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Abstract Cardiovascular disease, rare in premeno-
pausal women, increases sharply at menopause and
is typically accompanied by chronic inflammation.
Previous work in our laboratory demonstrated that
replacing senescent ovaries in post-reproductive
mice with young, actively cycling ovaries restored
many health benefits, including decreased cardiomy-
opathy and restoration of immune function. Our
objective here was to determine if depletion of germ

cells from young transplanted ovaries would alter
the ovarian-dependent extension of life and health
span. Sixty-day-old germ cell-depleted and germ
cell-containing ovaries were transplanted to post-
reproductive, 17-month-old mice. Mean life span
for female CBA/J mice is approximately 644 days.
Mice that received germ cell-containing ovaries
lived 798 days (maximum = 815 days). Mice that
received germ cell-depleted ovaries lived 880 days
(maximum = 1046 days), 29% further past the time
of surgery than mice that received germ cell-
containing ovaries. The severity of inflammation
was reduced in all mice that received young ovaries,
whether germ cell-containing or germ cell-depleted.
Aging-associated inflammatory cytokine changes
were reversed in post-reproductive mice by 4 months
of new-ovary exposure. In summary, germ cell de-
pletion enhanced the longevity-extending effects of
the young, transplanted ovaries and, as with germ
cell-containing ovaries, decreased the severity of
inflammation, but did so independent of germ cells.
Based on these observations, we propose that go-
nadal somatic cells are programed to preserve the
somatic health of the organism with the intent of
facilitating future germline transmission. As repro-
ductive potential decreases or is lost, the incentive to
preserve the somatic health of the organism is lost as
well.
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Introduction

The influence of reproduction on health and life span is
often thought of as being restricted only to the period of
reproductive competency, particularly in women. Howev-
er, reproductive status influences health throughout all
phases of the chronological life span. Evidence over the
past decade indicates that an individual’s reproductive
status is associated with an increased risk of developing
chronic health conditions (National Institutes of Health-
Eunice Kennedy Shriver National Institute of Child Health
and Human Development, Research Priorities Bulletin
2016). One study documented an association between
shorter life spans and reproductive failure for a cohort of
men (Eisenberg et al. 2014). The association is even more
striking in women. Insulin resistance and bone loss in-
crease at menopause and almost two-thirds of Americans
with Alzheimer’s disease are women (Kulaksizoglu et al.
2013; Johnell and Kanis, 2006; Rosario et al. 2011).
Cardiovascular disease is rare in premenopausal women,
but increases sharply at menopause and in young women
with premature ovarian failure (Thom et al. 2006; Shuster
et al. 2010; Jacobsen et al. 1999).

Premature cardiovascular disease and an increased risk
of atherosclerotic events are typically accompanied by
chronic inflammation (Mason and Libby 2014). Persistent
inflammation is also a traditional finding in the majority of
epidemiologic studies of commonly observed pathophysi-
ologic alterations in patients with chronic kidney disease
(Carrero andStenvinkel 2009).Age-related chronic inflam-
mation, characterized by a mild elevation of inflammatory
components in a process known as Binflammaging^ has
been associated with most age-related diseases, including
cardiovascular disease (Franceschi et al. 2000; Frasca and
Blomberg 2016). Inflammaging is predominantly triggered
by metabolic surplus. Oxidation of excess, circulating li-
poproteins activates cellular stress pathways, which initiate
and then sustain a continuous, non-resolving inflammatory
response (Gregor and Hotamisligil 2011). Circulating
lipids and inflammatory mediators interact with each other
at multiple levels, thereby aggravating the development of
disease. Cholesterol and modified lipids can directly acti-
vate inflammatory pathways. Pro-inflammatory cytokines
can also directly affect lipid metabolism (van Diepen et al.
2013).

The beneficial effects of dietary restriction on glu-
cose and lipid metabolism in intact female rodents are
distinct from the effects in ovariectomized rodents,
supporting a central role for the ovaries in female

