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Abstract

The link between survival and reproductive function is demonstrated across many species and is under both long-term evolutionary pressures 
and short-term environmental pressures. Loss of reproductive function is common in mammals and is strongly correlated with increased 
rates of disease in both males and females. However, the reproduction-associated change in disease rates is more abrupt and more severe 
in women, who benefit from a significant health advantage over men until the age of menopause. Young women with early ovarian failure 
also suffer from increased disease risks, further supporting the role of ovarian function in female health. Contemporary experiments where 
the influence of young ovarian tissue has been restored in postreproductive-aged females with surgical manipulation were found to increase 
survival significantly. In these experiments, young, intact ovaries were used to replace the aged ovaries of females that had already reached 
reproductive cessation. As has been seen previously in primitive species, when the young mammalian ovaries were depleted of germ cells prior 
to transplantation to the postreproductive female, survival was increased even further than with germ cell-containing young ovaries. Thus, 
extending reproductive potential significantly increases survival and appears to be germ cell and ovarian hormone-independent. The current 
review will discuss historical and contemporary observations and theories that support the link between reproduction and survival and provide 
hope for future clinical applications to decrease menopause-associated increases in disease risks.
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Biological changes that occur coincident with an advancing 
chronological timeline are termed aging. Two people may have the 
same chronological age, but have very different biological ages. 
One biological function that significantly influences biological 
age is reproductive function. Evidence over the past decade in-
dicates that an individual’s reproductive status is associated with 
an increased risk of developing chronic health conditions (1). 
One study documented an association between shorter life spans 
and reproductive failure for a cohort of men (2). The association 
is even more striking in women. Cardiovascular disease (CVD) 

is rare in premenopausal women, but ovarian failure increases 
CVD sharply at menopause, and in young women with prema-
ture ovarian failure (POF) (3–5). Insulin resistance and bone loss 
both increase at menopause and two thirds of Americans with 
Alzheimer’s disease are women (6–8). A  basic understanding of 
chronological aging, reproductive aging, and the events affecting 
both is required to develop a reasonable understanding of the dy-
namic relationship between reproduction, aging and survival, and 
the specific influence of female reproductive aging on health and 
longevity.
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Chronological Aging

Chronological age is often defined as the amount of time that has 
passed from birth to the current date and is the primary way people 
define their age. Life span is a measure of chronological age at death. 
Life expectancy is a statistically derived expectation of life span 
from a given point in time, usually reported as life expectancy from 
birth, and can be used as an alternative measure of life span without 
needing to wait for death to occur. Life expectancy from birth has 
increased exponentially in the last century. Current life expectancy in 
the United States at birth is 78.5 years (76.0 years for men, 81.0 years 
for women; https://www.worldlifeexpectancy.com). Under specific 
conditions, most species display gender differences in life expectancy, 
but these differences are often contradicted. In one study, the com-
monly used C57BL/6 female mice were shown to live 24% longer 
than males (9), while in a different location (10), males lived 8% 
longer (although in this and the previous study, maximum life spans 
were established in females). Female short-finned pilot whales live 
almost twice as long as male pilot whales, and in a species of vesper 
bats (Brandt’s bat), which can live past 40 years of age, all individuals 
older than the age of 20 years have been males (11,12).

Humans are the one species where a consistent, gender-specific 
survival advantage exists. Life span in women is on average longer 
than the life span in men. The difference between the life expect-
ancy of men and women is 6.4% at birth, 4.3% at age 50, and less 
than 1% at age 85. While women consistently live longer than men, 
women generally appear to be in poorer health than men throughout 
adult life. This phenomenon, seen only in humans, is termed the 
“mortality–morbidity paradox” (13–15). Contemporary extensions 
of chronological life span have often been accredited to modern so-
cial and medical advances. However, increasing life expectancies 
tend to be accompanied with increasing morbidity. Taking an anti-
biotic drug could prevent you from dying from a current infection 
(decrease mortality), but does little to improve the function of your 
immune system to combat future challenges. Chronological age is 
simply a measure of time and does not care if you just ran a mara-
thon or are in a hospital on life support, chronological time marches 
on and so does your chronological age, independent of your cur-
rent health status. Often, chronological age is often the only data 
type available for epidemiology studies and is therefore considered 
the major risk factor for the development of chronic diseases. Both 
chronological aging and biological aging contribute to substantial 
changes in functional status, resilience, and health. However, bio-
logical processes linked to aging, in some cases may be more in-
dicative of an individual’s current health status than chronological 
age; therefore, chronological age is not always a reliable indicator of 
biological age. We cannot modify chronological age, but biological 
aging can be manipulated to promote favorable function in aged 
individuals. An important link to biological function that can be ma-
nipulated is reproductive function.

