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Abstract

Menopause marks the cessation of fertility and the transition to post-reproductive years. Nearly
1M US women experience menopause annually, but despite the significant impact it has on their
physical and mental health, menopause has been insufficiently studied.

Oxytocin is a neurohormone that regulates emotionality, social behaviors, and fundamental
physiological systems, Localization of oxytocin receptors in the brain, reproductive tissues, bone,
and heart support their role in mental health and potentially sleep, along with reproductive and
cardiovascular functions. While experimental data linking oxytocin to behavior and physiology in
animals are largely consistent, human data are corrclative and inconclusive.

As women transition into menopause, oxytocin levels decrease while their susceptibility to

mood disorders, poor sleep, osteoporosis, and cardiovascular diseases increases. These concurrent
changes highlight oxytocin as a potential influence on the health and mood of women along their
reproductive lifespan. Here we summarize experimental rodent and non-human primate studies
that link oxytocin to reproductive aging and metabolic health and highlight the inconclusive
findings in studies of women. Most human studies relied on a single oxytocin assessment in
plasma or on intranasal oxytocin administration. The pulsatile release and short half-life of plasma
oxytocin limits the validity of these methods.
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We discuss the need for oxytocin assessments in stable bio-samples, such as urine, and to use valid
assays for assessment of associations between changing oxytocin levels and well-being across the
reproductive lifespan. This work has the potential to guide therapeutic strategies that will one day
alleviate adverse health outcomes for many women.
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INTRODUCTION

Reproductive aging in women refers to the natural and gradual decline in ovarian function
that occurs naturally with aging and characterized by changes in the menstrual cycle, decline
in fertility. The reproductive life of adult women has been divided into four stages —
pre-menopause, peri-menopause, menopause, and post-menopause. (Soules, Sherman et al.
2001) The perimenopause phase encompasses three stages: 1) the menopausal transition;

2) the menopause timepoint, i.e., time at the final menstrual period (FMP); and 3) the

twelve months after the FMP. Most women will enter menopause naturally, between ages

40 and 60y, with a median age of 50y (Zhu, Chung et al. 2018). However, 10% of

women will transition naturally into menopause early, before age 45y, or prematurely,
before age 40y. Alternatively, some women will enter menopause surgically, following

a bilateral oophorectomy. As women transition into their post-reproductive years, they
experience biological and psychological changes that influence their quality of life and
health in midlife years and beyond. Hormonal fluctuations during the perimenopause stage
are marked by declining levels of estrogen and progesterone and increasing levels of follicle-
stimulating hormone. These fluctuations lead to irregularities in the menstrual cycle and
induce vasomotor symptoms, along with changes in mood, sleep, and sexual function (El
Khoudary, Greendale et al. 2019). Also common during the menopausal transition are
weight gain and abdominal fat accumulation (El Khoudary, Greendale et al. 2019). These
menopause-related symptoms are of neuroendocrine origin and impact brain health in late
adulthood (Maki and Thurston 2020).

The process of reproductive aging has been documented across species, including monkeys,
rodents, and domestic animals, although differences in their lifespan affects the onset and
decline of reproductive function (Packer, Tatar et al. 1998, Lemaitre, Ronget et al. 2020).
For example, reproductive aging in rats is marked by declined infertility at age 8 months and
by age 12 months, evidence of ovarian function is rare.(Cruz, Fernandois et al, 2017) With
an average life expectancy of 36 months, (Sengupta 2013) the reproductive aging of rats
occurs carlicr in the lifespan relative to humans, However, chimpanzees experience a distinct
and prolonged phase of reproductive cessation, as females continue to exhibit reproductive
function until late in life, despite fertility decline with age.(Walker and Herndon 2008) Thus,
the reproductive span of chimpanzees relative to humans is significantly longer.

Animal models for menopause have examined the physiological, hormonal, and behavioral
changes associated with reproductive aging. While no animal model mimics the complexity
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of reproductive aging in humans, preclinical studies have extensively used rodents and non-
human primates to study natural and surgical menopause transitions.{Diaz Brinton 2012)
For example, ovariectomized rodents have been used to study the effect of menopause

and estrogen deficiency on neurodegenerative and cardiovascular diseases and overall
mortality. (Acosta, Mayer et al. 2009, Diaz Brinton 2012) Moreover, the effect of hormone
replacement therapy (HRT) on postmenopausal health among ovariectomized rodents
demonstrated improved cardiovascular health, cognition, as well as anxiety and depressive
behaviors. (Walf, Paris et al. 2009, Ramirez-Herndndez, Lopez-Sanchez ct al, 2024)

Oxytocin (OT) is a hypothalamic neuropeptide hormone and neuromodulator involved in
reproductive physiology and behavior (Burbach, Young et al. 2006, Jurek and Neumann
2018). Following synthesis in the hypothalamus, OT is transported to the posterior pituitary
and released into circulation (Rigney, de Vries et al. 2022). Additionally, hypothalamic

OT neurons project to several brain areas regulating emotionality and behavior, including
the amygdala, hippocampus, hypothalamus, and nucleus accumbens (Froemke and Young
2021, Rigney, de Vries et al. 2022). Receptors for OT have been identified in the brain,
reproductive, cardiovascular, and bone systems of animals and humans (Gutkowska and
Jankowski 2008, Breuil, Fontas et al. 2015, Jurck and Neumann 2018), Furthermore,
peripheral oxytocin production has been reported in the cardiovascular and reproductive
systems, gastrointestinal tract, adrenal gland, endothelial cells, and skin (Nicholson,