metabolic health (Monteiro et al. 2014; Sterin et al.
1989). In addition, naturally menopausal women pos-
sess a health advantage over surgically menopausal
women, suggesting that even senescent ovaries provide
a health advantage, independent of active germ cells
(Yoshida et al. 2011). A classic view of the initiating
cause of menopause is the exhaustion of ovarian germ
cells. Inconsistent with this view is the observation that,
in primitive species, removal of the gonadal germ cells
in young invertebrates improves health and longevity
(Hsin and Kenyon 1999; Flatt et al. 2008). However,
these effects are dependent on the retention of the so-
matic cells of the gonad. In female mice, dietary restric-
tion inactivates germ cells and extends health span
(Nelson et al. 1985; Selesniemi et al. 2008). Both of
these observations bring into question the commonly
held views that (1) ovarian hormones produced by ac-
tively cycling, ovarian germ cells are essential for the
maintenance of female health and (2) that the function of
gonadal somatic cells is solely to support germ cell
maturation. For species to persist, they must pass on
their germline to the next generation. We propose that
gonadal somatic cells are programed to preserve the
somatic health of the organism with the intent of facil-
itating future germline transmission. As reproductive
potential decreases or is lost, such as at menopause in
women, the incentive to preserve the somatic health of
the organism is lost as well.

Well-defined changes in ovarian signaling mark the
end of the traditional reproductive life span. Ovarian
transplantation is an efficient experimental method to
separate the influence of the reproductive life span or
reproductive aging from chronological aging per se.
Previous work in our laboratory demonstrated that re-
placement of the senescent ovaries in post-reproductive
female mice with young, actively cycling ovaries can
restore many health benefits, including an increase in
life span and an improvement in immune function.
However, the factors responsible for this ovary-
dependent enhancement of health remain unknown.
We originally hypothesized that this phenomenon was
driven by germ cell-stimulated ovarian hormone pro-
duction from the new ovaries. The well-established
supportive role for ovarian hormones in many aspects
of female health implicates the loss of hormone produc-
tion from actively cycling germ cells, as the principal
cause of increased disease risks at menopause.While the
value of ovarian hormones in female health is unques-
tionable, efforts to replace the hormonal milieu of
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actively cycling ovaries in peri- and post-menopausal
women have struggled to reliably restore the health
benefits enjoyed by young women with young ovaries.

The observation that replacement of the senescent
ovaries of post-reproductive female mice with young
ovaries increased health span is robust (Cargill et al.
2003; Mason et al. 2009, 2011, 2015). However, the
question remained; what was the role of ovarian germ
cells in this ovarian-dependent extension of health? Our
objective here was to determine if removal of germ cell
influence would alter the ovarian-dependent extension
of life and health span. In the current study, we chemi-
cally depleted ovarian germ cells in pre-pubertal ovaries
and then transplanted young ovaries either with or with-
out germ cells to post-reproductive mice. Germ cell
depletion did not diminish the anti-inflammatory bene-
fits and extended the longevity benefits past that of
transplanted young, germ cell-containing ovaries.

Material and methods

Mice

The CBA/J strain (used in the current study) and the
DBA strain of mice are unique in that they prema-
turely lose their ovarian follicles, becoming repro-
ductively senescent by 10–12 months of age (Thung
et al. 1956; Jones and Krohn 1961; Faddy et al.
1987). A reduction of ovarian follicles in the human
is associated with the onset of menopause. For this
reason, CBA/J mice may serve as an appropriate
experimental model to study age-related changes in
human reproduction (Gosden et al. 1978; Barnett
et al. 2006).

Twenty-one-day and 8-month-old CBA/J strain
female mice were obtained from Jackson Laboratory
(Bar Harbor, ME). In addition, 14-month-old female
CBA/J mice were obtained from the National Insti-
tute on Aging rodent colony. All mice were housed
in a standard laboratory animal environment (fresh
filtered air, 15 changes/h; temperature, 21 ± 2 °C;
humidity, 50 ± 20%; and light-dark cycle, 12:12 h).
The mice were housed individually in ventilated
cages (Green Line IVC Sealsafe Plus, Tecniplast,
West Chester, PA, USA) on corn cob bedding
(7097 Corncob, Harlan Teklad, Bartonville, IL,
USA) changed once a week, with added enrichment
(nestlets and multiple paper tubes), in a specific-

pathogen-free colony where pathology on sentinel
mice was done quarterly and pathological results
showed no breach in this status. The mice were
housed individually to prevent complications during
healing of surgical wounds and to decrease potential
influence of the Whitten effect (synchronous estrus
in females). The mice received deionized water and
a certified laboratory diet ad libitum (2018 Teklad
Global 18% Protein Rodent Diet, Harlan Teklad,
Bartonville, IL, USA).

