mitochondrial respiration over decades, resulting in
possible cumulative damage to mitochondria and mtDNA.
The functional status of the mitochondria contributes to
oocyte quality (82). Higher-quality oocytes, assessed by
morphology, contain significantly higher ATP levels and are
more likely to progress to the blastocyst stage after fertiliza-
tion (88). Inappropriate mitochondrial activity at the pronu-
clear stage is associated with early developmental arrest and
demise (90). As a woman ages, mitochondrial activity within
the oocyte steadily declines (91, 92). Furthermore, a direct
correlation exists between the number of mitochondria
551
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within the oocyte and its likelihood of fertilization and
preimplantation development (93). In addition, women with
a history of failed IVF attempts often have compromised
mitochondrial function within the oocyte (82).
A Murine Model for Ovarian Aging

To determine if aging influences mitochondrial function in
murine oocytes, in a series of mitochondrial assays, 12-
month-old murine oocytes were compared with 10-week-
old murine oocytes (94). From these studies, it was determined
that mitochondria are not fully functional in aged oocytes, as
demonstrated by the decrease in metabolic activity, increased
mitochondrial membrane potential, and lower citrate/ATP ra-
tio. In addition, many genes regulating mitochondrial func-
tion are down-regulated. The aged animals produced
oocytes with increased spindle defects and frequent chromo-
somal scattering. Of importance, it was found that many of
these mitochondrial abnormalities could be partially or
completely corrected by maternal supplementation with the
mitochondrial nutrient CoQ10 (94). CoQ10 delayed age-
mediated oocyte loss, because the number of primordial, pri-
mary, and early secondary follicles in ovaries of CoQ10
treated dams was increased compared with age-matched con-
trol subjects, resulting in ovulation of a higher number of oo-
cytes. Breeding trials confirmed improved breeding
performance of dams exposed to CoQ10 (Fig. 1) (94).

In addition to changes in mitochondria, it was also
observed that oocytes from older females were surrounded
by fewer CCs, caused by an increased rate of cell death (94),
suggesting that oocytes in older females could be under meta-
bolic stress caused by insufficient ‘‘nourishment’’ from CC-
derived factors, one of which is CoQ10. Of interest, CoQ10
treatment resulted in a higher number of CCs surrounding
each oocyte, indicating that the treatment effect is not iso-
lated to germ cells. Because CoQ10 treatment improved em-
bryo quality and breeding performance of older mothers,
the expression of CoQ synthesis genes in CCs of young and
old females was studied. Results of that expression survey re-
FIGURE 1

(A) Litter size in young (n¼ 39), old vehicle-treated (n¼ 15), and old coenzym
the 13th month of age was decreased, but it normalized after CoQ10 supp
trial. Scatter plot data are shown as mean � SEM per female. (B) Represen
Meldrum. Environment affects gametes and embryos. Fertil Steril 2016.
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vealed that CCs of older females had decreased expression of
several enzymes involved in CoQ10 production. Pdss2 and
CoQ6 mRNAs were the most significantly affected in the mu-
rine CCs (94).

To determine if diminished CoQ production by oocytes
could be responsible for reproductive aging, the researchers
conditionally disrupted Pdss2 in oocytes of young mice by
means of the Cre-lox mediated genetic approach. Phenotypi-
cally, the inactivation of Pdss2 and subsequent inhibition of
CoQ synthesis in the oocyte caused exhaustion of ovarian
reserve by 3–4 months of age. The reduction of follicle num-
ber and very poor ovulation response was observed as early as
2 months of age. Those oocytes that survived and ovulated
recapitulated many of the defects observed in aged oocytes,
including decreased ATP production and poor mitochondrial
activity (94). These outcomes confirmed that an aging pheno-
type could be generated in young animals by an isolated
decrease in CoQ production in the oocyte and, of interest,
could be reversed by supplementation of the animals with
CoQ10.
Clinical Use of CoQ10

