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Obesity is a growing health concern, as it increases risk for heart disease, hypertension,
type 2 diabetes, cancer, COVID-19 related hospitalizations and mortality. However,
current weight loss therapies are often associated with psychiatric or cardiovascular side
effects or poor tolerability that limit their long-term use. The hypothalamic neuropeptide,
oxytocin (OT), mediates a wide range of physiologic actions, which include reproductive
behavior, formation of prosocial behaviors and control of body weight. We and others
have shown that OT circumvents leptin resistance and elicits weight loss in diet-induced
obese rodents and non-human primates by reducing both food intake and increasing
energy expenditure (EE). Chronic intranasal OT also elicits promising effects on weight
loss in obese humans. This review evaluates the potential use of OT as a therapeutic
strategy to treat obesity in rodents, non-human primates, and humans, and identifies
potential mechanisms that mediate this effect.
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SOURCE AND FUNCTIONS OF OXYTOCIN

The obesity epidemic and its associated complications (Eckel et al., 2005; Cornier et al., 2008;
Grundy, 2008) increase the risk for cardiovascular disease, cancer, type 2 diabetes (T2D), and
death, including that from COVID-19 (Gao et al., 2020; Guo et al., 2020; Jordan et al., 2020;
Michalakis and Tlias, 2020; Targher et al., 2020; Zhou et al., 2020) and has become a major health
concern (Smyth and Heron, 2006). According to the National Center for Health Statistics, age-
adjusted obesity prevalence between 1999-2000 and 2017-2018 has increased in adults from 30.5
to 42.4% (Hales et al., 2020). More than 78 million adults and 12.5 million children and adolescents
in the United States are obese (Ogden et al., 2012) and the estimated annual medical cost of
obesity is $147 billion in 2008 United States dollars (Finkelstein et al., 2009). Some of the current
pharmacologic therapies to treat obesity [i.e., Qsymia (phentermine + topiramate) and Contrave
(naltrexone hydrochloride/bupropion hydrochloride)] can worsen sleep disturbance or worsen
depression and are not well tolerated (Hollander et al., 2013; Kusminski et al., 2016; Halseth et al.,
2018). While major advances in obesity pharmacotherapy have been made with semaglutide, a
glucagon-like peptide-1 receptor agonist, which provides significant weight loss of 15% (Wilding
etal., 2021), it has been associated with gastrointestinal side effects, including nausea and diarrhea,
in overweight and obese adults without diabetes (Rajagopal and Cheskin, 2021). Understanding
the unique contributing factors to obesity and designing targeted interventions to lower the disease
burden is an urgent need.
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While the neurohypophyseal hormone oxytocin (OT) is well
recognized for its role in osmoregulation (Verbalis et al., 1995b),
prosocial behavior (Striepens et al., 2011; Yamasue et al., 2012)
and reproductive behaviors, including lactation (Braude and
Mitchell, 1952) and uterine contraction (den Hertog et al., 2001),
itis also being tested as a potential therapy to treat post-traumatic
stress disorder (van Zuiden et al., 2017; Flanagan et al., 2018),
schizophrenia (Striepens et al., 2011; Montag et al., 2012), autism
spectrum disorder (Striepens et al., 2011; Yamasue et al., 2012;
Miller, 2013; Young and Barrett, 2015), and obesity (Zhang et al.,
2013; Lawson et al., 2015; Hsu et al., 2017). This excitement has
translated to 535 completed, ongoing, or pending investigations
in humans (ClinicalTrials.gov registry, National Institutes of
Health). Given the current state of the obesity epidemic and lack
of highly effective treatment options, this review focuses on OT as
an anti-obesity therapy and mechanisms that contribute to these
effects in genetically obese (Kublaoui et al., 2008; Tung et al.,
2008; Maejima et al., 2011; Morton et al.,, 2012; Altirriba et al.,
2014) and diet-induced obese (DIO) rodents (Deblon et al., 2011;
Maejima et al., 2011, 2017; Zhang and Cai, 2011; Zhang et al,,
2011; Morton et al., 2012; Edwards et al., 2021b) as well as in DIO
non-human primates (Blevins et al., 2015) and obese humans
(Zhang et al., 2013; Lawson et al., 2015; Thienel et al., 2016;
Hsu et al., 2017) and assesses the translational and therapeutic
potential of OT in humans. Due to the short duration of exposure
of OT in the majority of clinical trials, one of the challenges that
remains will be to examine the safety, tolerability, and efficacy
of chronic intranasal OT use and to identify optimal dosing
and frequency of administration to evoke clinically meaningful
weight loss in individuals with obesity in the absence of adverse
side effects (MacDonald et al., 2011; Tachibana et al., 2013; Zhang
et al, 2013; Hsu et al, 2017; Cai et al.,, 2018). The barriers
to the use of chronic treatment include concerns about OT-
elicited down-regulation of OT receptors (OTRs) (Insel et al.,
1992; Peters et al., 2014; Freeman et al., 2018), the potential
for increased anxiety (Peters et al.,, 2014; Winter et al., 2021),
impairments in partner preference (Bales et al., 2013), aggression
(Rault et al., 2013), hyponatremia (Bergum et al., 2009; Vallera
et al., 2017), adverse cardiovascular effects (Pinder et al., 2002;
Vallera et al, 2017; Snider et al, 2019) through interactions
with vasopressin receptors (Snider et al., 2019), and feelings of
distrust in humans with borderline personality disorder (Bartz
etal., 2011) (see Miller, 2013; Leng and Ludwig, 2016a; Leng and
Sabatier, 2017, for review).

The majority of central nervous system (CNS) OT is
synthesized by magnocellular and parvocellular neurons in the
paraventricular nucleus (PVN) as well as the magnocellular
neurons in the supraoptic nucleus (SON) in mice (Young et al.,
1996; Lein et al., 2007; Blouet et al., 2009; Maejima et al., 2009;
Zhang et al., 2011; Sutton et al., 2014), rats (Swaab et al., 1975a,b;
Sawchenko and Swanson, 1982; Sawchenko et al., 1984; Rinaman,
1998; Grinevich and Neumann, 2020), non-human primates
(Antunes and Zimmerman, 1978; Sofroniew et al., 1981; Kawata
and Sano, 1982; Ginsberg et al.,, 1994; Ragen and Bales, 2013),
and humans (Dierickx and Vandesande, 1977; George, 1978;
Paulin et al., 1978; Sukhov et al., 1993; Koutcherov et al., 2000)
(see Gimpl and Fahrenholz, 2001; Ragen and Bales, 2013, for

review). OT is also expressed in magnocellular neurons of the
PVN and SON of the prairie vole but it still not clear if OT
is expressed in parvocellular PVN neurons or whether OT
projections to the nucleus accumbens (NAcc) originate from
parvocellular or magnocellular neurons in prairie voles (Ross
et al., 2009). In addition to the PVN and SON, OT is found in
smaller amounts within magnocellular neurons in the anterior
commissural nuclei (mouse) (Castel and Morris, 1988), anterior
hypothalamus (mole-rat) (Rosen et al., 2008), accessory nuclei
(mouse/rat) (Castel and Morris, 1988; Rinaman, 1998), preoptic
area (mole-rat) (Rosen et al., 2008) and periventricular nuclei
(mouse) (Castel and Morris, 1988). OT is also expressed in
the bed nucleus of the stria terminalis (BNST; mole-rat/rat)
(Rinaman, 1998; Rosen et al., 2008), caudal subzona incerta
(hamsters) (Vaughan et al., 2011) dorsal hypothalamic area
(hamsters) (Shi and Bartness, 2001), mediobasal preoptic area
(mouse) (Castel and Morris, 1988), medial amygdala (mole-
rat/rat) (Rinaman, 1998; Rosen et al., 2008) and septal region (rat)
(Rinaman, 1998).

Mature OT and the carrier neurophysin are processed
from the OT/neurophysin 1 prepropeptide (Brownstein et al.,
1980) with both being stored in the axon terminals prior
to release (Renaud and Bourque, 1991). It appears that the
predominant role of neurophysin is to target, package and
store OT within secretory granules prior to release (see Gimpl
and Fahrenholz, 2001, for review). OT is released both locally
from somatodendrites from magnocellular OT neurons in the
SON and PVN (Pow and Morris, 1989; Zhang and Cai, 2011;
Zhang et al, 2011; Wu et al, 2017) (see Ludwig and Leng,
2006, for review) and distally at axon terminals within the
neurohypophysis that originate from magnocellular PVN and
SON OT neurons. Recent findings indicate that magnocellular
OT neurons also send collateral projections to a number of
distal extrahypothalamic sites (Zhang et al., 2021). Magnocellular
OT neurons within the PVN appear to send collaterals to the
amygdala, caudate putamen and NAcc while those in the SON
appear to send collaterals to the caudate putamen, NAcc, piriform
cortex and lateral septum (Zhang et al., 2021). In addition, OT is
also secreted from axon terminals from parvocellular PVN OT
neurons that project to the hypothalamic arcuate nucleus (ARC)
(Maejima et al., 2014) (mice), NAcc (Ross et al., 2009, prairie
voles)/(Knobloch et al., 2012, rats), midbrain ventral tegmental
area (VTA) (Shahrokh et al., 2010), hindbrain parabrachial
nucleus (PBN) (Ryan et al., 2017) (mice), dorsal motor nucleus
of the vagus (DMV) (Sawchenko and Swanson, 1982; Rinaman,
1998) nucleus tractus solitarius (NTS) (Sawchenko and Swanson,
1982; Rinaman, 1998; Sutton et al., 2014) (rats, mice), and
spinal cord (Sawchenko and Swanson, 1982; Sutton et al,
2014) (rats, mice).

The extent to which OT is expressed in outgoing projections
from the PVN to hindbrain CNS sites linked to the control
of body weight appear to vary based on targets and species.
Kirchgessner and Sclafani initially proposed that OT projections
from the PVN to hindbrain were important in the control of
food intake and body weight based on findings from their lab
in which knife cuts that sever PVN-hindbrain projections were
found to disrupt OT fibers (Kirchgessner et al., 1988) and result
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in hyperphagia and obesity (Kirchgessner and Sclafani, 1988).
There is a large body of evidence linking hindbrain NTS OTRs
in the control of homeostatic food intake (Kirchgessner and
Sclafani, 1988; Kirchgessner et al., 1988; Blevins et al., 2003, 2004;
Blouet et al., 2009; Baskin et al., 2010; Ho et al, 2014; Ong
et al., 2015, 2017; Roberts et al., 2017; Edwards et al., 2021b).
Studies have suggested that OT acts, in part, at NTS OTRs, to
enhance the responsiveness of gastrointestinal satiation signals
(Olson et al., 1991b; Blevins et al., 2003, 2015; Baskin et al., 2010;
Ong et al,, 2015, 2017) to limit meal size. More recent studies
have implicated NTS OTRs in the control of food motivation and
feeding reward (Wald et al., 2020). The role of hindbrain OTRs
in the control of energy balance is further reviewed in Blevins
and Ho (2013), Lawson et al. (2020), and McCormack et al.
(2020) (food intake) and Section “What Receptor Populations
Mediate Oxytocin’s Effects on Brown Adipose Tissue (BAT)
Thermogenesis and Energy Expenditure?”. OT has been found to
be expressed in up to (1) 6.3-10.1% of neurons with descending
projections from the PVN to the dorsal vagal complex (DVC)
(Olson et al., 1992) or (2) 11-16% of neurons with descending
projections the PVN to the medulla and spinal cord (Sawchenko
and Swanson, 1982) (rats). A recent paper found that OT may
be found in a substantially higher proportion of neurons that
project to the DVC (28.9%) in rats (Maejima et al., 2019). Current
findings indicate that species differences (mice vs. rats) could
account for the proportion or location where parvocellular PVN
OT neurons project to the NTS. Namely, the majority of PVN OT
neurons that project to the NTS appear to the reside within the
caudal parvocellular PVN in rats (Rinaman, 1998). One recent
study by Sutton et al. (2014) determined that there were few OT
projections from the rostral parvocellular PVN that terminated
within the NTS and that those that did exist were likely fibers
of passage. In addition, those OT neurons that are expressed in
the rostral PVN appear to project to spinal cord. These findings
raise two questions: (1) Do parvocellular PVN OT neurons
located within the caudal parvocellular PVN provide the bulk
of OT innervation to the NTS in both mice and rats? (2) Is the
parvocellular PVN OT projection to the NTS less dense in the
mouse model compared to the rat model? Existing findings at
least provide indirect evidence in support of a descending PVN
to NTS OT projection in a mouse model (Blouet et al., 2009;
Matarazzo et al., 2012; Ryan et al., 2017; Wu et al., 2017) and
implicate an important role for OTRs within the caudal hindbrain
in the control of body weight through reductions of food intake
(homeostatic and hedonic) and increases in BAT thermogenesis
or core temperature (as surrogate marker of energy expenditure)
in both mice (Blouet et al., 2009; Matarazzo et al., 2012; Ryan
et al.,, 2017; Edwards et al., 2021b) and rats (Baskin and Bastian,
2010; Blevins and Ho, 2013; Ho et al., 2014; Ong et al., 2015, 2017;
Roberts et al., 2017; Edwards et al., 2021a).