Anesthetics were used during surgery (see Surgi-
cal Procedures) and analgesia was provided for 48-h
post-operatively, longer if deemed necessary. Ani-
mals with acute, but not severe weight loss were
treated with subcutaneous fluids and moistened
food. Animals with acute, but not severe urine stain-
ing or rectal/vaginal prolapse were manually cleaned
and treated with Desitin®. Mice were monitored at
least twice daily and weights were recorded month-
ly, more frequently when concerns arose. Aged,
moribund mice found with overt clinical signs
(catatonia) were euthanized. Mice were euthanized
by cervical dislocation. Immediately after cervical
dislocation, a thoracotomy was performed followed
by rapid exsanguination via cardiocentesis. The
heart and arterial tree were then removed.

Mice were maintained in an American Association
for Accreditation of Laboratory Animal Care
(AAALAC)-approved facility in accordance with the
National Institutes of Health animal-use guidelines. An-
imal care and use protocols were developed under the
National Research Council guidelines found in the
Guide for the Care and Use of Laboratory Animals. This
project was approved by the Utah State University In-
stitutional Animal Care and Use Committee (IACUC-
2277).

Experimental design

Animals were randomly assigned to control or trans-
plant groups as follows (Fig. 1):

Experimental groups

Thirteen-month-old control mice (no transplant—no-
Tx@13mo) Reproductively senescent (acyclic) control
mice were evaluated for cycle status at 13 months of
age, kept their old ovaries (OO) and were collected at
17 months of age.
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Thirteen-month-old transplant recipient mice (GC-
Tx@13mo) Reproductively senescent (acyclic) control
mice were evaluated for cycle status at 13 months of
age, at which time their senescent endogenous ova-
ries were removed and replaced with a pair of ac-
tively cycling, germ cell-containing donor ovaries
(GC) from a 2-month-old mouse. These transplant
recipient mice were reproductively cycling and were
collected at 17 months of age.

Seventeen-month-old transplant recipient mice (GC-
Tx@17mo) Reproductively senescent (acyclic) control
mice were evaluated for cycle status at 17 months of
age, at which time their senescent endogenous ovaries
were removed and replaced with pair of actively cy-
cling, GC ovaries from a 2-month-old mouse. These
mice were evaluated at the time of natural death/end of
life euthanasia.

Seventeen-month-old germ cell-depleted transplant re-
cipient mice (GD-Tx@17mo) Reproductively senescent
(acyclic) control mice were evaluated at 17 months of
age, at which time their senescent endogenous ovaries
were removed and replaced with a pair of GD ovaries
from a 2-month-old mouse. These mice were evaluated
at the time of natural death/end of life euthanasia.

Germ cell depletion

Intact donor animals at 28 days of age received daily
intraperitoneal injections of 160 mg/kg 4-vinylcyclo-
hexene diepoxide (VCD; Sigma-Aldrich, St. Louis,
MO) in sesame oil or injections of sesame oil only for
15 days. At 43 days of age, VCD and vehicle treatments
were stopped. In our lab, treatment of 28-day-old female
CBA/J mice for 15 days with VCD results in reduced
ovarian weights (1.7 mg in oil-only vs. 0.9 mg in VCD-
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Fig. 1 Experimental design. One-month-old mice were treated for
15 days with VCD or oil-only. Ovaries were collected from 2-
month-old oil-only mice for transplantation to 13-month-old, acy-
clic recipients. Ovaries were also collected from 2-month-old

VCD and oil-only mice for transplantation to 17-month-old, acy-
clic recipients. Thirteen-month-old controls and transplant recipi-
ents were collected at 17 months of age. Seventeen-month-old
VCD and oil-only transplant recipients were collected at death
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treated, P = 0.030) and depleted primordial (P = 0.004)
and primary (P = 0.029) ovarian follicles at 43 days of
age, compared with controls (Fig. 2). Cessation of re-
productive cyclicity (persistent vaginal cornification)
was documented for all VCD-treated mice prior to
60 days of age. Because VCD-treatment eliminates
primordial and primary follicles, any existing secondary
or later stage follicles will be exhausted and not
replaced.

Age at manipulation

Rodents do not undergo menopause, but instead, have
an estropause-like decrease in reproductive function.
Female mice of the CBA /J strain become reproductive-
ly competent between 45 and 60 days of age. Initiation
of germ cell depletion at 28 days of age was chosen to
avoid major up-regulation of the reproductive system at
the onset of puberty and to eliminate other influences the
female gonad might have in addition to direct effects of
gonadal hormones. These influences may include posi-
tive or negative feedback mechanisms, or system-wide
Bimprinting^ influences the intact ovary may normally
provide upon reproductive maturation. Reproductive
decline in CBA/J mice usually begins with irregular
cycles at 8–10 months of age. At 11 months of age,
many CBA/J mice have become reproductively incom-
petent (Cargill et al. 2003). All 13- and 17-month-old
recipients and all germ cell-depleted donor mice used in
these experiments displayed a complete lack of repro-
ductive cycling, as determined by vaginal cytology.