Reproductive Function

Indeterminate growth species continue to grow throughout their 
entire life with increasing reproductive fitness and no traditional 
signs of aging and no reproductive decline with age. In indeter-
minate growth species such as reptiles, most fish, and many mol-
lusks, reproductive output generally increases over time until some 
external cause intervenes to injure or kill the animal. Organisms 
with indeterminate growth can support increased reproductive com-
petency over time and tend to have little to no postreproductive 
life span. Semelparous species, such as the Pacific salmon, are also 

said to have no postreproductive life span as they reproduce only 
once, which leads to their death (semelparous species have a single 
reproductive episode before death; iteroparous species have mul-
tiple reproductive cycles over the life span; some species can be 
iteroparous or semelparous, depending on environmental factors). 
In the postreproductive life span, the form of aging demonstrated 
can range from the short and dramatic degeneration displayed by 
the Pacific salmon to the more gradual aging seen in rodents and 
humans and the insignificant aging seen in crustaceans such as the 
lobster, which increases its size and fecundity with negligible aging 
or deterioration until death.

Indeterminate growth species, the transition to the sexually 
mature or reproductively competent state, in most cases, involves 
changes in the rate of mortality and aging. Once the tools required 
for reproduction are acquired, using these tools can have costs. 
Reproduction is often thought of as negatively influencing survival. 
Among mammals, high fecundity has historically been associated 
with short life spans (16). Repeated breeding by pairs of Sprague 
Dawley rats caused early induction of many age-related diseases, 
including adrenal hypertrophy and diabetes, compared with virgin 
rats. These “repeated breeding” rats died prematurely (17,18).

Opposition to the concept that reproduction negatively influ-
ences survival comes from eusocial mole rats, where increased sexual 
activity and/or reproduction doubles life expectancy in the long-lived 
rodent, Fukomys mechowii. Bimodal aging occurs naturally in these 
African mole rats. These animals are characterized by a subdivision 
into breeders, which can reach the age of 20  years or more, and 
nonbreeders, which usually die before the age of 10 (19). In this in-
stance, “bimodal aging” refers to the divergence of survival probabil-
ities between breeders and nonbreeders. This “breeder” influence can 
have gender effects. In the naked mole rat Heterocephalus glaber, a 
life-span advantage of breeders over nonbreeders was reported in 
females, but not males (20).

In eusocial animals, dominant breeding females can suppress re-
production in subordinate females (21). In the dominant females, the 
occurrence of reproductive cessation may be an evolutionary adapta-
tion to allow subordinate females, with potentially superior genetics 
to replace the dominant female and reproduce sooner than otherwise 
possible. The menopausal transition in humans may reflect a switch 
from a “breeder” to a “nonbreeder” and bring with it the negative 
effects on individual survival seen in nonbreeder females.

Puberty in mammals can be thought of as a process to accelerate 
reproductive maturation, which may provide an evolutionary advan-
tage in environments with high extrinsic mortality. While not uni-
versal, this early-life advantage is thought to be linked to detrimental 
events later in life, such as degenerative aging. In contrast to inde-
terminate species, in most mammals, when an individual becomes 
reproductively mature is the time when they possess their greatest re-
productive potential, which then decreases until reproductive failure 
or death. Several researchers have reported that the age of puberty 
generally occurs at a younger age in obese girls than in nonobese 
girls. In adolescent and young women, the age at onset of obesity 
and that of menstrual irregularities was significantly correlated (22). 
Data suggest that the association with menstrual disorders may be 
more frequent in girls with the onset of excess body weight during 
puberty, than in those who were obese during infancy (23).