PVN spinally projecting neurons (SPNs) that express OT
appear to be involved with modulating cardiovascular function,
stress response, thermoregulation and energy expenditure (via
BAT thermogenesis) (see Hallbeck et al., 2001; Nunn et al,
2011, for review). Chemogenetic activation of PVN OT neurons,
found to send dense projections to thoracic spinal cord in
close proximity to choline acetyltransferase (+) (ChAT; marker

of cholinergic neurons) neurons, increased energy expenditure
(oxygen consumption), tended to increase BAT temperature
(P = 0.13) and increased Fos (marker of neuronal activation)
within ChAT (+) neurons of the thoracic spinal cord (Sutton
et al., 2014) in Oxytocin-ires-Cre mice. The proportion of OT
found in these PVN SPNs range between 20 and 25% (Cechetto
and Saper, 1988) and approximately 40% (Hallbeck et al,
2001) (rats). The lateral parvocellular subdivision contained the
highest proportion of PVN OT SPNs (47%), followed by the
dorsal parvocellular division (31%) and the medial parvocellular
division (24%). It will be helpful to direct future studies to
examine the extent to which OTRs within the spinal cord
and hindbrain NTS are activated in response to cold and
produce overlapping or distinct effects on BAT thermogenesis
and energy expenditure.

Data from a combination of pharmacological, microdialysis
and/or tract tracing studies suggest that PVN OT neuronal
projections to the NAcc are involved with modulating social
behavior and feeding reward (Ross et al., 2009; Herisson et al.,
2016). Herisson et al. (2016) found that direct injections of OT
into the NAcc core reduced intake of palatable sucrose and
saccharin solutions, thus providing some of the first evidence
linking OTRs within the NAcc core to feeding reward [see
Klockars et al., 2015; Lawson et al., 2020 for role of NAcc OTRs
in the control of food intake]. Based on the finding by Ross et al.
(2009), OT fibers within the NAcc appear to be well conserved in
terms of density and distribution in prairie voles, meadow voles,
mice and rats. OT has also been found to be expressed in 23%
of PVN neurons that project to the NAcc in prairie voles (Ross
et al., 2009). In the rat model, the number of fibers (and possibly
terminals) found within the NAcc that originate from the PVN
appear to vary based on region and if the analysis was done on
the side ipsilateral or contralateral to the tracer injection site.
Some reports indicate that the NAcc contains only a few OT fibers
and/or terminals (Sofroniew, 1983) (not determined if origin
was PVN or SON) but other reports that examined only those
projections originating from the PVN found there to be up to 50
OT fibers (NAcc core; Knobloch et al., 2012) or >50 OT fibers
(NAcc shell; Knobloch et al., 2012) with virtually no projections
originating from the SON. These latter findings are consistent
with a recent study in mice by Yao et al. (2017), who reported
the presence of a low density (~10-20 fibers) in the NAcc. The
reason for the differences in OT fiber density within the NAcc
across studies is not clear and may be due, in part, to differences in
mouse strain, species and heterogeneity of neuronal projections
within a CNS site. A recent study suggests that a subset of these
projections may arise from either parvocellular PVN OT neurons
or magnocellular PVN or SON neurons. Zhang et al. (2021)
determined that a subset of magnocellular OT neurons within
the PVN and SON send collateral projections to NAcc. It remains
to be determined the extent to which such collateral projections
to the NAcc may be important in the control of social behavior
and feeding reward.

It is well established that the adiposity signal, leptin, acts,
in part, in the ARC to reduce body weight in lean animals by
activating anorexigenic [proopiomelanocortin (POMC)] neurons
while simultaneously inhibiting orexigenic [neuropeptide Y
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(NPY)/agouti-related peptide (AGRP)] neurons (see Schwartz
et al., 2000; Woods et al., 2000, for review). Several lines of
evidence implicate ARC POMC neurons and the endogenous
melanocortin  3/4 receptor (MC3R/MC4R) agonist, alpha-
melanocyte stimulating hormone (a-MSH; derivative of POMC),
as an important component relaying leptin input from the
ARC to PVN OT neurons that are positioned to project to
the hindbrain and enhance the hindbrain neuronal and satiety
response to cholecystokinin (CCK), ultimately resulting in
smaller meals (Seeley et al., 1997; Olszewski et al., 2001; Zhang
and Felder, 2004; Blevins et al., 2009; Baskin et al., 2010). What
remains unclear is the role of a recently identified OT projection
from the PVN or SON to the ARC in the control of energy
balance and whether this projection is primarily involved with
the control of food intake (Maejima et al., 2014; Liao et al,
2020), energy expenditure, or both. Initially studies found that
OT administration into the ARC reduced food intake (Maejima
et al., 2014). Furthermore, chemogenetic stimulation of OTR-
expressing neurons in the ARC reduced food intake and fasting-
elicited refeeding in mice (Fenselau et al., 2017) implicating an
important role of endogenous OTR signaling within the ARC
in the control of food intake. ARC POMC neurons appear to
be downstream targets of OT action as POMC neurons express
OTRs and OT stimulates cytosolic Ca (24) from POMC neurons
(Maejima et al., 2014). A complementary study by Fenselau
reported that ARC OTR-expressing neurons are glutamatergic
and that 50% of ARC OTR-expressing neurons expressed POMC
(Fenselau et al., 2017). In addition, bath application of OT
stimulated the firing rate of ARC OTR-expressing neurons
in Oxtr-Cre:tdTomato mice (Fenselau et al,, 2017). Through
neuroanatomical tracing studies Maejima found that OT was
expressed in 29% and 24% of PVN and SON neurons that project
to the ARC, respectively (Maejima et al., 2014). In contrast,
Liao et al. (2020) indicated that while there was dense OT
fiber innervation of the ARC there appeared to be only “some
axon terminals in the arcuate hypothalamus nucleus (Arc)” in
OxtCre=C; Z/AP double-heterozygous mice. Yao et al. (2017)
examined the density of OT fibers that originate from PVN
OT neurons and found that OT fibers were found in medium
density (>20 fibers) in the ARC in mice. Fenselau also identified
that ARC-OTR expressing neurons also project to the PVN.
Furthermore, optogenetic stimulation of terminals that arise
from ARC-OTR (+) neurons that innervate the PVN result in
the suppression of food intake (Fenselau et al., 2017). Future
studies will need to determine the extent to which specific
ARC-OTR cell populations may regulate both food intake and
energy expenditure.

Existing data suggest that OTRs within the VMH are
important in both the control of food intake and energy
expenditure (see Sabatier et al., 2007; Sabatier et al., 2013; Lawson,
2017, for review). Noble and Klockars both demonstrated that
direct injections of OT into the VMH reduced chow intake but
had no effect on more palatable saccharin or sucrose solutions
(Klockars O. A. et al.,, 2017) in rats (Noble et al., 2014; Klockars
O. A. et al, 2017). These findings link VMH OTRs more so to
the control of homeostatic feeding rather than feeding reward.
While OT has been recently described in projections from the

PVN to the VMH (Nasanbuyan et al., 2018) in mice existing
data suggest that OT fibers within the VMH are likely fibers of
passage. These findings are also consistent with a recent report
by Yao et al. (2017), who reported the presence of low density
of OT fibers (~10-20 fibers) within the VMH originated from
the PVN in mice. While OT fibers were detected within regions
of the ventrolateral VMH (Liao et al., 2020) that express OTRs
in mice (Nasanbuyan et al., 2018). Liao further determined that
there were “almost no axon terminals” within the VMH (Liao
et al., 2020). Leng et al. (2008) further commented that there
was “virtually complete absence of OT-containing fibres in the
VMH” and that “The VMH contains very few fibres that show
any immunoreactivity for either OT or vasopressin” and that “it
is not known whether the few OT fibres there are ‘stray’ axons or
dendrites of magnocellular neurons or come from parvocellular
neurons of the PVN.” In addition, Leng commented that “So
far, there has been no direct evidence of any projection to or
synaptic innervation of VMH neurons by OT neurons from the
parvocellular region of the PVN” (Leng et al., 2008). Thus, while
there does not appear to be data to support a PVN OT projection
to the VMH in mice or rats, direct administration of OT into
the VMH reduces food intake (Noble et al., 2014; Klockars O. A.
et al., 2017) and increases energy expenditure (Noble et al,
2014). Leng and colleagues have postulated that OT, following
somatodendritic release from magnocellular OT neurons (within
the SON or PVN), could be an important source of endogenous
OT that could reach VMH OTRs by diffusion (1) to the ventricles
and subsequent transport through cerebrospinal fluid (CSF) or
(2) within the brain (Ludwig and Leng, 2006; Sabatier et al.,
2007) (see Leng and Ludwig, 2008; Leng et al., 2008; Sabatier
et al,, 2013; Leng and Sabatier, 2017, for review). The hypothesis
that somatodendritic release of OT acts, in part, at VMH OTRs
to suppress food intake is particularly attractive as Leng and
Sabatier (2017) indicated that dendritic release is “delayed and
long-lasting, potentially contributing to post-prandial satiety.” In
addition, (1) large amounts of OT are released somatodentrically
from magnocellular OT neurons, (2) the SON and PVN are found
in close proximity to the VMH, (3) there is robust expression
of OTRs within the VMH, and (4) magnocellular OT neurons
within the SON and neurons within the VMH are activated in
response to food intake (Johnstone et al., 2006). Collectively,
these studies have begun to address the potential source of
endogenous OT to VMH OTRs and whether this source of
endogenous OT to the VMH may also be important in the control
of food intake (Leng et al., 2008; see Leng and Ludwig, 2008;
Sabatier et al., 2013; Leng and Sabatier, 2017, for review).

The OT projection from the PVN to the VTA has been
implicated in the control of social behavior and feeding reward
(Mullis et al., 2013; Liu et al., 2020b; Wald et al., 2020) (also
see Klockars et al, 2015; Lawson et al., 2020, for additional
information on VTA OTRs in the control of food intake).
Previous data from Mullis et al. (2013) indicate that direct
administration of OT into the VTA reduces consumption
of highly palatable 10% sucrose solution. Consistent with
these findings, Wald et al. (2020) recently found that OT
administration into the VTA reduced bar presses in order to
consume palatable sucrose pellets, a finding that suggests OT
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decreases the willingness to work to obtain sucrose pellets. In
addition, they found that VTA administration of OT also reduced
food seeking behavior toward palatable chocolate pellets (Wald
etal., 2020). Liu et al. (2020b) subsequently provided mechanistic
data using in vivo fiber photometry to suggest that OT reduces
food cue (sucrose)-elicited activation of dopamine neurons
within the VTA suggesting that OT may reduce reward intake,
in part, through an inhibitory effect on dopamine neurons and
their response to rewarding food cues. Eric Krause and colleagues
provided neuroanatomical confirmation that a subpopulation of
VTA OTR (+) neurons express dopamine (10%) [in addition to
glutamate (= 44%)], some of which project to the NAcc (Peris
et al., 2016). Recent reports indicate there is a direct projection
from the PVN to the VTA in rats (Shahrokh et al., 2010) and Liao
indicated there were “some branch-like terminals” within the
VTA in OxtCre = C; Z/AP double-heterozygous mice (Liao et al.,
2020). Yao et al. (2017) examined the density of OT fibers that
originate from PVN OT neurons and found that OT fibers were
found in medium density (>20 fibers) in VTA. A separate study
found that approximately 20% of PVN OT neurons were found
to project to the VTA following green retrobead injections into
mice expressing tdTomato under control of the Oxt promoter
(Xiao et al., 2017). Beier extended these findings and found that
approximately 6 and 13% of PVN OT neurons synapsed onto
VTA dopamine and GABA neurons in DAT-Cre and GAD2-
Cre mice, respectively (Beier et al,, 2015). These findings are
consistent with those from Peris et al. (2016) who demonstrated
that approximately 5% of OTR (4) neurons within the VTA
co-localized with tyrosine hydroxylase in OTR-Cre mice.

Data from pharmacological and chemogenetic studies
implicate a role for the PVN OT projection to the PBN in the
control of fluid intake (Ryan et al., 2017). Ryan et al. (2017)
demonstrated that PBN OTR (+) neurons were activated by
NaCl or water repletion. In addition, chemogenetic activation
of PBN OTRs resulted in a suppression of fluid intake (Ryan
et al., 2017). Photostimulation of OT terminals within the PBN
also resulted in activation of 22% of PBN OTR (+4) neurons
(Ryan et al.,, 2017). Ryan further demonstrated that PBN receives
direct innervation from PVN OT neurons (Ryan et al., 2017).
It is notable that Sutton et al. (2014) demonstrated very little
OT fiber innervation within the PBN that originated from the
rostral PVN although it might be possible that OT neurons in
more caudal regions of the PVN may innervate the PBN more
heavily. Collectively, the findings by Ryan demonstrate that
OTR-expressing neurons within the PBN are important in the
control of fluid homeostasis.

Similar to the VMH, the raphe pallidus is an area that receives
virtually little to no innervation from PVN OT neurons despite
receiving dense projections from other neuron subtypes within
the PVN (Luo et al, 2019). Sutton et al. (2014) reported the
existence of few OT terminals within the raphe pallidus. Despite
this, Kasahara et al. (2015) have determined that OTR (+)
neurons are activated in response to cold and that increased OTR
signaling within the rostral raphe pallidus helps restore deficits in
response to cold-induced thermogenesis in OT receptor deficient
mice (see sections “Does Endogenous Oxytocin Impact Cold-
Induced Thermogenesis and Energy Expenditure?” and “What

Receptor Populations Mediate Oxytocin’s Effects on Brown
Adipose Tissue Thermogenesis and Energy Expenditure?” for
additional information).