Swann et al. 1984, Burbach, Young et al. 2006, Gutkowska and Jankowski 2008, Deing,
Rogpenkamp et al. 2013). (Figure 1)} Historically, OT has been known for its role in
parturition and lactation (Burbach, Young et al. 2006) and, more recently, social behavior
and attachment (Bosch and Young 2018, Froemke and Young 2021, Blumenthal and Young
2023). Robust evidence from preclinical models supports the functions of central OT

in social and sexual behaviors (Burbach, Young et al. 2006, Jurek and Neumann 2018,
Froemke and Young 2021), bone health (Breuil, Trojani ct al. 2021), appetite regulation,
energy intake, and metabolic function (Morton, Thatcher et al. 2012, Blevins, Graham

et al. 2015). Current clinical data also suggest influences of OT on social cognition and
mental health (Jurek and Neumann 2018, Rigney, de Vries et al. 2022), cardiovascular and
reproductive functions (Gutkowska and Jankowski 2008), bone health (Breuil, Trojani et al.
2021), and sleep-wake behaviors (Lancel, Kromer et al. 2003, Raymond, Rehn et al. 2021).

The role of OT in human health is plausible and promising (Carter, Kenkel et al. 2020,

Ford and Young 2021, Liu, Yang et al. 2022, Rigney, de Vrics et al. 2022). Reported links
between OT, reproduction, cardiometabolic functions, sleep, bone, and mood. Discrepancies
between animal and human studies stem in part from different approaches to assessment of
OT function. Whereas investigators have directly manipulated the OT system in the central
nervous system in animal experiments, in human studies, OT assessment is limited largely to
quantifying endogenous OT concentrations in plasma, where OT concentrations are highly
unstable (Mens, Witter et al. 1983, Leng and Sabatier 2016). Therefore, this review aimed to
describe relationships between OT and the physiologic, physical, and psychological changes
women endure during their reproductive aging years and provide experimental evidence
from animal studies supporting those links. Specifically, we evaluated OT levels along the
lifespan and during reproductive aging in women, as well as explored the role of OT on
reproductive function, affective disorders and well-being, sleep health, bone health, and
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cardiometabolic health. Robust evidence from preclinical studics is contrasted with the lack
of adequate data on associations between OT and health among humans, particularly in
women. Despite the scarcity of reports on OT and health among women in general and in
relation to their reproductive aging, in particular, these data suggest that OT may play a role
in women’s postmenopausal health. Therefore, we hypothesize that changes in OT during
the menopausal transition may contribute to menopause-related vulnerabilities.

LIMITATIONS IN ASSESSMENT

Despite the plausible and promising role of OT in human health and behavior, results

from clinical studies are mixed and raise concerns that hamper confident synthesis of
current findings. The inconsistency in findings across investigations of OT in human
studies is likely attributable to heterogeneity in study designs and to major challenges in
assessment of endogenous OT concentrations in biological samples, which several research
groups have highlighted (Leng and Sabatier 2016, Tabak, Leng et al. 2023). First, the
measurement of OT has been central or peripheral (plasma, urine, or saliva), which assesses
different OT compartments with potentially different regulations. As OT stability varies
acress biological matrices, there is a disagreement on the best approach to measure OT
reliably {Gnanadesikan, Hammock et al. 2022). For example, OT may vary in its clearance
and integration rates in plasma, urine and saliva (AMICO, ULBRECHT et al. 1987).

A systematic review and meta-analysis of human studies revealed only a low, though
statistically significant, correlation between central and peripheral OT [+=0.29, 95% CI
(0.14, 0.42)] (Valstad, Alvares et al. 2017). Yet, many human studies have measured OT

in plasma, a less invasive method than central assessment but may not reflect brain OT
activity. The pulsatile release of OT produces variability in OT levels over time, further
complicated by its short half-life of <8 minutes in plasma (Leng and Sabatier 2016).
Fluctuations in plasma OT complicate the timing of its collection and limit the internal
validity of studies that rely on plasma OT. Additionally, there are several techniques for

the measurement of OT, including immunoassays (radicimmunoassay, ELISAg), in which
sample constituents may interfere with the quantification, and liquid chromatography-mass
spectrometry (LC-MS) which is considered the gold standard. Finally, the processing of
OT assays varies by commercial kits, as most require sample extraction prior to assay to
isolate and concentrate OT molecules while removing other factors that interfere with the
immunoassay. The practice of extracting or diluting OT samples to eliminate interference of
matrix constituents is variable among the studies discussed above, contributing to variability
and reliability of findings (Tabak, Leng et al. 2023).

OXYTOCIN LEVELS ALONG THE LIFESPAN

Preclinical Studies

The function of the OT system along the lifespan in animal studies has been infrequently
examined (Audunsdottir and Quintana 2022), and reports on changes in the OT system with
age are scarce. However, there is some evidence that in rodents OT function may decline
with advanced age. Comparison of OT concentration asscssed by OT-specific cnzyme
immunoassay among young (2—4 months) and old male mice (18-24 months) indicated
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a decline in plasma levels of OT with advanced age. Specifically, OT concentrations in older
mice were 3-fold lower than younger male mice (Elabd, Cousin et al. 2014). Moreover,

a reduction of brain OT receptors in 20-month-old, relative to 3-month-old rats, was
observed in three brain regions: the caudate putamen, olfactory tubercle and ventromedial
hypothalamic nucleus (Arsenijevic, Dreifuss et al. 1995). Similarly, age differences in OT
function were also observed in an experiment that involved forced swimming among young
and old male rats. This study found that during and after forced swimming, younger rats had
a significant increase in intracerebral OT release within the hypothalamic paraventricular
nucleus relative to older rats that had blunted stress response, despite having baseline