Surgical procedures

Thirteen-month and 17-month-old animals underwent a
bilateral ovariectomy and subsequent ovarian transp-

lantation and received a pair of 2-month-old ovaries
from a donor mouse of the same strain. Bilateral ovarian
transplantation surgeries were performed as previously
described (Cargill et al. 1999; Mason et al. 2018). Brief-
ly, the ovaries were exposed by paralumbar incision
under anesthesia (50–100 mg/kg ketamine, 10–
15 mg/kg xylazine, and 2–3 mg/kg acepromazine, intra-
peritoneal) and removed by incising the ovarian bursa
opposite the ovarian hilum. The ovary was gently re-
moved from the ovarian bursa and excised by clamping
the ovarian hilum to prevent bleeding. Excised ovaries
were placed in cold saline prior to transfer/replacement.
After transfer/replacement, the ovarian bursa was closed
with one to three sutures of 10–0 Ethilon monofilament
(Ethicon, Inc.). The abdominal wall was sutured with 6–
0 Vicryl (Ethicon, Inc.), and the skin was closed with
9 mm wound clips (MikRon Precision, Inc.).

Data on vaginal cytology were collected for at
least 10 consecutive days pre- and post-operatively
to ensure (1) cessation of cycling and (2) success of
the ovarian transplantation procedure in mice that
received germ cell-containing ovary transplants.
Daily vaginal cytology was re-initiated beginning
10–14 days post-operatively. One estrous cycle was
defined as the period from the day nucleated epithe-
lial cells first appeared (i.e., proestrus) to the day
preceding the next appearance of nucleated epitheli-
al cells in the vaginal smear, provided there was a
period of leukocytic presence (i.e., diestrus) in be-
tween. Estrus was determined by the presence of
large, squamous epithelial cells, with or without
nuclei. Success of the ovarian transplantation proce-
dure in mice that received germ cell-depleted ovary
transplants was determined by an increase in the
androgen:estrogen ratio, which increases significant-
ly after germ cell depletion in mice (Rivera et al.

+VCD+OIL

a Ab c

Fig. 2 VCD depletion of small follicles in CBA/J mice. H&E-
stained sections showing (a) abundant small follicles in oil-treated
(n = 6) mice, (b) reduced numbers of small follicles in VCD-

treated (n = 4) mice, and (c) and already displayed significant
differences in both primordial and primary follicle numbers by
45 days of age. Arrows indicate primordial and primary follicles
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2009). No immunosuppressive techniques were
employed and no evidence of graft-versus-host dis-
ease was detected post-transplantation or at death.

Exclusion criteria

Mice that displayed cytological evidence of cyclic go-
nadal input prior to surgery at 13 or 17 months of age
were excluded from these experiments. 4-vinylcyclo-
hexene diepoxide-treated donor mice that displayed cy-
tological evidence of gonadal input at 2 months of age
were also excluded from these experiments. Cyclic go-
nadal input was defined as cyclic changes on vaginal
cytology, presumably due to cyclic influence of ovarian
hormones. No cyclic gonadal input was defined as the
lack of cyclic changes on vaginal cytology. Germ cell-
containing transplant recipients that failed to display
evidence of cyclic gonadal input post-operatively based
on vaginal cytology or germ cell-depleted transplant
recipients that failed to display evidence of change in
the androgen:estrogen ratio post-operatively were also
excluded from analysis. Mice that fit these criteria were
the only mice used for analysis throughout this study.

Determination of life span

The life span for individual mice was determined by
recording the age of spontaneous death or euthanasia.
Aged, moribund mice found with overt clinical signs
(catatonia) were euthanized. Criteria for euthanasia spe-
cific for aged mice were determined in coordination
with the attending veterinarian and included, but were
not limited to mice found in poor condition with or
without crusting around the perineum and diarrhea,
urine staining, persistent vaginal prolapse, chronic
vulva/rectal swelling, kyphosis, respiratory distress, an-
orexia, poor coat condition and lack of grooming, mor-
ibund mentation, hind-limb weakness/paresis, wounds
not healing, limited mobility, neoplastic growth, and
unusual weight loss (or gain). Average weight loss in
aged, female CBA/J mice, from peak weight to death is
approximately 12% per month (Mason et al. 2010). An
increased rate of weight loss, but not total weight loss
was the most critical factor for determining a moribund
state. Unexpected deaths were uncommon, but included
neoplastic growths (most commonly mammary),
decubitus ulcers (extremely old animals) and uncontrolled
cataleptic seizures (normally between 11 and 13months of
age).