Data from pharmacological and chemogenetic studies
implicate a role for the PVN OT projection to the CeA in
the control of fear responses (Knobloch et al., 2012) and food
intake (Klockars et al., 2018) (also see Lawson et al., 2020, for
additional information on CeA OTRs in the control of food
intake). Klockars demonstrated that direct injections of OT into
the CeA reduced chow intake but had no effect on more palatable
saccharin or sucrose solutions in rats (Klockars et al., 2018) while
OT within the basolateral amygdala appeared to reduce intake of
both chow and palatable solutions. These findings suggest that
OTRs within the CeA may be more involved in the control of
homeostatic feeding while those in the basolateral amygdala may
participate in both homeostatic and feeding reward. Within the
CeA, Yao et al. (2017) examined the density of OT fibers that
originate from PVN OT neurons and found a small number
of fibers within the CeA (~0-10 fibers) (mice). In contrast,
Liao et al. (2020) identified that there are “many axon terminal
branches cover the whole central amygdala region including the
central amygdala medial division (CeM), central amygdala lateral
division (CeL) and central amygdala capsular part (CeC)” using
a Oxt®¢/*; Z/AP mice. OT fibers from the PVN are also found
to innervate the CeA (~12-36 fibers/side) and medial amygdala
(MeA) (~30-59 fibers/side) in rats (Knobloch et al., 2012). The
reasons for the differences in OT fiber density within the CeA
between studies are unclear although differences with respect to
mouse strain, species, and heterogeneity of neuronal projections
within a CNS site may play a role.

Oxytocin is also expressed in peripheral tissues including
the heart (rats; Jankowski et al, 1998) and rat and human
gastrointestinal (GI) tract (Ohlsson et al., 2006; Welch et al.,
2009; Paiva et al.,, 2021) (including neurons of myenteric and
submucosal plexus of enteric nervous system) (Paiva et al., 2021)
as well as the islets of Langerhans of the pancreas and Leydig cells
of the testes in rats (Paiva et al., 2021), although the stimuli that
impact the release of OT within these areas, where it is released
and extent to which these peripheral sources of OT contribute to
energy balance is not clear.

OXYTOCIN RECEPTOR EXPRESSION IN
CENTRAL NERVOUS SYSTEM SITES
ASSOCIATED WITH ENERGY BALANCE
IN RODENTS, NON-HUMAN PRIMATES
AND HUMANS

There is widespread expression of OTRs in CNS sites that are
linked to the control of food intake or BAT thermogenesis
based on being anatomically positioned to control sympathetic
outflow to interscapular BAT (IBAT) to potentially control energy
expenditure. There is wide overlap in OTR distribution in
mice and rats in areas that include the forebrain hypothalamus
[ARC, MPA, suprachiasmatic nucleus, and VMH]/mouse (Gould
and Zingg, 2003; Yoshida et al, 2009; Hidema et al., 2016;
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Fenselau et al., 2017; Ryan et al., 2017)/rat (van Leeuwen et al,
1985; Vaccari et al., 1998; Klockars O. A. et al., 2017)] and basal
ganglia [e.g., NAcc and CeA/mouse (Yoshida et al., 2009; Hidema
et al, 2016; Ryan et al, 2017)/rat (van Leeuwen et al.,, 1985;
Tribollet et al., 1992; Vaccari et al., 1998)], midbrain VTA [mouse
(Peris et al., 2017)/rat (Vaccari et al., 1998)] as well as hindbrain
PBN [mouse (Ryan et al., 2017)], rostral medullary raphe (raphe
pallidus) [mouse (Yoshida et al., 2009; Kasahara et al., 2015; Sun
et al,, 2019)], AP [mice (Gould and Zingg, 2003; Yoshida et al,,
2009; Ryan et al., 2017)], DMV [mouse (Ryan et al., 2017)/rat
(Tribollet et al., 1992; Verbalis et al., 1995a; Vaccari et al., 1998)],
NTS [mouse (Gould and Zingg, 2003; Yoshida et al., 2009; Sun
et al., 2019)/rat (Verbalis et al., 1995b; Baskin and Bastian, 2010;
Ong et al., 2015, 2017)] and spinal cord [mouse (Wrobel et al.,
2011)/rat (Reiter et al., 1994)]]. OTRs are also found in the SON
and PVN in rats (Yoshimura et al., 1993) and subsequent studies
identified OTRs on the somata and dendrites of magnocellular
OT neurons in lactating female rats but not in male rats (Freund-
Mercier et al., 1994) although it is not yet certain if detectability
in the female rats is due, in part, to pre-treatment with the OTR
antagonist (Freund-Mercier et al., 1994). These autoreceptors are
not found in male rats or in untreated lactating rats and have been
proposed to contribute to the feed forward effect of OT on its own
release during the milk letdown reflex (Freund-Mercier et al.,
1994; Freund-Mercier and Stoeckel, 1995). In contrast to rodents,
OTRs appear to have a more restricted distribution in CNS sites
linked to energy balance within a variety of non-human primate
species (cynomolgus, rhesus macaque, and common marmoset)
[NAcc, preoptic area, VMH, DMV, and spinal cord (Boccia et al.,
2001; Schorscher-Petcu et al., 2009; Freeman et al., 2014)] and
humans (CeA, anterior hypothalamus, MPA, PVN, VMH, AP,
NTS and spinal cord) (Loup et al., 1989, 1991; Boccia et al., 2013).
OT fibers appear to be in proximity of OTR (+) neurons within
the ventrolateral VMH in the mouse (Nasanbuyan et al., 2018)
(suggesting the presence of synaptic terminals). Similarly, in the
rat, the ventrolateral VMH also expresses OT fibers (Daniels and
Flanagan-Cato, 2000; Flanagan-Cato et al., 2001) although there
appear to be very few OT fibers elsewhere within the VMH of
the rat (Caldwell et al., 1988; Jirikowski et al., 1988; Schumacher
etal., 1989, see Leng et al., 2008, for review). As mentioned earlier,
others have proposed that OT may reach OTRs by diffusion
(see Verbalis et al., 1995a; Verbalis, 1999, for review) from
magnocellular OT neurons within the SON (see Leng et al., 2008;
Sabatier et al., 2013, for review), through the third ventricle (3V)
following dendritic release of OT from the PVN or possibly by
axonal release within the VMH (Leng et al., 2008). It is important
to note that many of the more recent studies have utilized
more advanced and complementary screening tools to assess
OTR expression in mice compared to the earlier pharmacological
and/or antibody screening tools used to identify OTRs in rats in
the 1980s and 1990s. Questions about selectivity and specificity of
the antibodies and pharmacological tools used in earlier studies
limit our ability to more firmly identify species differences,
nonetheless, overlapping patterns of OTR distribution within
the basal ganglia, hypothalamus, midbrain, hindbrain and spinal
cord implicate potentially important roles of these areas in
contributing to the control of food intake (homeostatic and

hedonic feeding) and energy expenditure that appear to be well
conserved across species. OTRs are also found in peripheral sites
that include the GI tract (Qin et al, 2009), nodose ganglion
(Welch et al., 2009; Brierley et al., 2021), skeletal muscle (Elabd
et al., 2014; Gajdosechova et al., 2014, 2015) and bone (Copland
et al., 1999; Colucci et al., 2002; Tamma et al., 2009; Colaianni
et al, 2012) in rodents as well as white adipocytes or white
adipose tissue in both rodents and humans (Muchmore et al.,
1981; Schaffler et al.,, 2005; Tsuda et al., 2006; Altirriba et al.,
2014; Gajdosechova et al., 2014, 2015; Yi et al., 2015; Sun et al.,
2019). Recent findings by both Sun et al. (2019) and Yuan et al.
(2020) have also reported that OTRs are expressed on brown
adipocytes or brown adipose tissue. The potential role OTRs
on white and brown adipocytes, the GI tract, vagal sensory
afferent nerves, skeletal muscle and bone in contributing to the
effects of circulating OT in the control of energy balance, muscle
maintenance and bone mass is discussed in Section “How Does
Oxytocin Impact Body Composition”.

IS OXYTOCIN EFFECTIVE AT REDUCING
BODY WEIGHT IN RODENT MODELS OF
OBESITY?

Previous studies have shown that central, systemic
[intraperitoneal (IP), subcutaneous (sc) or intravenous],
intraoral (in combination with a proton pump inhibitor)
(Maejima et al., 2020) or intranasal administration of OT reduces
energy intake, body weight or weight gain in DIO mice and rats
(Deblon et al., 2011; Maejima et al., 2011, 2017; Zhang and Cai,
2011; Zhang et al., 2011; Morton et al., 2012; Roberts et al., 2017;
Labyb et al., 2018; Seelke et al., 2018; Snider et al., 2019; Edwards
et al,, 2021b), genetically obese mice and rats [e.g., obese Zucker
fatty (fa/fa) rat, Koletsky (fak/fak) rat, ob/ob, db/db and Sim1*
mice] (Kublaoui et al., 2008; Maejima et al., 2009; Morton et al.,
2012; Altirriba et al., 2014; Iwasaki et al., 2015; Plante et al., 2015;
Balazova et al., 2016), ovariectomized rats (Iwasa et al., 2019b),
a rat model of dihydrotestosterone-induced polycystic ovary
syndrome (PCOS) (Iwasa et al., 2019a), as well as in DIO rhesus
monkeys (Blevins et al., 2015).

Numerous findings suggest that OT reduces body weight or
weight gain in rodents and non-human primates, in part, by
reducing energy intake (see Blevins and Baskin, 2015; Lawson
et al., 2020; McCormack et al.,, 2020, for review). It is well
documented that OT reduces food intake (including chow,
purified low and high fat diet or sucrose solution) following
systemic (Arletti et al., 1989, 1990; Deblon et al., 2011; Maejima
etal.,, 2011, 2015, 2017; Morton et al., 2012; Altirriba et al., 2014;
Ho et al., 2014; Blevins et al., 2015; Iwasaki et al., 2015, 2019;
Balazova et al., 2016; Klockars A. et al., 2017; Iwasa et al., 2019b,
2020; Erdenebayar et al., 2020), intranasal (Maejima et al., 2015)
or CNS administration (Arletti et al., 1989, 1990; Olson et al.,
1991a; Lokrantz et al., 1997; Rinaman and Rothe, 2002; Kublaoui
et al., 2008; Deblon et al.,, 2011; Morton et al., 2012; Mullis
et al., 2013; Ho et al., 2014; Noble et al,, 2014; Ong et al., 2015;
Herisson et al., 2016; Klockars O. A. et al., 2017; Klockars et al.,
2018; Liu et al., 2020a; Edwards et al.,, 2021a,b). While many
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such investigations have targeted the lateral ventricles, 3V and
4V, which lack the anatomical resolution to differentiate receptor
populations, recent findings indicate that OT reduces food intake
following direct injections into the ARC (Maejima et al., 2014),
CeA (Klockars et al., 2018), basolateral amygdala (Klockars et al.,
2018), VMH (Noble et al., 2014; Klockars O. A. et al., 2017),
striatum (NAcc core) (Herisson et al., 2016), midbrain VTA
(Mullis et al., 2013) and hindbrain NTS (Ong et al, 2015),
many of which express OTRs (see section “Oxytocin Receptor
Expression in Central Nervous System Sites Associated With
Energy Balance in Rodents, Non-human Primates and Humans”)
and are also innervated by OT neurons within the PVN or
SON (see Figure 1 and see section “Source and Functions of
Oxytocin”). Importantly, OT, at doses that reduce food intake
when given into the CNS or periphery, is not associated with
increased kaolin diet intake (referred to as pica behavior/readout
of visceral illness) (Zhang et al., 2011; Blevins et al., 2016; Roberts
etal, 2017; Edwards et al., 2021b) or a conditioned taste aversion
test (Zhang et al., 2011; Noble et al., 2014; Iwasaki et al., 2015;
Blevins et al,, 2016) in lean and obese mice (Zhang et al., 2011;
Iwasaki et al., 2014; Roberts et al., 2017; Edwards et al., 2021b) and
rats (Noble et al., 2014; Blevins et al., 2016; Roberts et al., 2017).
Together, these findings suggest that OT, either given alone, or in
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FIGURE 1 | A schematic of circuitry that potentially contributes to the
effectiveness of CNS OT on energy homeostasis. OT release within the CNS
and spinal cord (shown in blue arrows) or periphery (shown in gray) may
impact metabolic processes that result in the reduction of body weight.
Dotted arrow represents implicated pathways from NTS to spinal cord and
from sympathetic preganglionic neurons in the spinal cord to BAT and WAT.
ARC, arcuate nucleus; BAT, brown adipose tissue; CeA, central nucleus of the
amygdala; DMV, dorsal nucleus of the vagus; NaCC, nucleus accumbens;
NTS, nucleus of the solitary tract; OT, oxytocin; PBN, parabrachial nucleus;
PP, posterior pituitary; PVN, paraventricular nucleus; SON, supraoptic
nucleus; VTA, ventral tegmental area; WAT, white adipose tissue.

combination with other drugs, could be an attractive anti-obesity
therapy in DIO and genetically obese rodents and DIO non-
human primates. In Section “Does Exogenous Oxytocin Increase
Energy Expenditure?,” we will review the potential role of energy
expenditure in contributing to the effects of OT on weight loss in
rodents and non-human primates.