Female Reproductive Aging

Mammalian males tend to display a slow, gradual reproductive de-
cline with age. Many female mammals show a more abrupt change, 
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including a major-to-complete loss of fecundity at midlife, living 
the often-substantial remaining life span in a postreproductive 
state. This loss of fecundity, as documented in laboratory rodents, 
domestic animals, and several primates, is often thought to result 
mainly from a single cause, the irreversible age-related loss of ovarian 
oocytes, the number having been fixed during development (24). The 
loss of oocytes leads to a reduction in cyclic ovarian steroids and 
to many pathological changes, including osteoporosis, CVD, and 
neurodegeneration. The decrease in ovarian steroids is often asso-
ciated with reproductive tissue atrophy (25), and decreased ovarian 
hormone levels can contribute to the development of epilepsy, a 
condition known as catamenial epilepsy, supporting a link between 
ovarian hormones and disease (26).

Similar to the influence of obesity during puberty, in adults, 
approximately 43% of women affected by various menstrual dis-
orders, infertility, and recurrent miscarriages were either overweight 
or obese (27). Obese women had a twofold increase in the risk of 
infertility (increased from 1.3 in nonobese women to 2.7 in obese 
women) (28) and a fourfold increase in the risk of miscarriage (29). 
Analysis of data also suggests that the onset of ovarian failure and 
increased production of the follicle-stimulating hormone at meno-
pause occurred several years earlier in obese women, compared 
with nonobese women (30). Conversely, inadequate caloric intake 
combined with high energy expenditures results in an energy def-
icit that stimulates compensatory mechanisms, subsequently causing 
suppression of reproductive function or amenorrhea (31). Increasing 
caloric intake alone can reverse this amenorrhea without the need 
to decrease energy expenditures (32). Prolonged negative energy 
balance or inadequate nutritional status can have permanent effects 
on pre- and peripubertal females, although no negative, long-term 
reproductive effects are normally observed in healthy adult women 
subjected to inadequate caloric intake.

The major increases in life span in women during the twentieth 
century have not translated to an increased age at menopause. The 
approximately 30-year increase in the life expectancy of women in 
developed countries during the twentieth century does not translate 
into an increased reproductive life span, with live births in women 
after age 50 still relatively rare (33). However, there is an association 
between childbearing in women approaching the age of 50 and in-
creased longevity. Extended reproductive fitness may influence the 
rate of aging and susceptibility to age-related diseases. An example 
of the association of ovarian function with longevity in humans is 
seen in female centenarians, who have a fourfold greater likelihood 
of having children after the age of 40 versus females who die by the 
age of 73 (34). Each additional year of maternal age is associated 
with a 5% increase in the odds for exceptional longevity (35).

Cardiovascular disease is the leading cause of death in men 
and women (36,37), but it is relatively uncommon in premeno-
pausal women who enjoy a significantly reduced risk of CVD, com-
pared with similarly aged men. On average, women develop CVD 
10–15  years later in their life span than men (38). Unfortunately, 
this advantage disappears after menopause as the incidence of CVD 
increases rapidly in women after transitioning to a postreproductive 
state. The incidence of CVD might be expected to increase simply due 
to increasing age, independent of reproductive status, but women 
who undergo premature menopause display an increased risk for 
CVD at an earlier age than women with normally occurring meno-
pause, suggesting an age-independent reproductive link. Results 
from observational studies which suggest that hormone replacement 
therapy (HRT) provides cardioprotective effects, while well sup-
ported in the literature, have struggled to be confirmed by clinical 

trials. Some researchers who conducted clinical trials have even sug-
gested an increased risk of CVD in HRT users (39) and have advised 
that HRT be eliminated as a tool to fight increasing rates of CVD in 
postmenopausal women (40). The benefits and risks of HRT mani-
fest very differently depending on the regime of therapy used, and 
consistent results will likely continue to be a moving target.

Premature ovarian failure before 40  years of age sharply in-
creased mortality (41,42). The age-adjusted odds ratio of death in 
women with natural menopause before age 40 was twofold greater 
than women reporting natural menopause at ages 50–54 (43). 
Women who experience early menopause (<age 45 years) increase 
these risks further with considerable public health impact (44). As 
mentioned above, insulin resistance and bone loss increase at meno-
pause and almost two thirds of Americans with Alzheimer’s disease 
are women (6–8). Genetic effects on menopause include influences 
on the initial oocyte pool and its rate of loss through atresia during 
aging, as well as on hypothalamic controls that may be responsive to 
environmental effects, such as stress and nutrition (45).