OT levels similar to younger rats (Keck, Hatzinger et al. 2000). Moreover, evaluation of
peripheral secretion of OT in response to forced swimming stress also suggested an increase
in plasma OT levels in both groups of young and old rats, though OT response in older

rats was attenuated and delayed relative to young rats. In contrast to these rodent data,
assessment of OT concentrations in the cerebrospinal fluid (CSF) of free-range adult female
rhesus macaques showed a positive correlation with age. Specifically, concentrations of
CSF OT were higher in older females (15-26y) relative to younger females (age 7-15).
However, more than half of the females were lactating a newborn, which could increase OT
concentrations. Indeed, stratified analysis by lactating status suggested stronger positive
corrclations between CSF concentrations of OT and age in lactating females (1=0.68)

and weak correlations with age among non-lactating females (r=0.11). These positive
correlations are limited to parous, lactating females during their reproductive years and
cannot be generalized to nulliparous females. As OT levels are expected to decline with age,
it should be noted that the mean age of lactating and non-lactating females was 14.6+1.2
and 17.4+1.7, respectively, prior to the age at which menopause occurs in thesus macaques,
around 2426 years. (Walker 1995). Among infant rthesus macaques aged 38—134 days, CSF
OT concentrations were negatively correlated with age, but compared with adult females,
infants had lower CSF OT concentrations (Parker, Hoffman et al. 2010). In short, the
existing studies in animals have mixed findings, though most studies indicate a reduction in
OT function with advanced age.

Clinlcal Studles

The function of OT throughout the lifespan of humans remains uncertain. Current human
studies lack age diversity and utilize various approaches for the evaluation of OT that
prevent confident conclusions. Assessment of OT receptor gene expression in the human
brain has indicated an increase in both ends of the age continuum — early childhood and

late adulthood — and a decrease in young adulthood (Rokicki, Kaufmann et al. 2022).
Additionally, postmortem studies of human brain tissue demonstrated reduced (Calza, Pozza
et al. 1997), or unchanged (Wierda, Goudsmit et al. 1991) number and size of OT cells in the
paraventricular nucleus of the hypothalamus with advanced age.

Reports on OT concentrations are inconsistent along the lifespan of women. A study
with 55 healthy girls and women aged 10—45y with normal weight found an inverse
relationship between age and plasma OT levels (Aulinas, Pulumo et al. 2019). Similarly,
examination of plasma OT concentrations among 89 women in post-menopause found
negative correlations between OT and age, =0.25. (Korkmaz, Deveci et al. 2023) In
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contrast, comparisons of plasma OT in healthy young (age 18-31y) and older (age 63-81y)
women and men suggested higher levels with advanced age regardless of sex (Plasencia,
Luedicke et al. 2019). However, both studies measured samples of unextracted plasma OT
using immunoassay techniques (ELISA and enzyme immunoassay), an approach that can
produce unreliable results due to interference with the assay (Tabak, Leng et al. 2023).

OXYTOCIN AND REPRODUCTIVE FUNCTION

Preclinical Studies

As a sex hormone, estrogen is essential for the development and regulation of the female
reproductive system. The effects of estrogen on human sleep, cardiometabolic and bone
health, and affective disorders have been frequently reported (Nilsson and Gustafsson
2002). The similarity in functions of estrogen and OT suggests an interactive relationship
that warrants exploration. Moreover, there is significant overlap between OT neurons and
estrogen receptors in the hypothalamus which further supports their potential interactions
(Young, Wang et al. 1998, Patisaul, Scordalakes et al. 2003, Acevedo-Rodriguez, Mani et
al. 2015). Indeed, both animal and human studies have reported relationships between OT
and estrogen (Young, Wang et al. 1998, Patisaul, Scordalakes et al. 2003, Liu, Yang et

al. 2022). There is robust data on the physiological functions of OT in pregnancy, during
labor and parturition, and its impact on maternal behavior, mood, lactation and maternal-
infant bonding in postpartum. (Gricb and Lonstein 2021) Recent studies have shown that
expression of OT receptors in different brain regions is dynamic along reproductive stages
and responds to changes in estrogen concentration levels. (Gricb and Lonstein 2021)

As women approach midlife, ovarian aging gives rise to hormonal fluctuations and a decline
in estrogen levels that triggers physiological changes. Effects of estrogen deficiency on
endogenous OT in serum and gene expression of OT in the hypothalamus of female rats
demonstrated significantly lower levels in the ovariectomized group compared with control
rats. Conversely, chronic estrogen administration resulted in an increase in hypothalamic OT
synthesis among the ovariectomized rats (Tokui, Kawakita et al. 2021). Similarly, exposure
to estrogen cither through pregnancy, during an estrous cycle, or through subcutancous
injections for ovariectomized rats triggered significant increases in gene expression of OT
receptors in the uterus of rats (Larcher, Neculcea et al. 1995). These data support the role of
estrogen in the production, release, and function of OT through an increase in the expression
of OT-producing genes and receptors in the hypothalamus (Acevedo-Rodriguez, Mani et

al. 2015). The influence of estrogen on OT function and their concurrent decline during
reproductive aging suggest that OT could potentially play a role in menopausal-related
symptoms and health during the post-menopause years. Indeed, OT function has been linked
to mood disorders, sleep disturbances, bone, and metabolic health, as will be discussed later.