DOES EXOGENOUS OXYTOCIN
INCREASE ENERGY EXPENDITURE?

Numerous studies provide both direct and indirect evidence
to indicate that OT is important in the control of energy
expenditure. Indirect evidence stemming from pair-feeding
studies (amount of food given to vehicle-treated animals is
equal to that of OT-treated animals) indicate that OT-treated
animals lose more weight relative to pair-fed control animals
(Deblon et al., 2011; Altirriba et al., 2014; Blevins et al., 2016).
These findings were evident following chronic lateral ventricular
infusions of OT (16 nmol/day) in high fat diet-fed male rats
(weeks 5 to 7 of high fat diet feeding) or chronic sc infusions
of OT (50 nmol/day) into male high fat diet-fed rats (weeks 5
to 7 of high fat diet, 45% kcal from fat) (Deblon et al.,, 2011),
male lean standard diet-fed rats (Deblon et al., 2011) as well as
in male ob/ob mice (Altirriba et al., 2014). Note that it is not
clear the extent to which the rats used in the study by Deblon
et al. (2011) were DIO without having the body weight and body
composition data pre- and post-dietary intervention and they
were only maintained on the high fat diet for a relatively short
period of time (5 to 7 weeks). However, similar findings have been
obtained following a single acute injection of OT (Morton et al.,
2012) in male low-fat diet-fed (10% kcal from fat) or high fat diet-
fed (45% kcal from fat) Sprague Dawley rats after having been
maintained on the respective diets for ~4 months. These findings
suggest that, in addition to reductions of food intake, other
mechanisms (including energy expenditure) also contribute to
OT-elicited weight loss. In addition, OT infusions over a 14-
day period were found to reduce body weight gain despite no
changes in cumulative 14-day food intake (Deblon et al., 2011).
Furthermore, the findings from long-term administration studies
suggest that OT appears to become less effective at reducing food
intake despite an unimpaired and persistent reduction of body
weight gain or body weight over this period of time (Deblon et al.,
2011; Maejima et al., 2011, 2017; Altirriba et al., 2014; Blevins
et al,, 2016; Roberts et al., 2017).

The most direct evidence in support of an important role
for OT in the control of energy expenditure stems from
pharmacological studies that included measurements of energy
expenditure. Acute administration of OT into the 3V or
VMH boosted energy expenditure or oxygen consumption as
determined by indirect calorimetry in rodents (Zhang and Cai,
2011; Zhang et al., 2011; Noble et al, 2014). These effects
were recapitulated following peripheral administration in a
translational DIO non-human primate (rhesus monkey) model
(Blevins et al., 2015). In addition, other paradigms in which OT
was administered in a paradigm that elicited weight loss, OT
was not found to elevate energy expenditure (Blevins et al., 2016).
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One explanation for these findings might be that chronic
administration of OT could be important in attenuating the
counter-regulatory mechanisms that result in weight regain in
the setting of prolonged weight loss. Thus, OT, in the setting
of weight loss, might prevent the drop in energy expenditure
that accompanies prolonged weight loss and restore levels of
energy expenditure to that of control animals (Blevins et al., 2016)
and mice (Maejima et al., 2011). It is important to acknowledge
that energy expenditure was not measured throughout the extent
of the treatment period across the chronic treatment studies.
We have previously shown that chronic 3V infusions of OT
stimulate IBAT temperature during a time that coincides with
OT-elicited weight loss (days 2-3 of infusion period) (Roberts
et al, 2017) and that 3V OT appeared to maintain IBAT
temperature to that of control animals for the remainder of the
infusion period (unpublished findings). In addition, following
minipump removal and throughout the 4-week washout period,
IBAT temperature appeared to be slightly lower in rats that had
been previously treated with chronic 3V OT relative to vehicle
treated control rats (unpublished findings). It is possible that
timing of energy expenditure in relation to OT-elicited weight
loss is important and that chronic administration of OT may
stimulate BAT thermogenesis and energy expenditure at the
onset of OT-elicited weight loss and function, in part, to help
maintain weight loss by preventing a drop in BAT thermogenesis
and energy expenditure (Blevins et al., 2016) that accompanies
prolonged reductions of food intake and weight loss in animals
(Fosgerau et al.,, 2014) and humans (Rosenbaum et al., 2002,
2005, 2010; Schwartz and Doucet, 2010). Current studies are
underway to determine the extent to which SNS innervation
of BAT is required for OT to increase energy expenditure and
elicit weight loss.

Does Exogenous Oxytocin Increase
Brown Adipose Tissue Thermogenesis

and Browning of White Adipose Tissue?

We know from recent studies that acute forebrain (3V) and
hindbrain (4V) injections of OT stimulate IBAT temperature
[functional measure of BAT thermogenesis (Song et al., 2008;
Leitner and Bartness, 2009; Vaughan et al., 2011)] in both chow-
fed and DIO rats and mice (Roberts et al., 2017; Edwards
et al., 2021b). In addition, chronic infusions of OT into the
3V stimulates IBAT temperature at the start of OT-elicited
reductions of body weight in DIO rats (Roberts et al.,, 2017)
raising the possibility that BAT thermogenesis might contribute
to weight loss in response to OT treatment. OT injections into the
midbrain (median raphe) or 4V also stimulated core temperature
in mice (Yoshida et al, 2009) and rats (Ong et al, 2017).
These findings shed light on the potential contribution of OT in
stimulating BAT temperature to help maintain body temperature
(Cannon and Nedergaard, 2004) particularly during cold stress
(Kasahara et al., 2007, 2013, 2015; Xi et al., 2017). In addition to
maintaining core temperature during cold challenges, changes in
IBAT temperature are often found to precede and contribute to
changes in core temperature under conditions of fever and stress
(Kataoka et al., 2014).

The majority of studies indicate that the effects of OT
on IBAT temperature appear to contribute to non-shivering
thermogenesis (mediated by BAT thermogenesis) rather than
shivering thermogenesis (generated by movement of skeletal
muscle). Namely, chronic administration of OT is not associated
with elevations in locomotor activity in rats (Deblon et al,
2011; Blevins et al., 2016; Iwasa et al., 2019b) or mice (Maejima
et al., 2011). Data from Carson et al. (2010) indicate that
peripheral administration of OT attenuated methamphetamine-
elicited increases in locomotor activity in rats. In addition,
peripheral administration of OT decreased locomotor activity
in rats; central administration of an OTR antagonist also
blocked this effect (Angioni et al., 2016). Furthermore, central
administration of OT blocked the ability of central delivery of an
OT receptor antagonist to stimulate locomotor activity. However,
two findings raise the possibility that increased locomotor activity
may contribute, in part, to the elevated IBAT temperature. Sutton
et al. (2014) found that DREADD-elicited stimulation of PVN
OT neurons in Oxytocin-ires-Cre mice was associated with a
small elevation of locomotor activity, energy expenditure and
sc IBAT temperature and a close to significant elevation of sc
IBAT temperature (P = 0.13). Another study found that VMH
administration of OT stimulated short-term physical activity in
rats for 1-h post-injection but these effects failed to coincide with
the more prolonged effects of 3V or 4V OT on IBAT temperature
that we have found in our studies in rats (Roberts et al., 2017)
and mice (Roberts et al., 2017; Edwards et al., 2021b). Yuan
et al. (2020) recently reported that OT may stimulate markers of
thermogenesis in skeletal muscle [including uncoupling protein-
3 (UCP-3)] and further work will need to be determined as to
what role this mechanism plays in contributing to the effects
of OT on energy balance given that OT has been found to
have (1) no impact on locomotor activity, (2) reduce locomotor
activity, or (3) produce only short-term changes in physical
activity that do not coincide with the temporal profile of OT on
IBAT temperature.

Previous studies indicate that OT may help stimulate the
transformation of white adipocytes to more metabolically active
“brown” adipocytes. The process of “browning” (Nedergaard and
Cannon, 2014) of WAT may involve the transdifferentiation or
de novo synthesis of brown adipocytes in white adipose tissue
(WAT) culminating with increased expression of uncoupling
protein-1 (UCP-1) and the production of heat (Cannon and
Nedergaard, 2004). We recently demonstrated that hindbrain
(4V) infusions of OT (16 nmol/day) elicit browning of inguinal
white adipose tissue (IWAT) (as indicated by increased UCP-
1 expression) in the IWAT of chow-fed mice (Edwards et al.,
2021b) but not in DIO mice. In addition, chronic sc OT infusions
(125 ng/kg/h or ~ 66.2 nmol/day) also appeared to stimulate
UCP-1 expression in sc fat of db/db mice (Plante et al., 2015)
but the UCP-1 staining was not quantified. A more recent study
by Yuan et al. (2020) reported that chronic sc OT infusions
(100 nmol/day) increased UCP-1 expression in IWAT but not
in epididymal WAT (EWAT) of high fat diet-fed mice. It is not
clear why Yuan found elevated expression of UCP-1 in IWAT of
high fat diet-fed mice while we did not find a significant effect
of 4V OT to increase UCP-1 in IWAT from DIO mice in our
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study. It is important to note that the dose used in Yuan’s study in
DIO mice was approximately 6.25-fold higher than that found to
be effective following 4V infusions in our study and that higher
doses may be required to elicit “browning” of IWAT in DIO
mice relative to chow-fed mice. It is difficult to compare across
studies as chow-fed mice were also not examined in Yuan’s study.
Given the existence of outgoing polysynaptic projections from
the PVN OT neurons to IWAT (Shi and Bartness, 2001) and
EWAT (Shi and Bartness, 2001; Stanley et al., 2010), it is possible
that OT acts locally at hindbrain or spinal cord OTRs to elicit
browning. In addition, OT may also act peripherally to induce
browning of WAT through a direct action on OTRs found on
adipocytes (Muchmore et al., 1981; Schaffler et al., 2005; Tsuda
et al., 2006; Deblon et al., 2011; Yi et al., 2015) in either IWAT
(Gajdosechova et al., 2015) or EWAT depots (Muchmore et al.,
1981; Altirriba et al., 2014; Gajdosechova et al., 2014, 2015). Sun
et al. (2019) recently found that OT may suppress browning,
when it is applied directly to adipocytes in vitro as indicated by
reduced expression of brown adipocyte specific markers (Cox7a,
Cox8b, Cebpb, Retn, and Cidea). Further in vitro studies should
also include UCP-1 which was not examined in this study. It will
be important to determine if the conflicting data are due, in part,
to dose, route of administration, acute vs. chronic application,
in vitro vs. in vivo conditions, lack of overlap of brown adipocyte
specific markers between studies and if these effects can be
blocked by an OTR antagonist. These findings raise the possibility
that OT may stimulate energy expenditure through multiple CNS
and/or peripheral sites and raise the question as to the extent to
which BAT thermogenesis and “browning” of WAT contribute
to these effects.

Does Endogenous Oxytocin Impact
Cold-Induced Thermogenesis and

Energy Expenditure?

Oxytocin receptor or OT deficient mice are associated with adult-
onset obesity (Kasahara et al., 2007; Takayanagi et al., 2008;
Camerino, 2009; Sun et al., 2019) that appears at 8 (Tamma et al.,
2009), 10 (Kasahara et al., 2007) or 16 weeks (Camerino, 2009) in
OT null mice and 12 weeks in OTR null mice (Takayanagi et al.,
2008). The adult-onset obesity in the OT and OTR null mice is
characterized by increased body weight (Kasahara et al., 2007;
Takayanagi et al., 2008; Camerino, 2009), fat mass (Sun et al.,
2019) and/or fat pad weight (Takayanagi et al., 2008; Camerino,
2009). The finding that this occurs despite having no changes
in overall daily food intake (Kasahara et al., 2007; Takayanagi
et al., 2008; Camerino, 2009) suggests that other mechanisms
(such as impairments in energy expenditure) may contribute to
their obesity phenotype. Daily food intake in OT or OT receptor
deficient mice is normal regardless of whether the mice were
fed chow (Amico et al., 2005; Takayanagi et al., 2008; Camerino,
2009), sucrose-enriched chow (Amico et al., 2005) or high fat diet
(Takayanagi et al., 2008). These findings were confirmed in both
chow-fed and high fat diet-fed mice with diphtheria toxin-elicited
reductions of PVN and SON OT neurons (Wu et al., 2012; Xi
et al,, 2017). While one other study also reported that OTR
deficient mice do not have any overall changes in daily food

intake, meal pattern analysis revealed that they have increased
meal size during the dark cycle (Yamashita et al., 2013). However,
these effects were offset by no change in meal size during the light
cycle as well as no change in meal frequency during the light or
dark cycle. Collectively, the findings provide strong evidence that
the obese phenotype observed in the OT or OT receptor deficient
mice can’t be explained by impairments in daily food intake.