An attempt to translate these findings was undertaken by
clinically supplementing the diets of older women undergoing
IVF with 600 mg/d CoQ10 for 2 months. In a randomized
double-blind study performed in a small number of women,
array comparative genomic hybridization (aCGH) of the
oocyte polar bodies revealed no significant effect on oocyte
aneuploidy, although the frequency of oocyte aneuploidy
was 46.5% with CoQ10 treatment compared with 62.8% in
the placebo-treated group (95). Larger, more definitive studies
are required to determine if there is any positive benefit of
CoQ10 on the reproductive outcome of aged women.
Oocyte Injection with Healthy Mitochondria

An alternate to mitochondrial stimulation by mitochondrial
nutrients is to supplement healthy mitochondria to increase
eQ10–treatedmice (n¼ 11). The number of live pups born to dams in
lementation. Each female produced only one litter during the breeding
tative images of ovaries after gonadotropin stimulation (5).

VOL. 105 NO. 3 / MARCH 2016
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ATP production in dysfunctional oocytes. Pioneering experi-
ments with ooplasm transfer in the 1980s demonstrated that
unidentified factors in the cytoplasm of healthy oocytes
were capable of preventing the arrest of embryos from
abnormal oocytes (96). That basic research led to controver-
sial clinical attempts to rescue human embryos that demon-
strated poor developmental potential by transferring
‘‘healthy’’ donor ooplasm into recipient oocytes prone to
abnormal development (97). Such ooplasm transfers in hu-
mans were performed for patients with increased maternal
age, repeated embryonic developmental failure, or poor
ovarian reserve and resulted in the birth of several children
worldwide. The success of this procedure is now thought to
be the result of mitochondrial transfer from the donor oo-
plasm to the recipient oocyte. Unfortunately, the ooplasm
transfer resulted in offspring carrying mitochondria from
both the donor and recipient, thus creatingmitochondrial het-
eroplasmy (98). Although the benefits of this mitochondrial
enrichment are clearly evident during the early develop-
mental stages, mitochondrial heteroplasmy may have un-
known but potentially deleterious late physiologic
consequences (99). Researchers also demonstrated the
possible development of metabolic syndrome in the offspring
in a mouse model of neutral mitochondrial heteroplasmy
(100). Therefore, it is desirable to devise molecular strategies
for treatment of poor embryo development without the crea-
tion of mitochondrial heteroplasmy.

In 2004, the Tilly lab discovered an autologous source of
germ-line mitochondria (101). These mitochondria were pre-
sent in egg precursor cells (PCs) found in the avascular outer
lining of the ovarian cortex (101, 102). These egg PCs could
be isolated from a biopsy of the ovarian cortex by tissue
digestion and cell sorting using antibodies specific to human
VASA, a cell surface antigen found on human egg PCs (102).
Mitochondria isolated from a woman's own egg PCs appear
to be similar to young oocyte mitochondria and can serve as
an autologous source of mitochondria for injection into
deficient oocytes, thereby avoiding the concerns raised with
donor oocyte mitochondrial injection (99).

Autologous mitochondrial injection has been performed
in women with previous poor reproductive performance.
Egg PCs were isolated and mitochondria concentrated by dif-
ferential centrifugation. These autologous mitochondria were
injected at the time of ICSI into the patient's own oocytes. The
autologousmitochondrial injection treatment is based on pre-
vious reports of donor oocyte cytoplasmic injections (103) as
well as on multiple published animal studies that have
demonstrated that the addition of mitochondria during IVF
treatment is safe, increases embryo quality, and improves
IVF success rates (83, 84, 104, 105). A preliminary report
(106), supports the improved embryo quality and pregnancy
rates seen with ooplasm injection and with animal studies
of mitochondrial injection. So far, more than a dozen
healthy live births or ongoing pregnancies have been
achieved after autologous mitochondrial injection at the
time of ICSI in a group of very-poor-prognosis women with
a history of multiple failed cycles or poor embryo develop-
ment. Further experience is presently being obtained, and
the data regarding live births after autologous mitochondrial
VOL. 105 NO. 3 / MARCH 2016
injection are being collected by means of a worldwide regis-
try, which over the next few years should be able to confirm
the safety of this new procedure.