Determination of inflammatory pathology at death

Pathological and histological analysis was conducted by
Dr. Yuji Ikeno at the Barshop Institute for Longevity and
Aging Studies. Mice in all groups were submitted for
necropsy at death/euthanasia. After mice were
necropsied for gross pathological lesions, the following
organs and tissues were excised and preserved in 10%
buffered formalin: brain, pituitary gland, heart, lung,
trachea, thymus, aorta, esophagus, stomach, small intes-
tine, colon, pancreas, spleen, kidneys, urinary bladder,
reproductive system (ovaries, oviduct, uterus, cervix
and vagina), thyroid gland, adrenal glands, parathyroid
glands, psoas muscle, tibiofemoral joint, sternum, and
vertebrae. Other tissues with gross lesions, including
liver were also excised. Liver tissue without gross le-
sions was frozen for further analysis. The fixed tissues
were processed conventionally, embedded in paraffin,
sectioned at 5 μm and stained with hematoxylin-eosin.
Although autolysis of varying severity can occur, it
normally does not prevent the histopathological evalua-
tion of lesions.

Diagnosis of each histopathological change was
made with histological classifications in aging mice
previously described (Bronson and Lipman 1991;
Ikeno et al. 2005). A list of pathological lesions was
constructed for each mouse that included both neoplas-
tic and non-neoplastic diseases. Based on these histo-
pathological data, the probable cause of death in each
mouse was assessed.

Cytokine analysis

Circulating cytokine analysis was conducted in mice
that received new ovaries at 13 months of age and were
collected at 17 months of age, along with age-matched
controls. Cytokine analysis was conducted by Dr. Björn
Schumacher, Chair for Genome Stability in Ageing and
Disease, CECAD Research Center, University of Co-
logne. Circulating factors in serum were analyzed using
a G-Series Mouse Cytokine Antibody Array (GS4000),
which is a combination of five, non-overlapping arrays
to measure the relative expression levels of 200 mouse
cytokines as per the manufacturer’s protocol. Briefly,
the assay slides were dried, blocked, and incubated with
sample; washed and incubated with biotinylated anti-
body cocktail; washed and incubated with IRDye
800CW Streptavidin Antibody; and washed and imaged
using an LI-COR Odyssey CLx. Data was extracted
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using the manufacturer’s GAL file and the raw numer-
ical data extracted from the array scan was analyzed
with the GSM-CAA-4000 data analysis software spe-
cific for the Mouse Cytokine Array GS4000.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism 7.01 (GraphPad Software, Inc. La Jolla, CA). A
D’Agostino-Pearson omnibus test was used to deter-
mine normality. Data were analyzed with two-factor
ANOVA and a Tukey-Kramer post-hoc test was used
to determine difference between groups. Individual
treatments were further analyzed by paired Student’s t
test, two-tailed, unequal distribution of variance as-
sumed. Test results were considered significant for P
values P < 0.05.

Results

Longevity

Mean life span for female CBA/J mice is approximately
644 days (Yuan et al. 2009). In the current experiments,
2-month-old germ cell-depleted and germ cell-
containing ovaries were transplanted to post-
reproductive mice at 17 months of age (517 days of
age). Mice that received GC ovaries lived 798 days of
age (maximum life span of 815 days). Mice that re-
ceived GD ovaries lived 880 days (maximum life span
of 1046 days). Mice that received new ovaries at
13 months were collected at 17 months, and therefore
were not included in the longevity analysis.

Current transplantation protocols were the same as in
previous experiments, as evidenced by the < 1% differ-
ence in results between previous intact ovary transplants
at 18 months and the current intact ovary transplants at
17 months. In previous experiments, mice subjected to
sham surgeries were necessarily selected to live at least
until the time of surgery (11 months of age). In these
previous experiments, sham mice lived 728 days of age
and post-reproductive mice that received new,
transplanted ovaries from young, 2-month-old mice
lived mice lived 793 days of age (Mason et al. 2009).
Mice that had received young ovaries at 18 months of
age were no different in mean age at death (within 2%;
J.B. Mason, unpublished observations) from mice that
received ovaries at 11 months (Figs. 3 and 4).