The obesity phenotype observed in older OT and OTR
deficient mice does not appear in younger mice. For example,
there is no difference in body weight between OTR null mice and
wild-type mice that are younger [6-7 weeks (Welch et al., 2014)
or 10 weeks (Takayanagi et al., 2008)]. While Sun et al. (2019)
also found no difference in body weight between 12-week-old
OTR null mice and wild-type mice, the OTR null mice did have
increased fat mass raising the possibility that differences in body
weight may have been observed at a subsequent time. Camerino
(2009) also found no difference in body weight between OT null
and wild type mice at 8 weeks. It is not clear if differences in
background strain, housing conditions and/or thermoregulation
may have contributed to the differences in obesity phenotype at
specific ages between studies.

One factor that seems contrary to the adult-onset obesity
phenotype observed at 8, 10 or 16 weeks in OT null mice is that
finding that OT null mice tend to have a reduction in muscle
regeneration by 12 weeks of age and a significant defect in muscle
regeneration and a reduction of both muscle mass and fiber
size by 52 weeks of age (Elabd et al., 2014) (characteristic of
sarcopenia). These mice tended to have an increased number of
adipocytes near the site of muscle regeneration (non-significant)
but the hindlimb perimuscular and intramuscular adipose tissue
deposition of OT null mice was significantly increased relative
to wild-type mice (Elabd et al., 2014). While body weight and
body adiposity levels were not reported in these particular mice
it is possible that the increase in fat mass compensates for any
reduction in lean mass to help maintain the obesity phenotype as
OT null mice age and this may help to explain, in part, why the
obesity phenotype is not observed in younger OT null mice.

Consistent with a physiological role of endogenous OT
in the control of thermogenesis, cold has been found to
activate PVN OT neurons (Kasahara et al., 2007) and rostral
raphe pallidus OTR (+4) cells (Kasahara et al, 2015) as
well as to increase expression of OT (hypothalamus) (Yuan
et al, 2020) and OTR (BAT and IWAT) (Yuan et al,
2020) and levels of circulating OT (Yuan et al, 2020).
One study by Kasahara et al. (2013) reported no change of
PVN or SON OT mRNA expression in response to cold
but the data were not shown in the study. Mice that lack
OT or its receptor do have notable impairments in cold-
induced thermogenesis (Kasahara et al, 2007, 2013, 2015;
Takayanagi et al., 2008; Xi et al., 2017) and enlarged lipid
droplets in IBAT (suggestive of hypo-activity) (Takayanagi
et al., 2008) which would potentially contribute to impairments
in energy expenditure. Deficits in PVN OT signaling or
pharmacological blockage of OT receptors are associated with
defects in energy expenditure (Zhang and Cai, 2011; Zhang
et al, 2011; Wu et al, 2012). It is well appreciated that
BAT thermogenesis is important in the regulation of energy
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expenditure (see Cannon and Nedergaard, 2004; Morrison et al,,
2014, for review), but it is not clear if OT’s effects on energy
expenditure result from BAT thermogenesis. One recent report
measured both energy expenditure and BAT thermogenesis in
mice with diphtheria toxin-elicited reductions of PVN and SON
OT signaling and found reductions in both IBAT temperature
and core temperature in response to a cold stimulus, both of
which were attenuated by OT pre-treatment (1 mg/kg, IP).
However, there were no alterations in IBAT temperature, core
temperature or energy expenditure in mice that were housed
at 20-24°C (Xi et al, 2017). Similar to the findings by Xi
et al. (2017), Kasahara et al. (2013) found a reduction in
core temperature in OTR deficient mice that were exposed
to cold and also no change in energy expenditure between
genotypes at room temperature. Whether their findings point
to a more important role of endogenous OT in the control
of cold-induced thermogenesis and cold-induced elevations of
energy expenditure will remain to be determined. It will be
important to determine in future studies if mice with global
loss of OT or OT receptors have impairments in both BAT
thermogenesis and energy expenditure in response to cold
exposure and whether pre-treatment with OT rescues both the
impairments in BAT thermogenesis and energy expenditure. This
could shed light on whether impairments in BAT thermogenesis
may also be linked to impairments in energy expenditure
in these animals.

What Receptor Populations Mediate
Oxytocin’s Effects on Brown Adipose
Tissue Thermogenesis and Energy

Expenditure?

Paraventricular nucleus OT neurons are anatomically positioned
to control BAT thermogenesis and energy expenditure through
polysynaptic projections to IBAT (Oldfield et al., 2002), stellate
ganglia (Jansen et al,, 1995) [sympathetic ganglia known to
innervate IBAT (Oldfield et al., 2002)], as well as WAT depots
[EWAT (Shi and Bartness, 2001; Stanley et al, 2010) and
IWAT depots (Shi and Bartness, 2001)]. Oldfield et al. (2002)
determined that OT was expressed in approximately 10-15%
of PVN neurons that were also co-infected with pseudorabies
virus following injections into IBAT. This is in contrast to
vasopressin, cocaine and amphetamine-regulated transcript and
corticotropin-releasing factor, which were rarely found in PVN
OT neurons that were labeled with pseudorabies virus (PRV).
Similarly, Jansen et al. (1995) reported that OT was expressed in
10% of PVN neurons that were co-infected with PRV following
injections into stellate ganglia and was also found to be more
commonly expressed in PRV (+) neurons than vasopressin (2%),
CRH (5%) and thyrotropin-releasing hormone (<1%). Shi and
Bartness found that 3.49% of PVN OT neurons were co-labeled
with PRV following PRV injections into WAT (Shi and Bartness,
2001), higher than vasopressin (1.07%) and tyrosine hydroxylase
(2.62%). In a separate study, Stanley et al. (2010) administered
PRV into EWAT and determined that up to 17% of neurons that
expressed PRV also expressed OT compared to approximately 12,
4 and 26% for vasopressin, TRH and CRH. Collectively, these

findings suggest that OT is one of the more predominant peptides
found in outgoing projections to IBAT, IWAT and EWAT.

The extent to which specific OTR populations contribute to
BAT thermogenesis and energy expenditure have been examined
by determining (1) the effects of localized administration of
OT on BAT or core temperature, (2) the activation of regions
that express OTRs in response to cold and (3) whether deficits
in cold-induced thermogenesis in OTR deficient mice can be
restored by re-expression of OTRs into specific CNS sites.
Central (3V) administration of OT (which does not differentiate
forebrain receptor populations or a forebrain vs. hindbrain site
of action) has been found to increase BAT temperature in
both mice and rats (Roberts et al., 2017). Noble et al. (2014)
extended these findings by showing that OT administration
into the hypothalamus (VMH) stimulated energy expenditure
in rats, thereby providing more direct evidence in support of
a role of VMH OTRs in the control of energy expenditure. In
addition, Kasahara showed that cold exposure activates both
PVN OXT neurons (Kasahara et al., 2007) and neurons within
the dorsomedial nucleus (DMN), an area that expresses OTRs)
(Kasahara et al., 2013). Kasahara et al. (2013) also noted that cold
also stimulated number of c-Fos(+) neurons (marker of neuronal
activation) and that this effect was attenuated in OTR deficient
mice. Kasahara et al. (2013) further determined the extent to
which OTR signaling within the DMH/VMH was sufficient
to elicit BAT thermogenesis by measuring BAT thermogenesis
in OTR null mice that received adeno-associated viral vector
expression of OTRs in DMH/VMH (Kasahara et al., 2013). They
found that OTR expression within the DMH/VMH restored
deficits in cold-induced thermogenesis and corrected defects in
B3- and a2-adrenoceptor mRNA expression in IBAT. Together,
these findings indicate that OTR signaling within the DMH
and/or VMH is sufficient to elicit BAT thermogenesis.

The role of OTRs within the midbrain raphe nucleus (median
raphe) in the control of body temperature has also been explored.
Yoshida et al. (2009) found that direct injections of OT into the
median raphe increase body temperature supporting a role of
OTRs in this region in the regulation of BAT thermogenesis.

In addition to the midbrain raphe and hypothalamic OTRs,
several studies have suggested that hindbrain OTRs may also
be important in contributing to OT-elicited BAT thermogenesis.
Namely, 4V administration (to target hindbrain OTRs) of OT
increases BAT temperature in both rats (Roberts et al., 2017)
and mice (Edwards et al., 2021b). In addition, Ong et al. (2017)
found that 4V administration also increases core temperature
in a rat model. Kasahara extended these findings and probed
the role of hindbrain OTRs within the rostral raphe pallidus,
a region that receives dense innervation from the PVN (Luo
et al., 2019), is a component of rostral medullary raphe (RMR)
and contains premotor neurons with polysynaptic projections to
BAT (Oldfield et al., 2002) and to stellate ganglia that innervate
BAT (Jansen et al., 1995). They found that OTR (+4) neurons
within the rostral raphe pallidus are activated in response to cold
exposure (Kasahara et al., 2015). They subsequently addressed if
OTRs within the RMR were sufficient to elicit BAT thermogenesis
and found that expression of OTRs within the RMR restored
deficits in cold-induced thermogenesis and reduced the size of
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the lipid droplets in IBAT tissue to that of control mice (Kasahara
et al., 2015). Kasahara et al. (2015) also addressed if OTR in the
RMR were necessary for thermoregulation by using an AAV-Cre
to delete OTR expression from the RMR of Oxtr™/& mice.
However, AAV-Cre- elicited deletion of OTRs within the RMR
was not effective in restoring impairments in core temperature
in response to cold stimulus. The NTS is another hindbrain site
that expresses OTRs and has outgoing polysynaptic projections to
IBAT (Oldfield et al., 2002) and to stellate ganglia that innervate
BAT (Jansen et al., 1995). It is not clear if OTR (+) neurons
project to rostral raphe pallidus or directly to the spinal cord.
Future studies assessing the impact of NTS OTR gain of function
and loss of function will help further delineate the role of NTS
OTRs in the control of BAT thermogenesis. Together, these
findings suggest that OTRs within multiple hindbrain areas may
contribute to the effects of OT on BAT thermogenesis.

In addition to acting at OTRs within the brain, OT may also
stimulate BAT thermogenesis and energy expenditure through
sympathetic pre-ganglionic OTR-expressing neurons within the
spinal cord. Chemogenetic stimulation of OT neurons within
the rostral PVN, some of which innervate the thoracic spinal
cord, increases c-Fos in thoracic spinal cord cholinergic neurons,
boosts energy expenditure and tends to elevate IBAT temperature
(P = 0.13) (Sutton et al., 2014), although the extent to which
these effects are attributed to endogenous OT or another
peptide/neurotransmitter within OT neurons has not been
determined. Finally, a recent study indicated that OT may also
have a direct action through OT on OTRs on brown adipocytes
within BAT (Yuan et al., 2020) where OTR expression is found
to be upregulated in response to cold (Yuan et al., 2020). Future
studies should address if targeted disruption of OTRs within the
forebrain hypothalamus, midbrain, hindbrain, spinal cord and
BAT decrease both cold-induced thermogenesis and elevations of
energy expenditure and elicit adult-onset obesity (similar to that
of global OT or OTR deficient mice).

DOES LOCOMOTOR ACTIVITY
CONTRIBUTE TO THE ABILITY OF
OXYTOCIN TO INCREASE
INTERSCAPULAR BROWN ADIPOSE
TISSUE TEMPERATURE AND ENERGY
EXPENDITURE AND EVOKE WEIGHT
LOSS?

In addition to BAT thermogenesis and heat production, increased
locomotor activity is another mechanism to stimulate energy
expenditure. However, current data suggest that OT’s effects
on locomotor activity are inconsistent and appear to vary
depending on how it was administered (chronic vs. acute)
and, in some cases, whether the animals were lean or obese.
We and others have also found that chronic infusions of
OT into the lateral ventricle or 3V, at a dose that was
sufficient to reduce body weight and elevate IBAT temperature
(16 nmol/day), had no effect on locomotor activity in DIO
rats (Deblon et al., 2011; Blevins et al., 2015; Roberts et al.,

2017). In addition, Maejima et al. (2011) have also found that
subcutaneous infusion of OT, at a dose that was sufficient to
reduce body weight, also had no effect on locomotor activity in
DIO mice (1.6 mg/kg/day or ~56.4 nmol/day). Based on these
collective findings, OT-elicited increases in locomotor activity
do not appear to be a major contributor to OT-elicited weight
loss in DIO models.