Clinical studies

Along the menstrual cycle, fluctuations in estrogen suggest the potential for concurrent
changes in OT function despite mixed findings. A systematic review and meta-analysis
pooled evidence from 13 studies that examined endogenous OT concentrations in plasma
along the menstrual cycle (Engel, Klusmann et al. 2019), Findings indicated that OT
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levels increase during the follicular phase, peak near ovulation, and gradually decrease
toward the end of the cycle. A small study with 30 healthy and sexually active women
examined OT levels among 20 women with regular ovulation and 10 on oral contraceptive
pills. This study found that among women who ovulate, plasma OT levels were higher

in the follicular and ovulation phases in comparison to the luteal phase, while OT levels
were similar along the menstrual cycle of women on oral contraceptive pills (Salonia,
Nappi et al. 2005). In contrast, a study of US graduate students (n=185) showed higher
levels of OT among oral contraceptive users relative to non-users (GGarforth, Degnbol et

al. 2020). However, data on the duration of contraceptive use and their formulation were
not available. Corrclations between cstrogen and OT were also evident in a study that
compared OT levels among women athletes with amenorrhea and a control group of women
with regular menstruation. This study found lower levels of plasma OT among the athletic
group relative to women in the control group (Lawson, Ackerman et al. 2014). Whether
correlation between estrogen deficiency and low OT levels could also co-occur during

the menopause transition is unknown. A recent study examined plasma OT concentrations
among 89 women who transitioned to menopause naturally (n=61) or surgically (n=28) and
had similar age, body mass index and reproductive history, including menopause duration,
This study found lower OT levels among women with surgical menopause compared to
those who transitioned to menopause naturally, suggesting that abrupt rather than gradual
decline in estrogen may be related to lower OT. (Korkmaz, Deveci et al. 2023) Transition
to menopause, whether natural or surgical, will lead to decline in levels of sex hormones,
however, HRT use in replacement of estrogen and progesterone may be protect long term
health. Associations of OT, menopause and HRT have been examined in a study among

95 women aged 45-52y. (Boos, Stock et al. 1994) These women were divided into three
groups: bilateral oophorectomy with HRT (n=30), bilateral oophorectomy without HRT
(n=32), and hysterectomy without oophorectomy (n=33), Plasma asscssment of OT showed
that women in the bilateral oophorectomy who used HRT had higher OT levels than those
in the other two groups, which had similar OT levels. These results indicate associations
between exogeneous estrogen and OT even in the absence of ovarian function.

AFFECTIVE DISORDERS AND WELL-BEING

As women enter perimenopause, they become more vulnerable to mood disorders (El
Khoudary, Greendale et al. 2019). The risk of depression, a common mood disorder, is

two- to five-fold higher in perimenopause relative to late pre-menopause (El Khoudary,
Greendale et al. 2019). Similarly, the risk of anxiety is increased in perimenopause and
post-menopause, with prevalence estimates ranging between 10—52% during the menopausal
transition (Bryant, Judd ¢t al. 2012), The relationships between reproductive hormones and
mood disorders have been noted in puberty, pregnancy, and postpartum. Thus, patterns of
mood disorders along the menopause transition also suggest that hormonal shifts may drive
the occurrence of depression and anxiety. However, psychological factors and life stressors
could also induce poor mental health (Bryant, Judd et al. 2012).
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Preclinical Studles

Experimental evidence on mood disorders post menopause have relied on ovariectomized
animal models that were developed to mimic clinical phenotypes of depression and anxiety
in women. (Zhang, Cao et al. 2019, Tongta, Daendee et al. 2023) For example, the

impact of chrenic mild stress and depressive-like behaviors have been studied in female
ovariectomized rats. To assess depressive-like behaviors, these rats undergone open-field
and forced swim tests at two and nine weeks after their ovariectomy. The effect of
estrogen depletion on depressive-like behavior varied by duration, such that rats with longer
duration of estrogen depletion, i.c., 9 weeks, had pronounced depressive-like behaviors,
while rats with shorter duration of estrogen depletion did not show changes in behavior.
These relationships were not affected by stress. (Khayurn, Moraga-Amaro et al. 2020)
Moreover, estrogen replacement therapy has been shown to have a protective effect on
affective disorders. An experiment with ovariectomized female rats at midlife (14 months)
and older age (19 months) assessed whether estrogen replacement therapy influences
anxiety and depressive-like behaviors. These rats were divided into groups based on

the timing of surgery and initiation of estrogen therapy, i.e., immediately following the
ovariectomy or 5S-month post-surgery. Additional group of rats did not receive estrogen
therapy. At 20 months, rats that received estrogen replacement immediately post-surgery
have demonstrated lower anxiety and depressive behaviors compared to rats with delayed
initiation or no administration of estrogen replacement therapy.(Walf, Paris ct al. 2009)

Experimental studies have examined the potential impact of OT on affective disorders

using animal models with OT manipulations and assessment of anxiety and depressive-

like behavicrs as outcomes. The data are consistent with OT having anxiolytic and
antidepressive-like effects. A review of experimental data indicated that stressful and
anxiogenic events trigger rapid OT response among rodents, while administration of OT
induces anxiolytic effects in both sexes and across the reproductive stages of females
(Neumann and Slattery 2016). For example, exposure of female or male rats to psychosocial
stress generated increased peripheral and central release of OT (Bosch, Krdmer et al.

2004). The anxiolytic effect of OT was shown in another experiment with male rats
subjected to mild stress through change in their living environment. Infusion of OT into

the hypothalamic paraventricular nucleus of these rats had an anxiolytic effect that was
mediated by local OT receptors (Blume, Bosch et al. 2008). The anxiolytic effect of OT was
also observed in an experiment that administered exogenous OT to female and male mice
with OT-deficiency. Following an induced stress, the treated mice had an attemnuated stress
response in comparison to controls (Yoshida, Takayanagi et al. 2009). The effect of centrally
administered OT on anxiety-like behaviors have been examined in ovariectomized mice with
or without HRT. This study found that OT reduced anxiety-like behaviors regardless of HRT
use. (Nisbett, Gonzalez et al. 2023) These data imply the potential functional role of OT

as a modulator for anxiety and a plausible candidate for therapeutic approaches for anxiety
disorders in males and in females along their reproductive stages.