We conclude that improving mitochondrial energy pro-
duction in oocytes and embryos may lead to improved repro-
ductive outcomes in cases of reproductive aging or of poor
embryo development and recurrent pregnancy failure. Both
supplementation of mitochondrial nutrients, such as CoQ10,
and injection of autologous healthy mitochondria obtained
from oocyte PCs may hold promise for improving live birth
rates in the future.

MITOCHONDRIAL DNA CONTENT AS A
VIABILITY MARKER IN EUPLOID EMBRYOS

Mitochondria in the Oocyte and Embryo

It is known that a high proportion of oocytes result in devel-
opmentally incompetent embryos or embryos that will fail to
implant despite being chromosomally and morphologically
normal. An important aspect of human embryo viability yet
to be fully explored is the assessment of an adequate energy
supply (107). In oocytes and early embryos, mitochondria
have very few cristae, which suggests that they have a poor
ability for oxidative phosphorylation (108).

Although mtDNA content and ATP synthesis are well
correlated in most somatic cells and tissues, that is not the
case for the germ line (109). Oocyte mitochondrial content,
in terms of mtDNA copy number, has been studied on the
principle that the oocyte mitochondrion contains only one
or two genomes (110). Mitochondria accumulate in the
mature oocyte, expanding from 6,000 per primordial germ
cell to 300,000 to 400,000 at the MII stage (78), and no further
replication occurs between fertilization and the early postim-
plantation stages (110). Therefore, the total amount of mtDNA
in the oocyte must be split among cells formed during embryo
division, and for that reason by day 5–6 of development each
of the �60–100 cells contains far fewer copies of mtDNA
compared with the original oocyte/zygote.

The huge quantity of mtDNA accumulated in the oocyte
and the fact that replication does not resume before blastula-
tion have contributed to the concept that mtDNA content in
oocytes correlates with fertilization outcome and embryo
viability (82, 111, 112). Because the number of mtDNA
copies is indicative of the quantity of mitochondria in the
oocyte (113), an mtDNA copy number threshold that allows
embryo development after fertilization has been suggested
for MII oocytes (84, 110). Some authors suggest that there is
a relationship between oocyte mtDNA content and
fertilization (82, 84, 104), indirectly connecting lower
mtDNA content in unfertilized oocytes with fertilization
failure but without discerning whether it is the result or the
cause. Others, however, have shown that this association is
not consistent (114, 115).
Mitochondria and Embryo Energy

Although it is generally assumed that the mitochondria main-
tain embryonic development from early cleavage to the blas-
tocyst stage (116), some studies have shown that this is not the
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FIGURE 2

A proposed model based on our findings. Top: In healthy embryos
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case in animal models. In a knockout mouse model for mito-
chondrial transcription factor A, it was demonstrated that di-
minishing mitochondrial number in oocytes did not affect
fertilization or early embryonic development (80). Moreover,
deletion of essential genes for maintenance, replication, and
expression of mouse mtDNA did not show changes in embryo
implantation rates but resulted in embryonic lethality (80).
From a biologic point of view, it is reasonable that if the
oocyte and embryo were dependent on external metabolic
sources, evolution would have given a competitive advantage
to embryos with increased capacity for nutrient and oxygen
exchange. However, oocytes and early embryos are spheres
with a geometric form with lower surface and therefore less
exchange capacity. Taking all these data together suggests
that the energy necessary during embryonic development is
provided up to a threshold by the accumulated mitochondria
present in the oocyte, and only in extreme cases of reduced
metabolic fuel does the cell machinery react to increase
mtDNA copy number in an attempt to produce more mito-
chondria that are not functional.
with a normal energetic reserve, the mitochondrial biogenesis is
low. The total amount of mtDNA is split between cells during
division and thus the amount of mtDNA contained in individual
blastocyst cells is lower than in cleavage-stage embryo cells; the
overall embryonic mtDNA content remains the same. Bottom: In
contrast, embryos with energetic stress activate mitochondrial
biogenesis in an attempt to meet their energy demand; thus, the
overall embryonic mtDNA content increases (122).
Meldrum. Environment affects gametes and embryos. Fertil Steril 2016.
Mitochondria as an Energy Stress Sensor