Ovarian Function and Aging

In most reproductively mature females, the oocytes within the ovaries 
orchestrate a milieu of microenvironments throughout the body 
with the goal of supporting reproductive function. Prior to puberty 
and after menopause, the ovary is not yet or is no longer tasked with 
supporting reproduction, although it is still an integral part of fe-
male physiology. Prepubertally, the ovaries are continually recruiting 
oocytes and the accompanying somatic cells toward follicular devel-
opment and their typical fate is atresia. The prepubertal female is 
not normally capable of producing offspring, but her ovaries have 
significant reproductive and survival potential. Her ovaries have all 
the oocytes and somatic cells necessary for a lifetime of offspring 
production and prepubertal females are rarely diagnosed with aging-
associated types of diseases.

The fixed stock of postmitotic ovarian oocytes is slowly lost at 
a relatively constant rate during much of mammalian adult repro-
ductive life. A minority of oocytes are ovulated, with most oocyte 
losses attributed to atresia (46). In humans, as menopause ap-
proaches, an accelerated loss of oocytes is observed coincident with 
an increase in pituitary follicle-stimulating hormone (47). Other 
ovarian cells, not just the oocytes, display age-related changes as 
well. When cultured in vitro, granulosa cells collected from women 
younger than 40 years of age produced significantly higher levels of 
hormones, than cells from women 40 years or older (48).

The formation of new oocytes through oogonial mitotic division 
ceases before or within a few weeks of birth in placental mammals 
(49,50) with a few rare exceptions in prosimians (51,52). In lorisoid 
primates, oogenesis persists into adult life and involves the synthesis 
of DNA. Oogonia in all stages of mitosis, primary oocytes in meiotic 
prophase, as well as germ cells undergoing atresia have been observed 
in the population of germ cell nests in all adult lorisoids studied (53), 
although it has been difficult to find adequate evidence to support 
the view that the newly formed germ cells become transformed 
into definitive oocytes (54). It has been postulated that putative 
oogonial stem cells exist in adult ovarian cortex tissues and that these 
mitotically active cells can be used to produce new oocytes (55,56). 
This concept is still very controversial. However, germline stem cells 
exist in the testes of adult human males (spermatogonia) and in the 
adult ovaries of many organisms. The exceptions in prosimians, when 
combined with recent efforts to define germinal stem cells in the adult 
ovary, suggest that the potential for postnatal oogenesis cannot be 
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excluded (57,58). Therefore, it is logical to anticipate that “new” oo-
cytes may potentially be derived from the tissues of adult ovaries for 
therapeutic use in the future. However, the occurrence of menopause 
implies that if oogonial stem cells are indeed present, they do not 
divide at a rate that supports maintenance of the oocyte pool.

At menopause, most of the oocytes have been exhausted along 
with the accompanying somatic cells, leaving a relatively quiescent 
ovary behind. However, the menopausal ovary still possesses repro-
ductive and survival potential. Like the prepubertal female, the meno-
pausal female is not normally capable of producing offspring, but her 
quiescent ovaries still maintain a slight reproductive potential, demon-
strated by the ability to reproduce under laboratory conditions. And 
while menopausal women are often diagnosed with aging-associated 
diseases, the “depleted” ovary is only depleted from a fertility per-
spective, as it still provides significant health benefits. This is clearly 
demonstrated by the observation that women who undergo natural 
menopause have a significant health advantage over women who 
undergo surgical menopause (59). Elective ovariectomy, performed 
before the age of 65, is associated with an increased risk of death from 
heart disease and is associated with an increased risk of death from 
lung cancer for women of all ages. Heart disease is the primary cause 
of death among pre- and postmenopausal women in the United States, 
followed closely by cancer (60). The observation that menopause due 
to surgery is associated with an increased risk of disease, compared 
with natural menopause suggests that even postreproductive, germ 
cell-exhausted ovaries provide a health advantage, independent of 
the ovarian components necessary for reproduction, active germ cells 
(60–62). The role of ovarian function in disease is further emphasized 
by the observation that the beneficial effects of dietary restriction on 
glucose and triglyceride metabolism present in ovary-intact female 
rodents, do not appear in the tissues of ovariectomized rodents, sup-
porting a central role for the ovary in female metabolic health (63). 
Based on these observations, disease risk in females is negatively cor-
related with reproductive potential throughout the life span. As repro-
ductive potential decreases, disease risk increases.