Relationships between the OT system and depression-like behavior have also been reported
in experimental studies (McQuaid, McInnis et al. 2014). In addition to its anxiolytic
cffects, OT has been shown to reduce depressive-like behaviors, Specifically, rodents
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that were administered OT either acutely or daily in peripheral regions (subcutancously

or intra-peritoneally) or into the brain had improvement in their depressive symptoms

in comparison to controls (Slattery and Neumann 2010, Yan, Wang et al. 2014). These
animals demonstrated diminished depressive-like behaviors, i.e., increased social interaction,
reduced anhedonia, and reduced behavioral despair (Yan, Wang et al. 2014).

Several animal studies found that intracerebroventricular administration of OT acted as

an antidepressant (McQuaid, McInnis et al. 2014). Studies in monogamous prairie voles
suggested a fundamental role of OT in promotion and maintenance of pair bonding (Walum
and Young 2018). In this animal model, the loss of a bonded partner led to grieving-like
depressive behavior, which was associated with reduced OT function, and which was
alleviated by infusion of OT into the brain (Bosch and Young 2018). Despite these findings,
the relationships between OT and depressive symptoms are complex, and their underlying
mechanism is still unknown (Slattery and Neumann 2010).

Clinical Studies

The relationships between OT and human behaviors have been frequently examined,
suggesting the positive influence of OT on social interactions, emotional attachment,

and empathy (Campbell 2010). Most of the evidence on OT and emotional attachment

has been reported in reproductive-age women after childbirth. In the postpartum period,
new mothers experience significant physiological and psychological changes that increase
their vulnerability to poor mental health(Thul, Corwin et al. 2020). Indeed, postpartum
depression is prevalent among 17% of new mothers without pre-pregnancy depression and
is influenced by biological, obstetrical, socioeconemic, and lifestyle factors(Shorey, Chee et
al. 2018). Relationships between endogenous OT and postpartum depression appear mixed,
though most reports suggest inverse associations, i.e., lower levels of OT in relation to a
higher occurrence of postpartum depressive symptoms (Thul, Corwin et al. 2020). Inverse
relationships between OT and depressive symptoms were also reported among pre- and
post-menopausal women (Scantamburlo, Hansenne et al. 2007). Mechanistic pathways that
link OT and mood involve other neurotransmitter systems. Experimental data have shown
than OT interacts with serotonin, dopamine, and the hypothalamic-pituitary-adrenal axis,
which may modulate anxiety and depressive-like behavior (Mottolese, Redouté et al. 2014).
Although findings from animal and clinical studies are promising, randomized trials are
necessary to establish the benefit of OT as a therapy for affective disorders and determine its
optimal dosage, treatment protocols and long-term effects.

SLEEP HEALTH

Reproductive aging in women has been associated with changes in sleep patterns and

sleep architecture that increase the burden of sleep disturbances. During midlife, poor sleep
quality, insomnia symptoms, and particularly difficulty staying asleep, have been reported
to affect 40-60% of women (Baker, Lampio et al. 2018). Morcover, the prevalence of
obstructive sleep apnea, a common form of sleep-disordered breathing, is increased more
than threefold in post-menopause in comparison to the premenopausal stage. This increase
has been attributed to hormonal changes and weight gain during the menopausal transition
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(Young, Finn ct al, 2003), Whether HRT is beneficial for sleep health is poorly understood.
Some evidence suggests that women in peri- or post-menopause who take HRT tend to
report better sleep quality and are less likely to experience sleep disordered breathing and
nocturnal awakenings. (Pan, Wen et al. 2022, Haufe and Leeners 2023) The influence of
estrogen on OT function and sleep, suggests that OT may be involved in sleep disturbances
during reproductive aging.

Preclinical Studies

Associations between OT function and sleep-wake cycles have been hypothesized based

on their adjacent neurocircuitry and observed links between OT, stress and stress-related
neurocircuitry (Lancel, Krémer et al. 2003). Sleep and OT have been independently
associated with mood and pain, although it is unknown whether OT and sleep jointly
influence mood and pain (Devarajan and Rusak 2004) Morcover, slecp and co-sleeping is
known to promote feclings of intimacy, safety, and bonding that arc strongly related to

OT function (Eichhorn, Treede et al. 2018, Raymond, Rehn et al. 2021). Yet, despite their
plausible relationships, investigations of sleep and OT are rare. (Raymond, Rehn et al. 2021)

As with many hormones, OT levels either in plasma or in the CSF follow a circadian
rhythm pattern (Devarajan and Rusak 2004). Indeed, animal studies have demonstrated
higher concentrations of plasma OT in the light phase, and lower levels during the dark
phasc (Devarajan and Rusak 2004). Much of the existing literature on OT and sleep has
focused on intervention studies. A recent systematic review and meta-analysis examined the
impact of OT intervention on sleep-wake cycles in 19 preclinical experiments and 11 human
studies (Raymond, Rehn et al. 2021).

Findings from preclinical studies involving OT administrations were mixed. Continuous,
9-day mtracerebroventricular administration of OT in adult male rats resulted in a longer
wakefulness period during active phase in comparison to controls, 680 and 645 average
minutes of wakefulness per day. (Arnauld, Bibene et al. 1989) Increased wakefulness among
male rats was also shown with a 2-day administration of OT at light onset.(Lancel, Krémer
¢t al. 2003) However, one study reported that a single OT intervention, 15 minutes prior to
testing, promoted sleep time in prairie voles.(Mahalati, Okanoya et al. 1991) In summary,
chronic manipulations of OT in rats through continuous administration, or release of OT
from hypothalamic neural fibers activated by optogenetics have increased total wake time in
24-hour period. (Arnauld, Bibene et al. 1989, Mahoney, Kroeger et al. 2017) Similarly, acute
manipulation of OT also increased wakefulness six hours after OT administration.(Lancel,
Kromer et al. 2003)