Chemogenetic stimulation of PVN OT neurons or acute
CNS or systemic administration of OT has been found to
either stimulate, reduce or have no effect on locomotor activity.
Sutton et al. (2014) found that chemogenetic activation of PVN
OT neurons in Oxytocin-ires-Cre mice increased locomotor
activity and energy expenditure and resulted in a tendency
(non-significant) toward an increase in subcutaneous IBAT
temperature in animals with transponders implanted above the
IBAT depot. A recent study by Zhang et al. (2021) found
that chemogenetic activation of magnocellular OT neurons that
project to the striatum, results in stimulation of locomotor
activity over a 20-min period though an OTR-dependent
mechanism. Similar to the forementioned chemogenetic studies,
one study found that acute administration of OT into the
VMH stimulated physical activity in rats at 1-h post-injection
(Noble et al., 2014), but these effects were short-lived and
did not following the more prolonged effects of 3V or 4V
OT on IBAT temperature in rats (Roberts et al., 2017) and
mice (Roberts et al.,, 2017; Edwards et al., 2021b). Additional
findings indicate that systemic OT was found to (1) reduce
methamphetamine-elicited elevations in locomotor activity in
rats (Carson et al, 2010), (2) reduce locomotor activity in
rats in an OTR-dependent manner (Angioni et al., 2016), or
(3) have no significant effect on locomotor activity in female
ovariectomized (Iwasa et al., 2019b) or perimenopausal rats
(Erdenebayar et al., 2020). Consistent with the earlier reports
that systemic OT was able to reduce locomotor activity, CNS
administration of OT was also found to block the effects of CNS
administration of OTR antagonist to increase locomotor activity.
Maejima et al. (2015) also found that intranasal OT, at a dose that
reduces food intake, had no effect on locomotor activity while
systemic (IP) administration reduced locomotor activity but only
during the dark cycle (Maejima et al., 2015). Collectively, these
studies suggest that OT results in a brief elevation of locomotor
activity, has no effect or reduces locomotor activity. In order
to assess if locomotor activity may play a role in OT-elicited
elevations of IBAT temperature and/or energy expenditure,
IBAT temperature, energy expenditure and locomotor activity
should be measured in parallel in the same animals under the
same conditions.

IS OXYTOCIN EFFECTIVE AT REDUCING
BODY WEIGHT IN MALE AND FEMALE
RODENTS?

Much of the early historical work regarding the effects of OT in
the control of food intake has focused on male rodent models but
the few studies that have been completed in female rodents have
produced somewhat mixed results. One early study reported that
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acute central and peripheral administration of OT reduced food
intake similarly in both male and female rats (Benelli et al., 1991).
Subsequently, Maejima et al. (2017) examined the effects of
OT on body weight and adiposity and found that chronic sc
infusions of OT produced similar reductions on body weight and
adiposity in male and female DIO C57Bl/6] mice. In addition,
central [intracerebroventricular (ICV)] administration of OT
was found effective at reducing food intake and weight gain
in female genetically obese Siml haploinsufficient mice but
not in female wild-type counterparts (Kublaoui et al., 2008).
A recent study by Seelke et al. (2018) reported that intranasal
OT may have a more heightened response to reduce weight
gain in female DIO prairie voles but the sample size was small.
Iwasa et al. (2019b) reported that chronic systemic OT (I1x
IP administration over 6 days) treatment reduced food intake
and body weight in female ovariectomized rats. One recent
study by Liu et al. (2020a) indicate that the effectiveness of
central OT (ICV) administration to reduce food intake in female
rats is influenced by estrous cycle (particularly proestrous) and
that estrogen replacement in ovariectomized rats inhibits OT’s
effects on food intake. In light of these recent findings and
the earlier work by Maejima in DIO mice, it will be important
to determine if other routes of administration are as impacted
by estrous cycle and whether the ability of chronic central or
systemic administration of OT to elicit weight loss in female
rodents can be optimized if given intermittently throughout
the estrous cycle.

The role of endogenous OT in the control of body weight
in female rodent models is not clearly understood due, in
part, to inconsistent results and data that has largely been
generated in male rodents. Previous studies indicate that male
OT null mice develop adult-onset obesity at 10 (Kasahara
et al., 2007) or 16 weeks (Camerino, 2009) while OTR
receptor null mice develop adult-onset obesity at 12 weeks
(Takayanagi et al., 2008). While female OT null mice also
develop adult onset obesity (Camerino, 2009; Tamma et al,
2009) as early as 8 weeks (Tamma et al, 2009), female OTR
deficient mice fail to develop increased body weight relative to
control counterparts (Takayanagi et al., 2008; Sun et al., 2019).
However, both male and female OT [3-10 months: females;
8-11 months: males] and OTR null mice [3 months: males
and females] develop increased fat mass and/or percent fat
(Sun et al,, 2019). In contrast to the findings from male and
female OT null mice, only male Oxytocin-IresCre:Rosa26PTR/+
mice with diphtheria toxin-elicited ablations of PVN OT
neurons become obese relative to control Rosa26°TR/+ mice
(Wu et al, 2012). In contrast to the study from Takayanagi
et al. (2008), male OTR™/~ mice failed to show increased
body weight relative to wild-type controls (Sun et al., 2019)
(personal communication with Dr. Tony Yuen and Dr. Mone
Zaidi) although it is certainly possible that they would have
become obese over time. Further studies will be required
in order to provide more clarity on whether differences in
genetic background, housing, thermoregulation and/or age
might be contributing factors in terms of these apparent
differences across studies.

HOW DOES OXYTOCIN IMPACT BODY
COMPOSITION?

Oxytocin may impact body composition through a direct
effect on OTRs on adipocytes which express OTRs
(Muchmore et al., 1981; Schaffler et al., 2005; Tsuda et al.,
2006; Altirriba et al., 2014; Gajdosechova et al., 2014, 2015; Yi
et al., 2015) or through an indirect effect through outgoing
polysynaptic projections from the PVN to both IWAT (Shi
and Bartness, 2001) and EWAT (Shi and Bartness, 2001;
Stanley et al., 2010).

Chronic administration (repeated injections or minipump
infusions) into the CNS (lateral ventricle, 3V) or systemic
OT treatment was found to decrease fat mass relative to
baseline fat mass (pre-intervention) or decrease fat mass post-
treatment in lean (Deblon et al., 2011) and DIO rats (Sprague-
Dawley CD® IGS, Long-Evans and Wistar rats) (Deblon et al,,
2011; Morton et al., 2012; Blevins et al., 2016; Roberts et al.,
2017), DIO C57BL/6] (Roberts et al., 2017) and C57BL/6
mice (Zhang and Cai, 2011; Snider et al., 2019), db/db mice
(Plante et al., 2015), and ob/ob mice (Altirriba et al., 2014)
without producing any significant reductions in lean mass. OT
(repeated IP administration) was also found to reduce percent
fat mass after only 1 week of treatment and these effects
were not associated with any effects on lean mass in lean
wild-type mice (Sun et al,, 2019) (1 pg/mouse, IP, 3x/week).
These more selective effects on fat mass in the absence of
any adverse effects on lean mass have also been recapitulated
following chronic hindbrain (4V) infusions in DIO C57BL/6]
mice (Edwards et al., 2021b).

Oxytocin treatment appears to reduce sc (Maejima et al,
2017), mesenteric (Maejima et al., 2011), EWAT (Maejima et al.,
2011; Altirriba et al., 2014) and visceral fat (Maejima et al,
2017) in DIO C57Bl/6] (Maejima et al., 2011) and ob/ob mice
(Altirriba et al., 2014) as well as in female ovariectomized Wistar
rats (Iwasa et al., 2019b). In addition, OT reduced adipocyte
size across several fat depots including sc (Plante et al., 2015;
Iwasa et al,, 2019b)/inguinal (Edwards et al., 2021b), visceral
(Twasa et al., 2019b), perirenal (Plante et al., 2015), and epicardial
(Plante et al., 2015), EWAT (Eckertova et al, 2011; Maejima
etal., 2011; Balazova et al., 2016) and mesenteric (Maejima et al.,
2011) depots in C57BL/6] (Maejima et al., 2011) and db/db mice
(Plante et al., 2015) as well as obese Zucker rats (Balazova et al.,
2016) or female ovariectomized Wistar rats (Iwasa et al., 2019b).
Chronic sc OT treatment also reduced liver weight and fat in
hepatocytes in DIO C57BL/6] mice (Maejima et al., 2011) but
was found to have no effect on liver triglyceride content in
ob/ob mice (Altirriba et al., 2014). In contrast, some studies have
reported that chronic systemic or central (4V) OT administration
elicited a relative reduction in lean mass compared to vehicle
in lean C57BL/6] (Altirriba et al., 2014) and DIO C57BL/6
mice (Snider et al, 2019) as well as in DIO CD IGS rats
(Roberts et al., 2017) with or without any relative reductions
in fat mass raising the possibility that differential effects may
be attributed, in part, to rodent strain, dosing and/or route of
administration. While there are exceptions, overall OT treatment
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appears to preferentially reduce fat mass while preserving lean
mass across rodent models.

More recent studies have found that more translational
routes of administration (intranasal) have also yielded promising
effects on body composition in rodents and humans. Chronic
intranasal administration (8 IU/kg; 1x daily over 7 days)
tended to reduce carcass fat mass in DIO prairie voles without
negatively impacting lean mass (Seelke et al., 2018). Recent
translational studies in humans indicate that chronic intranasal
OT (24 IU; 4x daily for 8 weeks) administration also tended
to reduce fat mass in obese men and women (Espinoza
et al,, 2021). Interestingly, it also produced a slight increase
in lean mass (Espinoza et al, 2021). These findings are in
agreement with previous studies that found both a reduction
in relative fat mass (pre- vs. post-intervention) and a slight
increase in relative lean mass (pre- vs. post-intervention)
following 3V administration (16 nmol/day; ~3-week body
comp measurements) (Blevins et al., 2016) and subcutaneous
administration (50 nmol/day) in chow-fed and DIO rats (10-
day body comp measurements). Whether these effects on lean
mass are due, in part, to OT’s effects on muscle mass and/or
bone composition merit further investigation and is discussed
further in Section “Mechanism of Action Following Peripheral
Administration.”

Existing data suggest that OT may impact body composition
through increased lipolysis or reduced lipogenesis. In vitro
data indicate that OT stimulates glycerol and free fatty acids
and/or reduces triglycerides in 3T3-L1 adipocytes (Deblon et al,,
2011; Yi et al, 2015). These findings have been recapitulated
in vivo in rats (Deblon et al, 2011) and DIO non-human
primates (rhesus monkeys) (Blevins et al, 2015). Chronic
intranasal OT tended to reduce triglycerides in pre-diabetic
obese humans but these effects were not reach statistical
significance (Zhang et al, 2013). In addition, chronic ICV
infusions of OT (1.6 and 16 nmol/day) increases expression
of hormone sensitive lipase (an enzyme linked with lipolysis)
in DIO rats (Deblon et al, 2011) in EWAT. In addition,
these effects on EWAT were reproduced following chronic
sc infusions of OT (50 nmol/day) in ob/ob mice (Altirriba
et al, 2014) as well as direct application of OT to 3T3-
L1 adipocytes (5 pm OT over 24 h) (Deblon et al, 2011).
These findings implicate that these pro-lipolytic effects may
occur through both a direct and indirect mechanism. OT
was also found to decrease expression of fatty acid synthase
(an enzyme linked to lipogenesis) in ob/ob mice (Altirriba
et al,, 2014), indicating that OT may also decrease lipogenesis.
Existing data from animal models suggest that chronic central
or systemic OT infusions reduce respiratory quotient in
DIO rats (Deblon et al., 2011) and mice (Maejima et al,
2011) compared to vehicle treatment (Deblon et al, 2011;
Maejima et al., 2011) or pair-fed animals (Deblon et al., 2011).
These effects were also recently translated to humans as OT
was also found to reduce respiratory quotient in lean and
obese men (Lawson et al., 2015). Collectively, these findings
suggest that OT reduces body adiposity and adipocyte size
by increasing lipolysis and lipid utilization or oxidation and
reducing lipogenesis.

HOW DOES OXYTOCIN IMPACT
MUSCLE MASS AND BONE
COMPOSITION?

Effects of Oxytocin on Muscle Mass

Recent studies implicate a role for OT in the control of
thermogenesis in skeletal muscle and muscle regeneration. OTR
are expressed in skeletal muscle (Elabd et al., 2014; Gajdosechova
et al,, 2014, 2015) and in C2C12 mouse myoblast cells (Lee
et al., 2008). Existing data suggest that OT may elicit direct
effects on OTRs in skeletal muscles as (1) OT was found
to stimulate intracellular calcium in C2C12 mouse myoblast
cells and (2) chronic sc infusions of OT stimulate markers of
thermogenesis in skeletal muscle (UCP-3 and Atb5al) (Yuan
et al., 2020). In addition to recently recognized role of skeletal
muscle thermogenesis, OT has been found to have an important
role in muscle regeneration. Loss of function studies show that
OT deficient mice have impairments in muscle regeneration @
12 months of age, but such impairments were not observed in
younger animals (3 months of age) (Elabd et al., 2014). These
data are consistent with the finding that OTR deficient mice
at 3 months of age do not have any impairments in lean mass
relative to age-matched wild-type mice (Sun et al., 2019). In
addition, hind limb muscles (gastrocnemius and tibialis anterior)
in OT deficient mice are associated with reduced muscle mass.
The hind limb muscles (quadriceps, gastrocnemius, and tibialis
anterior) in OT deficient mice were found to be associated with
increased perimuscular and intermuscular adipose tissue (Elabd
et al., 2014), findings which are consistent with increased body
weight and/or fat mass in this mouse model (Kasahara et al., 2007;
Camerino, 2009; Sun et al., 2019).