Observations in support of this concept are seen in instances 
where we are able to decrease or increase the reproductive poten-
tial of an individual, independent of chronological age. Currently, 
ovarian tissue transplants are used to restore fertility in many types 
of patients. Approximately 70% of patients who underwent ovarian 
tissue transplantation (OTT) had restoration of ovarian and endo-
crine function, and pregnancy was reported with 52% of the patients. 
OTT is a useful approach to restore hormonal function, endocrine 
balance, and fertility in patients who are predisposed to lose their 
fertility or diagnosed with POF, as well as women undergoing cancer 
treatments. In a 2018 study (64), 360 OTT procedures in 318 women 
from 21 different countries reported less than 3% of cancer recur-
rence. Renewed ovarian endocrine function was reported in 95% of 
the women. Half of all children born following OTT resulted from 
natural conception. Newborns were reported to be healthy (with the 
exception of one newborn with a familial chromosome anomaly). In 
the future, tissue and/or cell transplantation procedures may be util-
ized, in addition to extending fertility, to improve health and decrease 
aging/menopause-associated increases in disease risks.

Manipulation of Reproductive Function

Decreasing Reproductive Potential
Probably the most easily understood and widely known manipula-
tion of reproduction involves castration or removal of the gonads. 

Castration eliminates the potential to reproduce in the castrated in-
dividual. Individuals who suffer from early reproductive failure/loss 
of reproductive potential often suffer from an early onset of many 
“aging-related” diseases when they themselves are not considered 
“old.” The removal of reproductive potential through castration 
can have divergent gender- and species-specific effects on survival. 
In mice, castration can have a negative influence on females, but a 
positive influence on males (65). In dogs, females hold a longevity 
advantage over males, which is erased if the females are castrated 
within the first 4 years of life (66). Castration in dogs can increase 
aging-associated disease in both genders, and when followed to nat-
ural death, intact dogs of both genders can outlive their castrated 
counterparts (67,68). In humans, studies on castration are very dif-
ficult to conduct. There is much controversy surrounding the specu-
lation that castration in males extends life span, with most of the 
information coming from historical accounts of prisoners and eu-
nuchs. There is little confirmable data from the many studies of eu-
nuchs indicating that castration has any effect on the life span of 
men (69,70). However, more recent studies suggest that androgen-
depletion therapy, used to treat prostatic hyperplasia, appears to ac-
celerate aging in men.

In women, castration is often considered around the time of 
menopause as prophylaxis to eliminate the chances of developing 
ovarian cancer or breast cancer or in conjunction with hysterec-
tomy (removal of the uterus). Oophorectomy (surgical removal of 
an ovary or ovaries), also called ovariectomy, is often done at this 
time and eliminates the chances of developing ovarian cancer, but 
also significantly increases all-cause, long-term mortality (59). As 
mentioned previously, naturally menopausal women hold a signifi-
cant health advantage over surgically menopausal women. It can 
be argued that surgically menopausal women often became meno-
pausal at an earlier age or had an underlying cause for removal of 
the ovaries, but the age-adjusted data still support a beneficial role 
for postmenopausal ovaries in health and survival. The increase in 
disease risk from ovariectomy is not limited to women who have 
ovariectomy performed before menopause; an impact on survival 
is seen for surgeries performed up to the age of 65 (71), long after 
the normal time of reproductive cessation. Interestingly, women with 
primary ovarian insufficiency (POI) suffer from increased mortality 
whereas women with polycystic ovary syndrome (PCOS) often ex-
perience normal life spans. Women diagnosed as having PCOS can 
have normal life spans with no increased risk of cancer or heart 
disease. However, diabetes later in life is more common in women 
with PCOS, likely due to dihydrotestosterone-induced hypergly-
cemia (72). A major difference between PCOS and POI groups is the 
loss of reproductive potential with POI (accelerated follicle exhaus-
tion) and the preservation of reproductive potential (in most cases) 
with PCOS (anovulation, most often with follicle preservation).