Clinical Studies

Daily variation of OT levels among human participants — mainly men — observed a circadian
thythm of OT in plasma that peaked at 2am (Forsling, Montgomery et al. 1998). However,

a study that examined whether salivary OT concentration changed along sleep stages in both
women and men found no variation (Blagrove, Fouquet ot al. 2012). Associations between
OT and sleep health have been insufficiently studied, but current evidence suggest that OT
supports sleep health, Assessment of salivary OT in cancer survivors found that low OT
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levels were associated to more self-reported sleep problems, such as insomnia symptoms
daytime sleepiness, poor sleep quality, and insufficient sleep duration. (Lipschitz, Kuhn et al.
2015)

Intervention studies have shown that exogenous OT promoted wakefulness in animal studies
while limited evidence implied that OT may have sleep promoting properties in humans
(Raymond, Rehn et al, 2021). For example, acute nocturnal administration of OT to cight
patients — women and men — with obstructive sleep apnea resulted in longer sleep time,
increased subjective sleep satisfaction, and improved breathing during sleep (Jain, Marbach
et al. 2017). Improved sleep was also reported in a double-blind, cross-over study with

10 healthy, young men who used a nasal OT spray three times per day for one month.

Sleep was assessed before, one-week after, and at the end of the OT administration
period.(Raymond, Rehn et al. 2021) Findings suggested that intranasal OT administration
increased sleep efficiency, reduced sleep latency and increased the percent of time spent in
rapid eye movement sleep. However, OT administration did not increase total sleep time.
Similarly, a randomized controlled trial with 80 couples associated self-administration of
intranasal OT with better sleep quality in both women and men, though, these relationships
were more pronounced in women (Doerr, Klaus et al. 2022). As endogenous OT declines
with age, concurrent with the increase in reported poor sleep, the limited data linking

OT administration with better sleep suggest OT as a potential candidate for therapeutic
approaches to improve sleep in aging populations.

BONE HEALTH

The aging process leads to deterioration in bone composition, structure, and function. This
progressive age-related decline in bone health is associated with an increased osteoporosis
risk for both women and men (Demontiero, Vidal et al. 2012). As women enter menopause,
the rigk of bone loss is increased and nearly 50% of women experience ostcoporosis which
is known to impair their mobility and function, induce pain, and degrade their quality of life
(Gao and Zhao 2023),

Preclinical Studies

The presence of OT receptors in bone tissue — osteoblasts and osteoclasts — indicates the
possible role of OT in regulation of bone remodeling and maintenance. Indeed, preclinical
studies have suggested that OT positively impacts bone health by promotion of osteoclast
genesis and bone remodeling, and inhibition of bone resorption, processes that protects the
skeletal system. (Tamma, Colaianni et al. 2009) Moreover, both female and male mice with
OT deficiency were profoundly vulnerable to osteoporosis (Tamma, Colaianni et al. 2009).
However, while OT treatment reversed osteoporosis in ovariectomized mice, OT treatment
in orchidectomized mice did not improve bone density. (Beranger, Djedaini et al. 2015)
Experimental animal data have shown that intramuscular administration of OT influenced
bone formation in rodents and reversed osteoporosis in ovariectomized mice (Elabd,
Basillais et al. 2008). The effect of peripheral OT in the alveolar bone healing process

after tooth extraction was examined in old, acyclic female rats divided into treatment and
control groups that received intraperitoneal injections of OT or saline solution, respectively
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(Colli, Okamoto et al. 2012). Comparisons of the alveolar healing process indicated that
OT-treated rats had higher markers of bone formation and decreased bone resorption during
the alveolar healing process, attributing enhanced bone healing properties to peripheral OT.
While mechanistic pathways between OT and bone health are mostly unknown, declines

in estrogen and increases in follicle-stimulating hormone levels during the post-menopausal
stage were linked to osteoporosis in ovariectomized mice (Rouach, Katzburg et al. 2011),
Overall, these data suggest oxytocin affects bone cells and bone remodeling are not fully
understood, these data suggest that OT plays a fundamental but differential role in skeletal
health in both sexes.

Clinical Studies

Consistent with animal data, associations between OT and bone health in clinical studies
suggest an influence of OT on bone health in aging women. In a study of 36 postienopausal
women aged 55-85y, those with osteoporosis compared to women with normal bone mineral
density had 55% lower circulating OT concentrations (Elabd, Bagillais ct al. 2008). Similar
associations were observed in a cohort of >1000 postmenopausal women with median age
of 70.8y, suggesting increased plasma OT concentrations among women with higher bone
mineral density, though plasma OT was unrelated to osteoporosis-related fractures (Breuil,
Panaia-Ferrari et al. 2014). However, these associations may be sex-specific and only found
in women, as no associations were apparent between OT and bone health (bone mineral
density or bone fractures) in a cohort of 552 men whose median age was 64 years and
interquartile age range was between 6070 years.

(Breuil, Fontas et al. 2015) Sex-related discrepancies in these findings indicate the
potential joint influence of OT and estrogen on bone health. Indeed, both intervention
and epidemiologic studies have suggested HRT as a safe and an effective treatment for
osteoporosis prevention in the postmenopausal years, even for women already affected by
osteoporosis. (Stevenson 2023)

CARDIOMETABOLIC HEALTH

The menopausal transition is associated with physiological changes that promote abdominal
weight gain, elevation in lipids and fasting glucose levels and increased blood pressure.
These cardiometabolic changes have been established as determinants of type 2 diabetes
and cardiovascular disease (Roa-Diaz, Raguindin et al. 2021), Several mechanisms that

link menopause and cardiometabolic morbidity have been suggested, but the main pathway
involves the decline in estrogen levels during the process of reproductive aging. This
pathway is supported by studies that demonstrated a lower risk for cardiometabolic diseases
among women who pursued HRT, though findings vary by type of therapy and timing of the
therapy initiation (Roa-Diaz, Raguindin et al, 2021).