Of translational importance is that finding that chronic
intranasal OT was found to increase lean mass in senior men
and women with sarcopenic obesity (discussed in section “Is
Oxytocin Effective at Reducing Body Weight in Male and Female
Rodents?”). This is consistent with the finding that positive
associations have been observed between overnight serum OT
concentrations and lean mass in premenopausal women (Schorr
et al., 2017). A separate study using animal models provided
potential mechanistic insights into these effects. Systemic (sc)
treatment with OT (1 pg/g) was able to improve muscle
regeneration in aged mice to a level that as comparable to that
of younger mice (Elabd et al., 2014). In these studies, OT was
found to increase (1) the proliferative capacity of old satellite
myogenic cells to that of young satellite myogenic cells and
(2) the proliferation of primary myogenic progenitor cells. The
effects of OT on satellite cells were also found to occur through
the MAPK/ERK signaling pathway. Collectively, these findings
provide supportive data for future mechanistic studies using
intranasal OT in humans with sarcopenia.

Effects of Oxytocin on Bone Composition

In animal models, OT has been found to have a critical role in
maintaining bone mass in both male and female mice as both
OT and OTR null mice develop osteoporosis (Tamma et al.,
2009) (see Colaianni et al., 2015; McCormack et al., 2020, for
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review). The effects of OT on bone formation are likely due to
a direct action of circulating OT as peripheral OTRs as OTRs
are expressed on both mouse (Tamma et al.,, 2009; Colaianni
et al., 2012) and human osteoblasts (Copland et al., 1999; Tamma
et al., 2009) and osteoclasts (Colucci et al., 2002; Tamma et al.,
2009). Furthermore, peripheral administration of OT (two IP
injections separated by 12 h; 4 pg/mouse) increased TRAP-
positive osteoclast formation while central administration was
ineffective (Tamma et al., 2009). Peripheral administration has
also been found to increase bone mineral density and osteoblast
formation, proliferation and differentiation (Tamma et al., 2009).
Sun et al. (2019) recently determined that OTRs on osteoblasts
were critically important in bone formation by ablating OTRs
in osteoblasts using Col2.3Cre mice. Male and female mice that
lack OTRs in osteoblasts were found to have low bone mass that
resembled that of the OTR null mice (Sun et al.,, 2019). Mice
that lacked OTRs in osteoclasts also developed high bone mass
in Acp5Cre mice suggests an important role of OT to increase
osteoclastogenesis. Collectively, the effects of OT on bone are
thought to occur through both osteoblast differentiation as well
as regulation of osteoclast development and function.

While less is known from a mechanistic standpoint about OT-
elicited regulation of bone mass in humans, human studies do
reveal that there is a positive association between bone mass and
levels of circulating OT in women (Schorr et al., 2017). While
Breuil et al. (2015) did not find this positive association in men, it
did find a weak negative association between circulating OT and
fracture risk. Breuil et al. (2011, 2014) also found that circulating
OT levels correlated with osteopenia or osteoporosis in post-
menopausal women. In particular, higher circulating levels of OT
were associated with high bone mineral density (hip) in women
with lower circulating levels of estradiol or higher circulating
levels of leptin (Breuil et al., 2014). Similar to what is observed
in OT and OTR null mice (Tamma et al., 2009) and in Col2.3Cre
mice that lack OTRs in osteoblasts (Sun et al., 2019), humans
with low OT serum levels display severe osteoporosis (Breuil
etal., 2011). Overall, the effects of OT on bone mineral density in
humans appears to be complicated and influenced by sex steroids
and metabolic status.

MECHANISM OF ACTION FOLLOWING
PERIPHERAL ADMINISTRATION

While systemic administration of OT may impact body adiposity
through a direct effect on white and brown adipocytes, it may
reduce food intake, in part, through a direct action on peripheral
OTRs in the GI tract (Wu et al.,, 2003, 2008; Monstein et al.,
2004; Ohlsson et al., 2006; Qin et al., 2009; Welch et al., 2009),
the enteric nervous system (Monstein et al., 2004; Welch et al,,
2009), smooth muscle cells (Monstein et al., 2004; Qin et al.,
2009) and the vagus nerve (Welch et al., 2009; Brierley et al.,
2021) as well as central OTRs (Ring et al., 2006, 2010; Ho et al,,
2014; Twasaki et al.,, 2019). Peripheral administration of OTR
antagonists that are capable of crossing the BBB stimulate food
intake in rodents (Olszewski et al., 2010; Zhang and Cai, 2011)
which implicate OTRs within either the CNS or periphery in the

control of food intake. Subsequent studies showed that peripheral
administration of an OTR antagonist that is not thought to
readily cross the BBB (L-371,257) produced modest effects to
stimulate food intake and body weight gain in chow-fed rats (Ho
et al., 2014) suggesting the potential importance of peripheral
OTRs in the control of energy balance. Iwasaki et al. (2014, 2019)
extended these findings in two separate studies and found that
the ability of peripheral administration of OT to reduce food
intake and elicit Fos (marker of neuronal activation) in the PVN
and hindbrain was either attenuated (0.4 mg/kg, IP) or blocked
(0.2 and 0.4 mg/kg, IP) in capsaicin-treated and vagotomized
mice. Collectively, these findings suggest that OTR signaling
through vagal afferents contributes to the effects of peripheral
OT administration to reduce food intake. Furthermore, a recent
study found that NTS preproglucagon neurons are critical
downstream meditators of the feeding suppression in response
to systemic OT (0.4 mg/kg, IP) (Brierley et al., 2021). Together,
these findings are consistent with a role of peripheral OTRs in
contributing to the effects of systemic OT.

One potential mechanism by which peripheral OT may
reduce food intake is through the reduction of gastric emptying.
Peripheral OT treatment also decreases gastric emptying in
rodents [mice (Welch et al., 2014)/rats (Wu et al., 2003, 2008)]
and these effects are attenuated following treatment with an
OTR antagonist, Atosiban (Wu et al.,, 2003, 2008), indicating
that these effects are attributed to OTRs. In other cases, systemic
administration has been found to have effect on gastric emptying
rate [rats (McCann et al., 1989)/humans (Borg et al., 2011)] or
a stimulatory effect on gastric motility [rabbits (Li et al., 2007)].
Whether these effects can be attributed, in part, to dosing or
species differences awaits further investigation.

Whether the peripheral effects of OT on gastric emptying in
rodents is mediated, in part, through activation of peripheral
or central OTRs is still not known. CNS administration of OT
reduces gastric motility (Rogers and Hermann, 1987; Flanagan
et al., 1992) and these effects appear to be mediated by OTRs
in the dorsal vagal complex (Rogers and Hermann, 1987).
While circulating OT may inhibit gastric motility through a
central mechanism these effects may also be mediated through
stimulation of OTRs that are expressed in the enteric nervous
system (Monstein et al., 2004; Welch et al., 2009) on smooth
muscle cells (Monstein et al, 2004; Qin et al, 2009) or
nodose ganglion (Welch et al, 2009). As mentioned earlier,
systemic OT suppresses food intake, in part, through a vagal
mechanism (Iwasaki et al., 2015, 2019) and signaling through
NTS preproglucagon (PPG) neurons (Brierley et al., 2021).
Future studies that address if the ability of systemic OT to
decrease gastric emptying is impaired in capsaicin-treated or
vagotomized rodents will help to differentiate a central from
peripheral mechanism of action.

Oxytocin may also reduce gastric emptying through the
local release of cholecystokinin-8 (CCK-8) and subsequent
activation of vagal afferents that innervate the hindbrain.
Systemic administration of OT inhibits both gastric emptying
and stimulates the release of CCK-8 (Wu et al., 2003, 2008),
both of which occur within the time period that peripheral
administration of OT reduces food intake (Ho et al., 2014).
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In addition, the effects of systemic OT to reduce gastric
emptying are blocked by pretreatment with a CCKI receptor
antagonist, devazepide (Wu et al., 2003, 2008). Furthermore,
Iwasaki showed that peripheral administration of OT and CCK-
8 both activate single vagal afferent neurons (Iwasaki et al.,
2014) further supporting both a direct and indirect action of
OT to activate vagal relays through activation of CCK1 receptors
(Wu et al., 2008). Further studies to determine if the effectiveness
of systemic OT to suppress food intake and reduce gastric
emptying is attenuated in animals with gastric fistulas that are
open (sham feeding; no gastric distension) relative to animals
with closed fistulas (real feeding; gastric distension) will be
helpful in determining if OT inhibits food intake, in part, by
suppressing gastric emptying.

The extent to which circulating OT may inhibit food
intake through suppression of the orexigenic signal, ghrelin, is
controversial. It has been reported that ghrelin administration
centrally can stimulate OT release in rodents (Szabo et al,
2019) and heterocomplex formed by OT receptor and ghrelin
receptor can alter OT signaling (Wallace Fitzsimons et al,
2019) (see section “Mechanism of Action Following Peripheral
Administration”). One study reported that peripheral OT
treatment decreased circulating levels of ghrelin in men (Vila
etal., 2009) during a time that is consistent with when OT reduces
food intake in rodents (Ho et al., 2014). In contrast, intranasal
administration of OT, at a dose that reduced total caloric intake
(Lawson et al., 2015), cookie consumption (Ott et al., 2013) and
increased circulating levels of OT in other studies (Burri et al.,
2008; Striepens et al., 2013), failed to reduce plasma ghrelin. It
will be helpful to examine the impact of chronic intranasal OT
on circulating levels of ghrelin in the setting of weight loss as
this could offer potential mechanistic insights into downstream
targets of OT action and additional insights into how OT reduces
energy intake in humans, perhaps impacting both homeostatic
and reward-based food intake in humans.

EFFECTS OF INTRANASAL OXYTOCIN
ON ENERGY HOMEOSTASIS IN RODENT
MODELS

The extent to which circulating OT may enter the CNS remains
controversial (Mens et al., 1983; Ermisch et al., 1985; Kendrick
etal., 1986; Ring et al., 2006, 2010; Neumann et al., 2013; Ho et al.,
2014). Circulating OT may have limited or restricted access to the
CNS although some studies suggest that OT does cross the BBB
(Mens et al., 1983; Ermisch et al., 1985), and CNS sites that are
leaky to BBB (e.g., median eminence and area postrema) might
serve as sites of OT uptake. It is also unclear whether transport
of OT across the BBB could be hampered in the DIO state as has
been proposed for other hormones such as leptin (Banks et al.,
1999). Leng and Sabatier (2017) have also raised the possibility
that with high peripheral doses, “some OT is likely to enter the
brain despite the presence of a very effective blood-brain barrier
to OT.” Consistent with this, Freeman et al. (2016) found elevated
levels of OT within the CSF following the highest intravenous
dose of OT used in their study (5 IU/kg or ~29-36.5 IU). Lee

et al. (2018) also found that deuterated OT given intravenously
at a higher dose (80 IU) also resulted in elevated levels within
the CSF of rhesus monkeys. In addition, others found that
central administration of a non-penetrant OTR antagonist, L-
371,257, was able to block the anxiolytic effects of peripheral
administration of OT (Ring et al., 2006). In addition, we have
also generated data to suggest that hindbrain OTRs contribute,
in part, to the satiety response to peripherally administered OT
(Ho et al.,, 2014). In an effort to target the CNS more directly
using a minimally invasive route of administration, the majority
of clinical trials have administered OT by the intranasal route
of administration.

Intranasal administration enables relatively rapid uptake into
the CSF of several neuropeptides and hormones, including
insulin, vasopressin, and the melanocyte-stimulating hormone,
adrenocorticotrophic hormone (4-10), within 30 min in humans
(Born et al., 2002). Intranasal delivery into the cribriform plate
rather than the turbinates is one approach that has been proposed
to maximize delivery to the CNS and limit uptake into the
circulation (Meredith et al., 2015). Intranasal delivery appears
to effectively enable OT to enter the CSF in mice, rats, non-
human primates and humans within 30-45 min post-treatment
(Gossen et al., 2012; Neumann et al., 2013; Chang and Platt,
2014; Monte et al.,, 2014) although others have found that only
aerosolized OT (24 IU) reached the CSF of non-human primates
(Modi et al., 2014) while intranasal OT @ 24 1U and IV OT @
48 TU was ineffective. In addition, the extent to which intranasal
OT may reach the parenchyma from the CSF is being debated
(see Leng and Ludwig, 2016a,b; Leng and Ludwig, 2016¢, for
review). As Leng and Ludwig (2016a) stated: “several recent
studies have looked at the effects of intranasal application of
OT on food intake in man. These involve very high doses of
OT that raise plasma concentrations to supraphysiological levels;
a small amount of the applied OT probably reaches the brain,
but whether it does so in effective amounts is uncertain.” In
addition, the degree to which the OT measured in CSF in
response to intranasal OT is due to elevations of exogenous
or endogenous OT is also controversial (Ludwig et al., 2013;
Neumann et al., 2013; Lee et al., 2018; Smith et al., 2019). Similar
to vasopressin (Gouzenes et al., 1998), OT is one of the few
hormones that is can stimulate its own release. This can occur,
in part, through magnocellular SON (Yamashita et al., 1987;
Moos and Richard, 1989) and PVN (Kendrick, 2000) OT auto-
receptors following either central or systemic administration.
Systemic OT can do this indirectly by activating vagal afferents
(Kendrick, 2000; Iwasaki et al., 2015, 2019) where OTRs are
expressed (Welch et al., 2009), increasing Fos within PVN OT
neurons (Carson et al., 2010; Hicks et al., 2012; Hayashi et al,,
2020) and stimulating release of OT within the CNS (Zhang
and Cai, 2011) and likely back into the peripheral circulation.
These findings have been recently extended to high fat diet-
fed mice where systemic OT treatment was recently shown to
increase Fos within PVN OT neurons (Hayashi et al., 2020)
and up-regulate hypothalamic OT mRNA. Similarly, chronic
CNS infusions of OT can up-regulate hypothalamic OT mRNA
and increase OT levels within the circulation (Miller, 2013).
The finding that circulating levels of OT are elevated at 15
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(Striepens et al., 2013), 30 (Striepens et al., 2013), 40 (Monte et al.,
2014), 45 (Striepens et al., 2013), 60 min (Striepens et al., 2013;
Kirkpatrick et al., 2014; Lee et al., 2018), or 90 min (Kirkpatrick
et al., 2014) following intranasal administration in non-human
primates (Monte et al,, 2014; Lee et al, 2018) and humans
(Striepens et al., 2013; Kirkpatrick et al., 2014) raise the possibility
that intranasal OT may be either entering the circulation directly
or indirectly following the release of endogenous OT into the
CNS and peripheral circulation. To address the possibility that
the rise in CNS OT in response to intranasal OT might be a result
of endogenous release, Smith, Korgan and Young examined the
extent to which intranasal OT entered the CNS in OT null mice
(Smith et al., 2019). They found that intranasal OT elevated OT
levels within the left amygdala as well as blood (Smith et al.,
2019). Collectively, these findings extend the previous findings in
rodents, non-human primates and humans and suggest that OT is
capable of entering the parenchyma following intranasal delivery.