Increasing Reproductive Potential
A common method for the extension of reproductive potential is nu-
tritional restriction. This “extension” could also be called the “delay” 
of reproductive potential because it often incorporates a period of 
ovarian inactivity or anovulation. The female’s nutrition is simply 
restricted to a level that decreases or eliminates ovarian cycling, 
thereby preserving ovarian oocytes and somatic cells for later use. 
In mice, caloric restriction increases the preservation of the ovarian 
primordial follicular reserve and extends reproductive potential (73). 
During restriction, the animal normally has decreased fecundity, but 
upon a return to ad libitum feeding, can produce offspring at an age 
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when fully fed animals have ceased reproduction. By extending or 
delaying the reproductive potential to later in the life span, survival 
is often concomitantly increased/extended in nutritionally restricted 
animals.

Another method for extending reproductive potential (often un-
intentional) is exercise-induced anovulation. In this scenario, high 
levels of exercise cause ovarian cycling to decrease or cease entirely. 
This is not an uncommon occurrence in elite athletes. These high 
levels of exercise can also cause delayed puberty in young females. 
It can be difficult to discern if there are any health benefits from 
exercise-induced anovulation because of the very high levels of 
health these women attain, compared with the general population. 
Extending ovarian function can also be accomplished through se-
lective breeding. In the female medfly Ceratitis capitata, age-related 
changes in the rate of egg laying predict subsequent mortality. Flies 
that were selected for laying eggs at advanced ages displayed ex-
tended longevity. Extending reproductive potential lowered the sub-
sequent mortality (74). A  similar phenomenon occurs in humans, 
where late childbearing (after age 40)  is associated with increased 
survival among very old women (75).

Reproductive potential has also been extended/delayed in an 
experimental model used previously in our laboratory. In these ex-
periments, mice were ovariectomized prepubertally. When these 
ovariectomized mice reached the age of normal reproductive cessa-
tion (11 months), young, 60-day-old ovaries were transplanted back 
to their ovarian bursae (the mouse ovary is enclosed within a bursal 
sack). In this way, these mice began their reproductive life span at 
11  months of age and benefited from a delayed reproductive po-
tential. These mice demonstrated increased survival, compared with 
sham-operated and control mice. However, these mice also suffered 
the consequences of having no ovaries for the first 11  months of 
their life and, as mentioned previously, ovariectomy generally has a 
negative influence on an animal’s health and survival. In this animal 
model, the positive effects of extended reproductive potential were 
partially offset by the negative effects of early-life ovariectomy 
(Figure 1 (76)).

Experiments that preceded this research included trans-
planting young ovaries to mice at various ages (77). These experi-
ments revealed a “dose–response” to the transplanted ovaries in 
reproductive-aged recipients. A mouse that received a young ovary 
at 8 months of age would demonstrate reduced chronological life 
span benefit, compared to a mouse that received a young ovary at 
11 months of age. The remaining life expectancy at 11 months of 
age was 231 days in ovariectomized mice, 246 days for mice that 
received new ovaries at 5  months of age, 286  days for mice that 

received new ovaries at 8  months of age, and 367  days for mice 
that received new ovaries at 11 months of age (77). However, this 
dose–response was lost after the time of normal reproductive cessa-
tion (approximately 11–12 months in CBA/J females), as mice that 
received young ovaries at 17 or 18 months of age demonstrated the 
same life span extension (within 2%) as mice that received young 
ovaries at 11 months of age (78).

An increase in reproductive potential, in contrast to the previous 
“extension/delay” of reproductive potential, was accomplished using 
very similar surgical techniques. In the 2003 study by Cargill et al. 
(77), ovariectomized mice displayed a decreased life expectancy, 
compared with intact control mice. The decreased life-expectancy 
effects observed in ovariectomized mice in the study by Cargill 
et al., combined with the lack of life-span benefit in gonadectomized 
Caenorhabditis elegans (79), suggested that a gonad-intact trans-
plant model might display increased longevity, compared with an 
ovariectomized transplant model. The study by Mason et al. (76) in-
cluded ovarian transplantations in mice that were gonad-intact at the 
time of transplant. Essentially, these mice experienced 2 reproductive 
life spans back-to-back. In this study, only 29% of transplant fe-
males died in the 450-day period following ovarian transplantation, 
whereas 90% of the postreproductive sham-treated females died 
during this same period. These results demonstrate that increasing 
reproductive potential in old mice enhanced longevity. Additional 
analysis with this model revealed that replacing aged ovaries in 
postreproductive mice with young, actively cycling ovaries restored 
many health benefits, including restoration of cardiovascular health 
(80), orthopedic health (81), decreased sarcopenia (82,83), improved 
immune and renal function (84), improved cognitive behavior and 
sensory function (85), reduced inflammation (78), improved glucose 
metabolism (86), and extended life span (76,78).