Inflammatory pathology

Mice that received young ovaries at 13 months and
control mice were collected at 17 months of age (after
4 months of exposure to new ovaries in transplant
recipients). Mice with 4 months of exposure to GC
ovaries displayed decreased severity of inflammation
and decreased glomerulonephritis, compared with age-
matched controls (Fig. 5). Among mice that received
young ovaries at 17 months and that were collected at
death, germ cell depletion of the transplanted young
ovaries had no influence in severity of inflammation or
glomerulonephritis (Fig. 6).

Inflammatory cytokines

Over a 4-month period, beginning shortly after the time
of reproductive senescence at 13months of age, until the
time of collection at 17 months of age, aging/ovarian
failure lead to a decrease in circulating inflammation-
associated cytokines, both pro- and anti-inflammatory.
These decreases in cytokine levels were restored in mice
that received transplanted young ovaries at the start of
the 4-month period (Fig. 7).
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Fig. 3 Influence of young ovaries on life span in post-reproduc-
tive recipients. Young ovaries transplanted (Tx) to 11 month-old
mice (GC-Tx@11mo, n = 30) extended life span by 13% past the
time of surgery, compared with sham operated mice (Sham, n =
34). Young ovaries Tx at 17mo (GC-Tx@17, n = 5) or 18mo (GC-
Tx@18, n = 6) were no different from 11mo Tx. Depleting the
germ cells from young ovaries prior to Tx (GD-Tx@17mo, n = 5)
more than doubled (29%) the life span extension of GC ovaries.
AAD, age at death. Patterned bars represent the current longevity
experiments. * P < 0.05, ** P < 0.1. Error bars are SE. (Mason
et al. 2009)
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Discussion

Longevity

In our model, the observed extension of life span was
ovary-dependent, but ovarian germ cell-independent.
Intact young ovaries provided young ovarian tissue,
which extended life span. Germ cell-depleted young
ovaries also provided young ovarian tissue, but no germ
cells, which extended life span even further. Ovarian
hormones and the feedback effects of these hormones
produced by germ cell-directed follicular development
in actively cycling ovaries likely have a positive influ-
ence on health. Hormone replacement therapy, when

initiated early during peri-menopause can have a posi-
tive effect on menopausal health. However, it appears
that the health benefits of germ cell-driven, cyclic ovar-
ian hormones and the longevity benefits of ovarian
somatic cell signaling may be distinct mechanisms.

Transplanted intact and germ cell-depleted ovaries
both provided young ovarian somatic cells to the recip-
ient. However, germ cell-containing, actively cycling
ovaries supported developing follicles, which continu-
ally recruited these somatic cells to support follicle
maturation during the period when the ovary was cy-
cling. These waves of follicular development constantly
recruit new oocytes and somatic cells from the resting
ovarian reserve. Over time, as the ovarian germ cells
become depleted, the somatic cells recruited by these
maturing germ cells likely become depleted as well. In
the germ cell-depleted ovaries, the somatic cells are not
recruited to developing follicles, but may instead be
available to support the somatic health of the organism
and would be expected to persist much longer than
somatic cells in the intact, cycling ovaries.

The GH/IGF-1 signaling axis is well known to influ-
ence longevity, particularly when reduced prepubertally
(Podlutsky et al. 2017). Post-reproductive mice in the
current study had experienced a full reproductive life
span and exposure to normal levels of GH/IGF-1 sig-
naling prior to initiation of longevity-extending treat-
ments. This may suggest that GH/IGF-1 signaling was
not the dominant factor in the observed life span exten-
sion in the current study. However, the effects of IGF-1
are dependent on the tissue, gender, and the age of the
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Fig. 4 Influence of young ovaries on survival. At 750 days of age,
50% of sham mice had died. At this same age, 81% of mice
transplanted with young ovaries at 11 months of age were still
alive and 100% of mice transplanted at 17 and 18 months of age
were still alive. Maximum life span, but not mean life span was
influenced by the number of mice per group. a Mice that
underwent sham surgery (mean LS = 728 days) and mice that
received 60-day ovaries at 11months of age (mean LS = 793 days).
bMice that received intact 60-day ovaries at 17 and 18 months of
age (mean LS = 798 days and 802 days, respectively) and mice
that received germ cell-depleted 60-day ovaries at 17 months of
age (mean LS = 880 days)
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Fig. 5 Influence of young ovaries on glomerulonephritis and in-
flammation in post-reproductive recipients. Young ovaries
transplanted (Tx) to 13 month-old mice (GC-Tx@13mo) decreased
the severity of glomerulonephritis and inflammation at 4 months
post-transplantation (17 months of age), compared with mice that
did not receive new ovaries (No-Tx@13mo). Error bars are SE
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animal (Ashpole et al. 2017). Circulating IGF-1 levels
were reduced in our transplant recipients with extended
longevity (unpublished observations). Reduced ovarian