Preclinical Studies

Oxytocin has a beneficial influence on cardiometabolic health, including body weight,
lipids, triglycerides, glucose, and insulin functions (McCormack, Blevins et al. 2019).
Mechanistic pathways between OT, insulin and glucose are complex and poorly understood.
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However, the presence of OT receptors in pancreatic beta cells and adipose tissue suggests
its role in regulation of insulin release and glucose metabolism.(Mohan, Khan et al. 2018,
Buemann and Uvniis-Moberg 2020) Indeed, evidence from animal studies have shown that
administration of OT stimulates insulin release and leads to a reduction in blood glucose
levels, which suggest its role in regulation of glucose function.(Scerbo and Gerdes 2017)

The relationships between OT, food intake, and excessive weight have been investigated
amoeng male mice. Comparisons of adiposity in male mice with and without OT receptors
suggest that, despite a similar food intake, mice deficient in OT receptors as compared to
those with OT receptors had excessive abdominal fat and obesity, and increased plasma
triglycerides (Takayanagi, Kasahara et al. 2008). In another experimental study, OT was
injected intraperitoneally for 12 days to 16 naturally peri-menopausal or post-menopausal
female rats while saline was injected to female rat controls. Relative to controls, rats with
daily OT administration had significantly lower body weight and visceral adiposity, lower
levels of lipids, and reduced food intake, regardless of their menopause status (Erdenebayar,
Kato ¢t al, 2021). Similarly, OT was linked to reduced food intake and lower body weight
amoeng rats on low- or high-fat diet. Following a peripheral administration of OT to rats on
a low-fat or high-fat dict, all rats reduced their body weight in a dose-dependent manner
(Morton, Thatcher et al. 2012). These findings suggest that OT is involved in weight
reduction through dietary pathways. Further evidence supporting the impact of OT on
weight reduction has been shown in an experiment on male rats with high-fat diet-induced
obesity that received centrally infused OT or saline. Rats in the OT group had lower weight
gain relative to controls, despite similar food intake and meal patterns. Moreover, OT
lowered the levels of triglycerides, but did not affect plasma leptin, glucose, or insulin levels
(Deblon, Veyrat-Durcbex et al. 2011). Overall, experimental studies with animal models
have indicated that administered OT is protective against obesity (Blevins, Graham et al.
2015).

Clinical Studies

The relationships among OT, glucose and insulin have been examined in several small
studies. Epidemiologic studies have also demonstrated relationships between OT and
metabolic function highlighting OT as a marker of adiposity (Schorr, Marengi et al. 2017).
A cross-sectional study of 540 older men (age range 50-85yrs) investigated serum OT
levels in relation to metabolic syndrome (MetS). This study reported higher levels of
serum OT among men with MetS as compared to men without MetS. Specifically, men
with median OT level >0.74 pg/mL had two-fold increased odds of MetS relative to

men with OT below the median (Szulc, Amri et al. 2016). Positive associations between
plasma OT and cardiometabolic biomarkers have been also shown among a cohort of 721
adults (396 women and 325 men, mean age 47.7+15) (Weingarten, Scholz ct al. 2019).
This study reported elevated OT levels in adults with impaired glucose tolerance and a
positive relationship between OT levels and BMI, waist-hip ratio, waist circumference
and triglycerides, and plasma glucose and insulin. Further, adults with normal weight had
significantly lower OT levels than those with overweight or obesity, 78.6 pg/mL, 98.5 pg/mL
and 106.4 pg/mL, respectively (Weingarten, Scholz et al. 2019).
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Women-centered investigations of OT levels and adiposity are limited. A cross-sectional
study examined serum OT levels and adiposity among 59 reproductive-age women: 24
healthy controls, 19 women affected by obesity with regular menses, and 16 women with
both anorexia nervosa (AN) and amenorrhea. Serum OT was measured in 20-min intervals
from 8pm to 8am and pooled into mean levels while adiposity was evaluated by dual x-ray
absorptiometry. This study reported higher mean overnight OT levels among women with
obesity, but lower mean levels in women with AN relative to healthy controls. Positive
relationships were also observed between OT levels and BMI, fat mass and lean mass,
independent of weight (Schorr, Marengi et al. 2017). Conversely, inverse associations have
been observed between plasma OT and adiposity in a study with 151 reproductive-age
women affected by obesity and 160 women with normal weight. This study observed
lower levels of fasting plasma OT among women with obesity relative to normal weight
controls, suggesting OT deficiency in women with excessive weight (Fu-Man, Hong-Yu et
al. 2019). Further findings indicated inverse relationships between plasma OT and HOMA-
IR, LDL, and total cholesterol, but positive associations with HDL and null with fasting
blood glucose, fasting insulin, or triglycerides. Similar findings were also observed in

as cross-sectional study that examined associations between plasma OT levels, adiposity,
and menopause status among 109 women of which 56 were affected by obesity and 53

had normal body weight. Among these women, 54 were in post-menopause. This study
reported highest OT levels among women in pre-menopause with normal body weight, while
the lowest levels of OT were found among women in post-menopause who are affected

by obesity.(Maestrini, Mele et al. 2018) Specifically, significantly lower OT levels were
observed among women in post-menopause than those in pre-menopause. Among women
with obesity, OT levels were 3.5-fold lower than those with normal body weight. These
data indicate that OT may be associated with ovarian and metabolic function. Associations
between serum OT and cardiometabolic biomarkers were also examined among 176 adults
(65% women), of which 88 were newly diagnosed with type 2 diabetes and 88 had normal
glucose tolerance (Qian, Zhu ¢t al. 2014). Adults with diabetes had significantly lower OT
levels in comparison to those in the control group. Body mass index was inversely associated
with OT levels, such that adults with obesity had lower OT levels than controls with normal
weight.