The observation that replacement of the aged ovaries of 
postreproductive female mice with young ovaries significantly in-
creased health span is robust. However, the question remained; what 
were the factors responsible for this ovary-dependent enhancement of 
health? We originally hypothesized that this phenomenon was driven 
by germ cell-stimulated ovarian hormone production from the new, 
transplanted ovaries. The well-established supportive role of ovarian 
hormones in many aspects of female health implicates the loss of 
hormone production from actively cycling germ cells, as the prin-
cipal cause of increased disease risks at menopause. While the value 
of ovarian hormones in female health is unquestionable, efforts to 
replace the hormonal milieu of actively cycling ovaries in peri- and 
postmenopausal women have struggled to reliably restore the health 
benefits enjoyed by young women with young ovaries. Preliminary 
data from our laboratory suggest that estrogen and androgen levels 
are not changed in recipients of new ovaries, compared with age-
matched controls (Figure 2).

Results from castration experiments are influenced by the re-
moval of ovarian-produced hormones, but also by the removal of 
the influence of the somatic gonad. In humans, at menopause, germ 
cell-exhausted ovaries still possess health-promoting attributes, as 
removal of the postreproductive ovaries further increases rates of 
mortality (59,60). If the mechanisms influencing longevity are evolu-
tionarily conserved, evidence from model organisms argues against 
a germ cell/estrogen-only explanation for health span extension in 
mammals. In both worms and flies, gonadal germ cells act in the 
adult to negatively influence life span. In the hermaphroditic worm 
C.  elegans, removal of the germ cells, while leaving the somatic 
gonad intact, results in increased life span, but removal of the entire 
gonad (castration), including the somatic tissue, yields no change 

Figure 1.  Increasing and decreasing reproductive potential have opposing 
survival influences. Mice ovariectomized at 21 days displayed a 7% decrease 
in life span. Intact mice that received young replacement ovaries at 335 days 
displayed a 14% increase in life span. Mice ovariectomized at 21 days and 
that then received young ovaries at 335 days had a 7% increase in life span. 
Images were taken within 7 days of natural death for each mouse.
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(87). Similar results are found in the lesser fruit fly, Drosophila 
melanogaster (88). In both species, the somatic gonad promotes 
health span, whereas the germ components of the gonad act to sup-
press it. We addressed this phenomenon in a mammalian model 
by chemically depleting ovarian germ cells in prepubertal ovaries 
prior to transplanting the young ovaries to postreproductive mice 
(89). Germ cell depletion did not diminish the health benefits of the 
young, transplanted ovaries and further extended the longevity bene-
fits past that of transplanted young, germ cell-containing ovaries 
(Figure 3, 880 vs 790 days, respectively). The surgical transplant-
ation of germ cell-depleted ovaries provided young ovarian som-
atic cells, but no cyclic hormone supply. These transplanted germ 
cell-depleted ovaries did not go through the normal ovarian aging 
process (no follicular cycling), but did “reset” the health and life 
span clocks and extended life span to a greater degree than with the 
germ cell-containing ovaries (78). These experiments demonstrated 
that the female health advantage was not entirely germ cell/follicle 
hormone-dependent and that it was “transplantable.”

Alzheimer’s disease is the sixth leading cause of death in the 
United States and, as mentioned previously, two thirds of Americans 
with Alzheimer’s disease are women (8). The early symptoms of 
Parkinson’s disease and Lewy body dementia resemble those found 
in Alzheimer’s disease and often include an increased occurrence of 
tremors (90). Estrogen replacement therapy has been reported to 
improve the symptoms of Alzheimer’s disease (91). In contrasting 
studies, postmenopausal hormone use was shown to increase 
Parkinson’s disease risk (92). In our ovarian transplant recipient 
mice, tremor amplitude was decreased at most frequencies in all 
mice that received young ovarian tissue transplants, both with and 
without germ cells.