The embryo is dependent on energy accumulation during
oocyte maturation. As a result, in some cases, mtDNA copy
number may be a result rather than the root cause of the oo-
cyte's energy status. This is supported by the observation that
mitochondrial dysfunction is frequently associated with sig-
nificant mitochondrial hyperproliferation. Therefore, the
pathogenic effect of ‘‘mitochondrial distress’’ is a marked in-
crease in mitochondrial overproduction (117).

Mitochondrial biogenesis requires the regulation of
numerous processes. In addition to mtDNA synthesis, biogen-
esis of new mitochondria requires synthesis and import of
nuclear-encoded proteins and assembly of the dual genetic
origin (nuclear DNA and mitochondrial DNA)–derived pro-
teins. This regulation involves a set of nuclear transcription
factors. The first recognized were nuclear respiratory factors
1 and 2, as well as estrogen-related receptor a, the cyclic
adenosine monophosphate response element, and the ying
yang 1 transcription factor (118).

The main organizer is the family of coactivators of the
peroxisome proliferator-activated receptors (PPARs), PPAR co-
activator 1a (PGC-1a) being the principal member. Multiple
pathways regulating expression of nuclear-encodedmitochon-
drial factors connect in PGC-1a, which is considered to be the
master regulator ofmitochondrial biogenesis (119). Limited en-
ergy supply increases the cellular adenosine monophosphate
(AMP)/ATP ratio, which is sensed by AMP-activated protein
kinase (AMPK). AMPK phosphorylates and activates PGC-1a.
Phosphorylation by AMPK also promotes PGC-1a–dependent
induction at the PGC-1a promoter (120), inducing mitochon-
drial maturation and increasing mtDNA copy number.
Mitochondrial DNA Content as an Embryo
Viability Marker

Consequently, an increase in mtDNA copy number in em-
bryos would be symptomatic of metabolic stress (Fig. 2).
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The embryo attempts to balance the energetic deficit by
increasing its mtDNA content. Energetic stress could be
related to intrinsic factors during oocyte maturation or could
be in response to impaired respiratory capacities due to
mtDNA mutations. In agreement with this concept, a remark-
able study has shown that the m.3243A>G ‘‘mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke’’muta-
tion resulted in a gradual rise in mtDNA copy number from
the germinal vesicle to the blastocyst stage (121).

Two laboratories (122, 123) have independently
demonstrated that high mtDNA copy number in euploid
embryos is indicative of lower embryo viability in terms of
implantation potential. The study by Diez-Juan et al. demon-
strated the clinical usefulness of a mitochondrial score (Mito-
score [Ms]) based on the number of mtDNA copies that links
embryo viability to implantation potential. The researchers
analyzed the mtDNA copy number from 290 euploid embryos
corresponding to 270 patients who underwent preimplanta-
tion genetic screening with single-embryo transfer.

Day 3 embryos with Ms <34 (MsA) had an implantation
rate (IR) of 59% (n¼ 51); those withMs 34–52 (MsB) had an IR
of 44% (n¼ 52); those with Ms 52–97 (MsC) had an IR of 42%
(n¼ 50); and those with Ms>97 (MsD) had an IR of 25% (n¼
52). Embryos with Ms >160 (n ¼ 22) never implanted. Day 5
embryos with Ms<18.19 (MsA) had an IR of 81%; those with
Ms 18.19–24.15 (MsB) had an IR of 50% (n ¼ 16); those with
Ms 24.15–50.58 (MsC) had an IR of 62% (n ¼ 16); and those
with Ms >50.58 (MsD) had an IR of 18% (n ¼ 17); embryos
with Ms >60 (n ¼ 7) never implanted.
VOL. 105 NO. 3 / MARCH 2016