IGF-1 signaling can lead to increased Foxo signaling
levels, a common factor in extension of longevity in
primitive species and with dietary restriction. Interest-
ingly, the beneficial effects of dietary restriction on
glucose and triglyceride metabolism in intact female
rodents do not appear in ovariectomized rodents,
supporting a central role for the ovary in female meta-
bolic health (Casalino et al. 1994). The observation that
naturally menopausal women with reproductively se-
nescent ovaries possess a health advantage over surgi-
cally menopausal women suggests that something about
the ovary provides a health advantage, independent of
active germ cells.

In primitive species, the extension of longevity due to
germ cell depletion is dependent on the presence/
retention of gonadal somatic cells (Arantes-Oliveira
et al. 2002; Flatt et al. 2008). Complete gonad removal
in female mice shortens the life span (Mason et al.
2009). In our model, germ cell depletion may have
provided an extended period of exposure to naïve ovar-
ian somatic cells (cells not recruited to support

Fig. 7 Inflammatory cytokines.
Both pro- and anti-inflammatory
cytokines decreased from the time
of reproductive senescence at
13 months to 17 months of age.
These decreases were reversed by
exposure to new ovaries in mice
that received new ovaries at
13 months of age (GC-
Tx@17mo). Values are 1/1000 of
actual values. * P < 0.05. Error
bars are SE
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Fig. 6 Influence of germ cell depletion of young ovaries on
glomerulonephritis and inflammation in post-reproductive recipi-
ents. Germ cell depletion of young ovaries prior to transplantation
to 17month-old mice (GD-Tx@17mo) had little to no influence of
the severity of inflammation or glomerulonephritis at death, com-
pared with mice that received germ cell-containing new ovaries at
17 months of age (GC-Tx@17mo). Error bars are SE
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reproduction), compared with mice that received intact
ovaries.

Inflammation

Chronic inflammation is a common component of many
aging-associated pathological conditions. Changes that
positively influence inflammation are likely to positive-
ly influence many other aging pathologies. In previous
work, transplantation with young ovaries positively in-
fluenced immune and renal function, reduced cardiomy-
opathy, decreased sarcopenia, decreased unintentional
age-associated weight loss, improved cognitive behav-
ior and sensory function, and decreased arthritis in re-
cipient mice (Peterson et al. 2017; Mason et al. 2011;
Peterson et al. 2016; Mason et al. 2010; Parkinson et al.
2017; Mason et al. 2015). In the current study, young
ovaries transplanted to old mice produced a major re-
duction in the severity of inflammation, suggesting a
significant ovarian influence on immune function. Sur-
prisingly, these effects were not diminished in mice that
received germ cell-depleted ovaries. This points toward
an ovarian dependent, but germ cell-independent, positive
influence on aging-associated chronic inflammation.

Among mice analyzed over a 4-month period, begin-
ning at the time of reproductive senescence, inflammation-
associated cytokines decreased with aging/reproductive
failure, but were restored/maintained by 4 months of ex-
posure to new, intact ovaries. T cell function was also
improved in these mice and in 13-month-old mice with
in situ germ cell-depleted ovaries (Peterson et al. 2017;
Habermehl TL, Parkinson KC, Mason JB (2018) Germ
cell depletion influenced neuromuscular, sensory, renal
and metabolic function in post reproductive female mice.
(submitted)). Interleukin 7 (IL-7), which has a positive
influence on immune functionwas decreased by 35%with
aging. Transplantation of new ovaries reversed this change
to a 45% increase in circulating IL-7. Both IL-6 and IL-10
have been reported to increase during aging in rodent
models (Longo and Finch 2003; Panda et al. 2009). How-
ever, IL-10 knock-out mice showed increased inflamma-
tion, increased frailty and increased mortality (Deepa et al.
2017). Elevation of both IL-6 and IL-10 is associated with
decreased production of reactive oxygen species (ROS) in
the aging rat brain (Xie et al. 2003; Sparkman and Johnson
2008). In contrast to much of the previous research on
immune cytokines in aging, in our model, both IL-6 and
IL-10 decreased with aging (− 16% and − 6%, respective-
ly) and were restored by ovarian transplantation at or

above levels found in pre-transplant mice (+ 13% and +
1%, respectively). Aging is highly heterogeneous and it is
possible that because we began treatments in aged ani-
mals, these selected animals may have been healthier than
the general population of CBA/J female mice and may
have not displayed the classical hallmarks of immune
senescence (Rais et al. 2017). In addition, the TGFβ1
decrease in recipients (9%), which did not reach statistical
significance may have provided an additional vascular
protective effect (Ungvari et al. 2017).