Peak tremor amplitude occurred at a frequency of 9 Hz in most 
groups and was significantly decreased in transplant recipients, com-
pared with age-matched controls in both C57BL/6 and CBA/J strain 
female mice (unpublished data, Figure 4). This suggests a hormone-
independent mechanism for the development of tremors in aged 
female mice. In these experiments, only the ovary was surgically 
changed.

The life span benefit in germ cell-depleted C.  elegans requires 
DAF-16, a forkhead transcription factor known to be a target of 
insulin-like signaling (79). While only one FOXO gene (DAF-16) 
exists in C. elegans, 4 FoxO genes are present in mice and humans 
(FoxO1, 3, 4, and 6). These 4 transcription factors are involved in 
multiple cellular pathways, and several studies have consistently 
identified FoxO1 and FoxO3a as “longevity genes” in humans 
(93,94). Interestingly, in the study by Li et  al. (94), FoxO1 was a 
significant factor in female, but not male longevity. Increased ex-
pression of FoxO3a is necessary for the extension of life span with 
dietary restriction (95). Increased FoxO1 activity is responsible for 
protection against oxidative and genotoxic stress (96). The expres-
sion of FoxO1 in gonadal somatic cells appears to be highly con-
served, suggesting an important functional role for FoxO1 in somatic 
cells (97). Both FoxOs have been shown to benefit health span, albeit 

Figure 3.  Germ cell depletion extended life span. Depleting germ cells 
prior to transplantation of young ovaries extended life span 39% past 
controls and 25% past mice that received germ cell-containing ovary 
transplants. GC = received germ cell-containing 60 day ovaries at 17 months; 
GD = received germ cell-depleted 60 day ovaries at 17 months.

Figure 4.  Age and treatment changes in tremor amplitude. Tremor amplitude 
increased with age in age-matched controls (22  months) and increased 
further in old (27 months) mice, but did not increase in 22 months transplant 
recipients at most frequencies. Young control  =  3  months; Age-matched 
controls = 22 months; Old control = 27 months; GC = 22 months, received 
60 day germ cell-containing ovaries at 17 months; GD = 22 months, received 
60 day germ cell-depleted ovaries at 17 months.

Figure 2.  Extension of health and life span is not estradiol-dependent. 
Estradiol levels decreased by approximately 50% from young (3  months) 
control mice to postreproductive controls (17  months). In all transplant 
recipients, estradiol was not different from age-matched control mice (±4%). 
GC = received germ cell-containing 60 day ovaries at 13 months; GD = received 
germ cell-depleted 60  day ovaries at 13  months; OSC  =  received isolated 
somatic cells from 60 day ovaries at 13 months. (Estradiol was collected at 
the diestrus stage of the estrous cycle in cycling mice.).
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differentially. The observation that FoxO3 has been reported to be 
expressed in granulosa cells rather than oocytes in human ovaries 
and that FoxO1 is expressed in mouse somatic cells, but not oocytes, 
suggests a potential role for FoxO1 in the extension of health and 
longevity in germ cell-depleted models (97).

The ovary interacts with many, if not most body systems, leaving 
us guessing as to the mechanisms of the “transplantable” female 
health advantage. Our results with ovarian germ cell depletion in a 
mammalian model reflect what was seen previously in primitive spe-
cies (C. elegans and D. melanogaster) and suggest that a conserved 
survival mechanism closely links reproduction, health, and survival. 
This research also provides promise for the currently irreversible in-
crease of disease rates at menopause.

Conclusions

The average age of first-time mothers in developed countries is 31, 
the same age when the fall in fecundity in women is estimated to 
start. In addition, the probability of having a healthy baby decreases 
by 3.5% per year after the age of 30. Combining both of these age 
effects, the chance of a woman at the age of 35 of having a healthy 
baby is about half that of a woman aged 25 (98). Extending repro-
ductive potential has the potential to improve fertility and health for 
the woman and to improve the health of her baby.

In summary, female reproductive aging is not universal, is mani-
fested differently in many different organisms, and can be ma-
nipulated both positively and negatively. In addition, the female 
health advantage appears to be germ cell and ovarian hormone-
independent and transplantable. Ovarian tissue is currently bene-
fiting many women for resumption of fertility, and it may also 
possess the translational potential to extend the human life span and 
decrease menopause-associated disease risks.
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