FIGURE 3

70

80

mm Hg

   ANOVA

Fertility and Sterility®
These findings also support the development of strategies
aimed to increase embryo energy reserves by the use of nutri-
tional supplementation of mitochondrial nutrients during
oocyte maturation (87, 95, 124). The logical clinical
translation of this work is the incorporation of mtDNA copy
number analysis into the routine genetic analyses
performed by aCGH or now by next-generation sequencing.
A larger prospective randomized trial comparingmorphologic
classification versus Ms in euploid embryos as an indepen-
dent embryo viability marker is currently underway in our
laboratories.
60
Baseline          1 st              2 nd              3 rd         Recovery

Changes in diastolic blood pressure in infertile women submitted to
the Stroop Color and Word Test. Patients showing a biochemical
pregnancy are shown in red, whereas patients failing to conceive
are shown in blue (P<.0001). First, second, and third
measurements were made after reading the three sheets,
respectively, of the test. Recovery measurements were made
10 minutes after the end of testing (130).
Meldrum. Environment affects gametes and embryos. Fertil Steril 2016.
THE FIGHT OR FLIGHT RESPONSE IS A
VASCULAR PHENOMENON AND MAY
EXPLAIN EFFECTS OF STRESS ON OOCYTE
COMPETENCY

The Association of Stress with Infertility

For a woman, the stress of infertility has been compared to
having a diagnosis of cancer or HIV (125). Sanders et al. found
a negative impact of full-time employment, hostile mood, and
higher anxiety on successful ART outcome. Multiple regres-
sion analysis also found depression to be a negative factor
(126). Ebbesen et al. studied 809 women who recorded recent
stressful life eventswithin the 12months before their IVF cycle
and found that negative life events predicted IVF failure and
retrieval of fewer oocytes (127). Smeenk et al. found that
both anxiety and depression were correlated with IVF failure
(128). Klonoff-Cohen et al. found that positive affect predicted
retrieved oocytes and births with IVF/gamete intrafallopian
transfer (129). The research on the impact of mood on ART
outcome is inconclusive owing to a number of factors,
including the fact that patient knowledge of their prognosis
is likely to affect their mood. For example, a 25-year-old
womanwith blocked tubes not only has an excellent prognosis
but also is likely aware of that prognosis and so may report a
better mood. A subsequent pregnancy may or may not be
related to her affect. Conversely, a 42-year-old woman with
an elevated FSH level may well report high levels of anxiety
and depression due to her knowledge of her low chance of suc-
cess with IVF. A subsequent failed cycle may have nothing to
do with her mood. The only way to truly assess the impact of
mood on outcome is to recruit a large sample of women with
the same prognosis, and that research has yet to be attempted.
The Likely Physiologic Mechanism Behind the
Adverse Effect of Stress

The most logical physiologic mechanism to explain these ef-
fects of stress on IVF outcomes is the classic ‘‘fight or flight’’
response that shifts blood to the heart, brain, and muscles
from ‘‘nonessential’’ organs, such as the ovary, to deal with
a threat. Facchinetti et al. found that a greater rise in diastolic
blood pressure in response to stressful stimuli predicted a
lower chance of pregnancy in women about to undergo IVF
(Fig. 3), supporting a vasoconstrictive mechanism, but also
indicating that women who were more vulnerable to stress
were less likely to conceive (130). Mendez Lozano et al.
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used 3-dimensional power-flow Doppler to study the rela-
tionship of blood flow surrounding the dominant follicle
with natural-cycle IVF success. They found that a low flow in-
dex was associated with a dramatically (P< .009) lower rate of
clinical pregnancy (4%) compared with a high flow index
(33%). Turner et al. recently reported that anxiety
and perceived stress were significantly higher and that self-
efficacy in dealing with stress was lower on the day before
oocyte retrieval in women failing to conceive with IVF
(131). An et al. found that anxiety and depression scores
and levels of circulating cortisol and norepinephrine (both
P< .001) were all higher on the day of retrieval in nonpreg-
nant women (132). All of these studies support a vasocon-
strictive mechanism reducing blood flow to the ovary as the
most logical mechanism of the effect of stress in reducing
IVF outcomes.
Treatments Available to Counteract the Adverse
Effects of Stress