Two major hallmarks of the menopausal transition
include chronic inflammation and dyslipidemia. Re-
duced lipid catabolism at menopause can lead to oxida-
tion of excess circulating lipids and systemic inflamma-
tion. Exogenous estrogens can reduce the serum levels
of several markers for inflammation in post-menopausal
women (Stork et al. 2002). However, germ cell-depleted
ovaries do not provide cyclic estrogens. Based on pilot
data suggesting an increase in lipid metabolism with
new ovaries (unpublished observations, Dr. Mason),
germ cell-depleted ovaries may provide a non-
estrogenic metabolic correction of lipid profiles.

Conclusions

In summary, depletion of the germ cells prior to trans-
plantation of young ovaries to post-reproductive fe-
males did not compromise the anti-inflammatory bene-
fits of the young ovaries. Depletion of the germ cells
prior to transplantation also did not compromise the life
span-extending effect of the young ovaries, but instead
extended life span even further than transplantation with
intact young ovaries. Estrogens and progestins have a
well-established role in maintaining/improving female
health. Mounting evidence suggests that estrogen and
progesterone have disparate, sometimes opposing ef-
fects on inflammation, immunity, and autoimmunity
(Hughes and Clark, 2007). The observations that chron-
ic estrogen replacement therapy may exacerbate chronic
neuroinflammation and exacerbate disease in lupus er-
ythematosus suggest using caution when considering
the use of hormone replacement therapy to treat age-
or menopause-associated diseases, many of which are
associated with inflammatory processes (Marriott et al.
2002; Hughes et al. 2009). A weakness of the current
work is the small number of animals included in each
group, which often precluded results from reaching
statistical significance, even though there were often
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large percentage differences between groups. Results
from previous experiments involving transplantation of
young, intact ovaries are all within 1–2% of the results
for mean age at death for the current group. This strong-
ly suggests that these longevity results are reliable and
repeatable. In addition, the immune data, even with the
small number of animals included in this analysis pro-
vides a strong indication of trends toward a major ovar-
ian influence on immune function.

The current results suggest the presence of a germ
cell-independent positive ovarian influence on health.

We propose that gonadal somatic cells are programed to
preserve the somatic health of the organism with the
intent of facilitating future germline transmission. As
reproductive potential decreases or is lost, the incentive
to preserve the somatic health of the organism is lost as
well (Fig. 8). Results seen with germ cell-depletion
suggest that more than one mechanism of influence
may exist in young ovaries (germ cell-dependent and
germ cell-independent) toward the preservation of
health in young females and the restoration of health
in post-reproductive transplant recipients. Future work
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Fig. 8 Theory of longevity
extension in post-reproductive
recipients. a In wild-type mice,
reproductive cycling
continuously recruits both ovarian
germ and somatic cells. At
reproductive senescence, both
germ and somatic cells are lost,
along with the female health
advantage. We hypothesize that
Foxo signaling from ovarian
somatic cells contributes to the
female health advantage. In
mammals, Foxo suppresses the de
novo methyltransferase Dnmt3b
and reduces the age-associated
erosion of methylation patterns
and epigenetic reprogramming.
Foxo signaling is also linked to
gender-specific longevity in
centenarians. Ovarian Foxo
signaling is significantly reduced
at menopause due to the loss of
Foxo-producing ovarian tissue. b
Young, germ cell-containing
ovaries (GC) transplanted to
13 month-old mice extended life
span by supplying new ovarian
somatic cells and resetting the
Foxo clock. c Deleting the germ
cells from young ovaries (GD)
prior to transplantation prevented
reproductive cycling and the
continuous recruitment of ovarian
somatic cells. This extended the
influence of the transplanted
somatic cells and further extended
the Foxo clock
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will include identification of a potentially evolutionarily
conserved, germ cell-independent molecular mecha-
nism that contributes to the ovarian tissue-dependent
extension of health and life span.
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