Although observational data have been mixed, findings from intervention studies in humans
have aligned with evidence from animal experiments that demonstrated the effect of
administered OT on reduced caloric intake and body weight. A double-blind randomized
controlled trial enrolled 21 older adults, age >60 years (71% women) with sarcopenic
obesity who were randomly assigned 8-week intranasal OT or placebo. While no change
in BMI emerged among adults in the intranasal OT group, they had a decrease in their
fat mass and an increase in whole-body lean mass compared with those in the placebo
group (Espinoza, Lee et al. 2021). An intervention crossover study examined the effect
of exogenous OT on glucose homeostasis among 29 healthy, normal weight, young men
(mean age 25y+0.8y). (Klement, Ott et al. 2017) Following an overnight fast, these men
were administered intranasal OT or placebo and underwent an oral glucose tolerance test.
In response to the glucose challenge, intranasal OT attenuated the glucose peak while
increasing an carly insulin secretion. However, an intervention study with similar design
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among men affected by obesity demonstrated no regulatory role of exogenous OT in glucose
metabolism. {Brede, Fehr et al. 2019) These findings indicate that the ability of OT to
regulate glucose metabolism and contribute to cardiometabolic health could depend on body
weight.

In summary, few studies have examined links between OT and human adiposity and while
findings from preclinical and clinical studies seem inconsistent, preclinical and intervention
studies provide evidence that OT may influence cardiometabolic health through several
mechanistic pathways, including reduced food intake, increased lipolysis, reduced cortisol,
and improved glucose homeostasis (McCormack, Blevins et al. 2019). Discrepancies within
human studies could be attributed to variability across study designs, OT assessment
protocols, characteristics of study participants (sex, age, menopause status) and adjustment
for confounding factors.

SUMMARY AND FUTURE DIRECTIONS

Oxytocin is a unique hormone, neuromodulator, and potential biomarker with growing
evidence from animal and clinical studies for its influence on reproductive, sleep, and
metabolic functions.

These reports provide a rationale for the potential role of OT in human health and behavior
over the lifespan, despite mixed findings from clinical studies. Most of these studies used
methods for assessment of endogenous peripheral OT with low reliability and validity,
which challenge the interpretation of findings. In comparison to radioimmunoassay or
ELISA methods, LC-MS is considered as the gold standard for OT assessment but is
costly and complex.(Tabak, Leng et al. 2023} However, assessment of OT in plasma using
cither radioimmunoassay or LC-MS with an extraction procedures has gencrated similar,
high-sensitive results. (Franke, Li et al. 2019) The presence of OT in saliva and urine
provides alternate opportunities for non-invasive assessments, Although salivary OT has as
low a validity as plasma OT (Martins, Gabay et al. 2020), validation studies of urine OT
assays have shown promise and offer new opportunities in OT research (Schaebs, Wirobski
et al. 2021). Furthermore, OT concentrations in urine are thought to reflect the integration
of fluctuating plasma OT over time, reducing the variability in plasma QT that arises

from pulsatile OT release and rapid clearance from plasma. Human OT can be assessed

in urine, saliva, plasma, or CSF involving radioimmunoassay, ELISA, or LC-MS. While
cach assessment approach has unique advantages, both radioimmunoassay and LC-MS both
offer high sensitivity.(Tabak, Leng et al. 2023) Thus, selection of the optimal assessment
technique depends on the research question, study design, availability of resources and
ethical practices.

We believe that addressing the limitations in assessing peripheral OT in humans is crucial
to enhance our understanding of its function in physical health and well-being. Thus,
future studies to examine the relationship between OT concentration and reproductive
aging patterns should use the most reliable assays techniques, ¢.g, the gold-standard LC-
MS, from stable and informative bio-samples (e.g., urine), using standardized procedures
to measure OT function. Urinary OT assessment with CSF provides high-sensitivity,
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cumulative information on OT values, however, proper extraction of OT in plasma using
radioimmunoassay techniques are also highly sensitive and will reflect pulsatile OT levels.

As we seek strategies for successful aging and longevity, the potential of OT to benefit
mood, sleep, bone, and cardiometabolic health warrants further investigation in both
observational and interventional studies. Experimental preclinical studies using animal
models of human menopause, both natural and surgical, are necessary to determine the
influence of OT manipulation (reduction or promotion) on physical and mental health. Large
cpidemiologic, longitudinal studics focusing on women along their reproductive lifespan
(in pre-, peri-, and post-menopause) are needed to elucidate associations between OT and
midlife health, independent of chronological aging. Finally, if OT function is strongly
associated with midlife health, randomized controlled trials are necessary to evaluate
whether an intervention with exogenous OT would impact women’s midlife health and
well-being.
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Figure:

Cegntral and peripheral release of oxytocin and its function in women’s body. (Created with
BioRender.com)

1. Social experiences such interacting with loved ones causes oxytocin (OT) release in the
hypothalamus.

2. OT in the brain regulates social behaviors via OT projections from the hypothalamus to
emotional, reward and memory-related brain regions such as the amygdala, hippocampus,
local projections to the hypothalamus, and nucleus accumbens.

3. Hypothalamic OT neurons project to the posterior pituitary gland and OT is released from
the pituitary in a pulsatile manner into the blood.

4. OT circulates in the bloodstream and concentrations fluctuate due to pulsatile release and
rapid degradation.

5. OT receptors are metabotropic G-protein coupled receptors (GPCRs). They are found
throughout brain tissue, bone systems, the cardiovascular system, and the reproductive tract.
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6. Estrogen secretion from the ovaries enhances OT activity via increasing OT and OT
receptor expression throughout the brain and other tissue. Aging is accompanied by a
decrease in estrogen levels and may lead to compromised OT signaling.
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