A recent meta-analysis (133) included 39 studies on the
impact of various psychologic interventions on pregnancy
rates and negative psychologic symptoms in women under-
going infertility treatment. There was a highly significant
positive impact on pregnancy rates (risk ratio 2.01) and psy-
chologic outcome. Larger decreases in anxiety were associ-
ated with the greatest improvement in pregnancy rates. The
use of cognitive-behavioral techniques (CBTs) was recom-
mended as being particularly efficacious.

One of the CBT interventions which has been most widely
studied with this patient population is the Mind/Body
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Program for Infertility, which is a ten-session group program
that includes relaxation training, stress-management strate-
gies, lifestyle recommendations, and group support. In a ran-
domized study of women attempting conception,
significantly more women were successful who used the
intervention (134). In a recent randomized study (135), even
though only 76% of subjects had completed at least one-
half of the sessions before their second IVF attempt, the preg-
nancy rate was 52% compared with 20% with no treatment
(P< .05). The study also illustrated how difficult it was to
persuade patients to postpone the start of treatment even
with the goal of increasing their chance of being successful,
and infinitely more so to participate as a subject randomized
to no treatment.

An online version of the Mind/Body Program has been
developed and is currently being assessed in a randomized
controlled trial. Development of abbreviated and online
courses could further improve outcomes and make psycho-
logic interventions accessible to more couples. Of course, in-
dividual and group sessions, either professionally or ‘‘peer’’
led, available through support groups such as Resolve: The
National Infertility Association, are excellent options and
have also been shown to be associated with increased preg-
nancy rates (134).

Individuals and couples have found group, individual,
and couples counseling to be very helpful in handling general
sources of life stress and in preventing adverse effects of the
infertility on their relationship. Providers are also likely to
observe less difficulty in their dealings with couples, because
irritability is a common manifestation of stress and depres-
sion. Finally, an important source of IVF failure is inability
to cope with the stress of failure, resulting in inability to
continue treatment. The concept of the overall burden of
infertility treatment is receiving increasing attention.
Methods to improve the quality of life for infertility patients
include decreasing stress for patients and the health care pro-
fessionals who treat them, as well as decreasing the invasive-
ness of treatment (136, 137). All such methods of support
should include means to mitigate drop-outs, which are well
recognized to be relatively independent from financial status
(138). Overall, it is difficult to overestimate the importance of
all IVF programs making these resources readily available to
their patients.
SUMMARY
We have described a number of interventions that will in-
crease the proportion of euploid embryos that result in viable
deliveries. For the male partner, omega-3 FAs and antioxi-
dants are most critical. For the female partner, reduction of
stress and the body's response to stress, exercise and weight
loss for obese women, avoidance of vigorous exercise for
nonobese women, cessation of smoking for 3–6 months
before IVF, and avoiding alcohol are the most important.
For both partners, moderate exercise and a prudent diet would
also be helpful. Because of the association of oxidative stress
with aging, obesity, poor semen quality, and reduced oocyte
and embryo quality, increasing antioxidant intake is a good
general measure for both partners, particularly those ap-
556
proaching or over the age of 40 years. All of the measures
described also improve vascular and erectile function and
will have favorable effects on long-term health. Newer inter-
ventions, such as CoQ10, are just emerging and, according to
nonhuman and limited human investigations, are very prom-
ising. For those embryos that are still stressed, biomarkers
such as excessive mtDNA and others being actively investi-
gated will allow identification of those euploid embryos
most likely to result in a successful outcome. Because most
of these interventions are supported by a limited number of
studies, further blinded and randomized trials should be car-
ried out.
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