One question is how translatable are metabolic data that
are generated in animal models following central or peripheral
administration given that OT is largely being administered
intranasally in humans. As previously discussed, OT given by
peripheral route of administration is likely to act by both
peripheral and central OTRs (particularly at higher doses) to
inhibit food intake and potentially stimulate thermogenesis and
energy expenditure. There is a very limited amount of metabolic
data following intranasal administration in rodent models, but
it has been found to largely recapitulate the effects of central
and peripheral OT to reduce food intake (Maejima et al., 2015)
and/or weight gain (Seelke et al., 2018) in mice and DIO prairie
voles, respectively. While additional studies tracking the effects of
chronic intranasal administration on food intake, thermogenesis
and energy expenditure and weight loss need to be undertaken
in the rodent model, the data obtained from both central and
peripheral administration in animal models appears to translate
well to current findings following intranasal administration
in animal models.

EFFECTS OF OXYTOCIN ON
DYSLIPIDEMIA AND LIPOLYSIS IN
RODENT AND NON-HUMAN PRIMATE
MODELS

Both in vitro and in vivo data suggest that OT reduces
dyslipidemia and increases lipolysis in rodent and non-human
primate models. OT was found to stimulate glycerol in 3T3-L1
adipocytes (Yi et al., 2015), which express OTRs (Schaffler et al.,
2005; Yietal., 2015), indicating that OT stimulates lipolysis in this
model through a direct action. In addition, OT also stimulated
glycerol release from epididymal fat pads ex vivo (Deblon et al.,
2011). ICV OT (1.6 nmol/day) also increased serum glycerol and
reduced serum triglycerides following 2-week treatment in rats
(Deblon et al., 2011). Chronic 3V infusions (16 nmol/day) over
21-28 days was found to reduce total cholesterol in DIO mice
(Roberts et al., 2017) and rats (Blevins et al., 2016; Roberts et al.,
2017). Recent findings indicate that in female perimenopausal

rats, systemic OT over 12 days was found to reduce triglycerides,
LDL and HDL cholesterol (Erdenebayar et al., 2020) raising the
possibility that OT could be beneficial in treating hyperlipidemia
at the time of menopause or post-menopause. Blevins extended
these findings in DIO non-human primates (rhesus monkeys)
where chronic 2 x daily subcutaneous injections of OT
reduced total cholesterol, Apolipoprotein C-III, high-density
lipoprotein, serum triglycerides and increased serum free fatty
acids and glycerol following 4-weeks of treatment. It was
also associated with a transient reduction of low-density
lipoprotein (Blevins et al., 2015). One additional study found
that chronic ICV (1.6 nmol/day) infusions of OT stimulated
EWAT mRNA expression of lipoprotein lipase (Lpl) and fatty
acid transporter (fat) (Deblon et al., 2011), which have both
been linked uptake of triglycerides and fatty acids, respectively.
While chronic ICV infusions of OT (1.6 nmol/day) did not
alter enzymes linked to triglyceride storage or lipogenesis
(diacylglycerol O-acyltransferase homolog 1, fatty acid synthase,
and acetyl-coenzyme A carboxylase alpha), it did stimulate
enzymes associated with lipolysis (hormone-sensitive lipase and
patatin-like phospholipase domain containing 2) (Deblon et al.,
2011). Chronic CNS [ICV, 3V; 16 nmol/day] or systemic OT
administration (1.6 mg/kg/day or ~56.4 nmol/day) is also
associated with decreases in respiratory quotient in DIO rats
(Deblon et al., 2011; Blevins et al., 2016) and DIO mice (Maejima
et al., 2011) relative to vehicle treated animals (Deblon et al.,
2011; Maejima et al., 2011; Blevins et al., 2016) or pair-fed
control animals (Deblon et al., 2011). Taken together, these
findings suggest that OT-elicited lipolysis and lipid oxidation may
contribute to OT-elicited weight loss.

OXYTOCIN RECEPTOR DIMERIZATION

The OTR is a G protein-coupled receptor (GPCR) that is
coupled to the Gaq alpha subunit (Gaq) or the Gai alpha
subunit (Busnelli and Chini, 2018). Given that the OTR is a
GPCR it is prone to the formation of heterodimers with other
GPCRs that are in close proximity. These heterodimers can
impact intracellular signaling pathways, allosteric interactions,
endocytosis, biological function and drug effects (Schellekens
et al., 2013; Wallace Fitzsimons et al., 2019). This is of particular
interest given that OT and ghrelin have opposing actions on
food intake and OTRs and the growth hormone secretagogue
receptor (GHS-R1a) have overlapping areas of expression in
many CNS sites linked to the control of food intake and/or
energy expenditure (including the ARC, VMH, NTS, and VTA)
(Abizaid et al., 2006; Zigman et al., 2006). Recent studies have
provided strong evidence for cross-talk between both receptors
and co-expression of OTR/GHSR resulted in an attenuation of
OTRe-elicited signaling and potential heterocomplex formation
(Wallace Fitzsimons et al., 2019).

In addition to ghrelin, the OTR has been found to form homo-
and heterodimers with other receptors. OTRs and vasopressin
Vla and V2 receptors also form homo- and heterodimers
(Terrillon et al., 2003). In addition, OTR forms heterocomplexes
with dopamine D2 receptors which may potentially contribute
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to anti-anxiety actions of OT within the CeA (de la Mora et al.,
2016). Additional studies provide evidence for the presence
of dopamine d2-OTR heteromers located within the ventral
and dorsal striatum that may play a role with facilitatory
receptor-receptor interactive effects (Romero-Fernandez et al.,
2013). Recent studies also indicate that signaling through OT
and serotonin 2A receptors appears to be impaired through
heteroreceptor formation (Chruscicka et al., 2019). The extent
to which these homo- or hetero-complexes may contribute to
the effects of OT to reduce both anxiety and feeding reward
and potentially explain the ability of OT to produce a more
pronounced reduction of energy intake in DIO rodents (Deblon
etal.,, 2011; Maejima et al., 2011; Blevins et al., 2016; Roberts et al.,
2017; Edwards et al., 2021b) and obese humans (Thienel et al.,
2016) will be important questions for future investigation.

DOES OXYTOCIN REDUCE BODY
WEIGHT IN OBESE AND OVERWEIGHT
HUMANS?

The beneficial metabolic effects of OT have been recently
translated to DIO non-human primates (Blevins et al., 2015) and
obese humans (Zhang et al., 2013; Lawson et al., 2015; Thienel
et al., 2016). Several small clinical trials conducted in normal
weight or overweight/obese men have shown that a single-dose
intranasal OT acutely decreased food intake and hedonic eating
(Ott et al., 2013; Lawson et al., 2015; Thienel et al., 2016). Large
clinical trials of long duration to examine the effectiveness of
OT treatment in obesity is lacking but available clinical trial data
have revealed beneficial effects of OT on reducing body weight in
overweight/obese men and women as well as in an adolescent boy
with hypothalamic obesity (Zhang et al., 2013; Hsu et al., 2017).
In the first study to show that chronic intranasal OT elicited
weight loss in humans, 24 overweight/obese men and women
were randomized to receive OT nasal spray 24 international units
(IU) four times daily or placebo for 8 weeks (Zhang et al., 2013).
OT treatment led to a 8.9 + 5.4 kg (p < 0.001) weight loss at
the end of the trial and the weight reduction was significantly
larger than the placebo at the end of the trial. No adverse events
(AEs) were reported during the trial. In addition, in a single case
study, chronic intranasal OT was found to reduce obesity and
food intake in an obese 13-year-old adolescent following removal
of a craniopharyngioma (Hsu et al., 2017), which speaks to the
generalized energy homeostatic action of OT independent of
obesity etiology. A more recent trial found that chronic intranasal
OT (24 1IU four times daily for 8 weeks) tended to reduce body
adiposity and increase lean mass in a group of older adults
with sarcopenia and obesity but failed to produce any changes
in BMI (Espinoza et al., 2021). While these studies provided
preliminary evidence that OT treatment may have promising
metabolic benefits, including reduction of adiposity and/or body
weight, sufficiently powered and rigorously designed clinical
trials are still needed to confirm the effect of OT seen on energy
metabolism. In addition to homeostatic food intake, OT has also
been associated with limiting consumption of highly palatable
foods in rodent and non-human primate models (for review,

see Lawson, 2017; McCormack et al., 2020). These findings
also have translated to some extent in humans (Lawson et al.,
2015). Several labs have reported that intranasal OT reduced
chocolate cookie or biscuit consumption (Ott et al., 2013; Thienel
et al., 2016; Burmester et al., 2018). In addition, intranasal OT
enhances the cognitive control of food craving in women who
viewed images of candies and desserts (Striepens et al., 2016). To
evaluate the mechanism for these behavioral findings, Plessow
et al. (2018) observed that intranasal OT reduced activation of
both homeostatic and feeding reward centers in the CNS, in
response to images of highly palatable food during functional
MRI. While further studies need to be done to clarify if OT
modifies macronutrient preference in humans, these findings
together suggest that it may play a role in limiting consumption
of stress- or emotional-eating of food high in sugar or fat.

Thus, while several small clinical trials conducted in normal
weight or overweight/obese men have now shown that a single-
dose intranasal OT acutely decreased calorie intake (Lawson
et al,, 2015; Thienel et al, 2016), hedonic eating (Ott et al,
2013; Lawson et al., 2015; Thienel et al., 2016) and food craving
(Striepens et al., 2016) it is still unclear if these findings would
hold up in a paradigm of chronic administration or if they would
be correlated with clinically meaningful weight loss. While the
one study by Zhang et al. (2013) found that chronic intranasal OT
elicited weight loss in overweight/obese humans, the mechanism
of action of OT remains unexplored (e.g., associated with an
increase in energy expenditure and/or decrease in appetite/food
intake). Sufficiently powered, rigorously designed clinical trials
are needed to examine the efficacy, tolerability and safety of OT
use in humans. Based on our preclinical data and available clinical
observations, we argue that OT holds promise as an appealing,
non-invasive strategy to combat obesity though its CNS action
on regulating appetite (Striepens et al., 2013; Freeman et al., 2016)
and/or energy expenditure.

TRANSLATIONAL POTENTIAL

Intravenous/intramuscular OT is FDA-approved and has a
long track record of clinical use in parturition (Vallera et al.,
2017). Intranasal OT has been used clinically for over 50 years
(most commonly in the field of psychiatry) and has an excellent
safety profile (MacDonald et al, 2011). A systematic review
of 38 RTCs conducted between 1990 and 2010 on over 1500
individuals (79% men) showed that OT was not associated
with adverse outcomes when delivered at doses of 18-40 IU
for short term use in controlled research settings (MacDonald
et al., 2011). Mild side effects including drowsiness/sleepiness,
calm/relaxed/comfortable, lightheadedness, and feeling of
anxious/worried were reported by 279 out of 1529 participants
(18%). Since then, longer term studies have been conducted and
continued to demonstrate an excellent safety profile of intranasal
OT (Tachibana et al., 2013; Zhang et al., 2013; Hsu et al., 2017;
Cai et al,, 2018). As mentioned earlier, the pharmacokinetics of
intranasal OT administration have been investigated. Striepens
et al. (2013) showed that, in subjects who received 24 IU of OT
intranasally (or placebo), OT levels increased significantly in
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plasma at 15, 30, 45, and 60 min after administration, and in
cerebrospinal fluid (CSF) at 75 min when the plasma level began
to decline. In another study by Gossen et al. (2012), following 26
IU of single intranasal OT administration in eight men plasma
OT concentrations increased over a period of 210 min, reaching
a peak at 30 min. Lawson et al. (2015) previously showed that
a single-dose (24 IU) intranasal OT acutely decreases food
intake; Zhang et al. (2013) reported that 24 IU given QID over
8 weeks reduced body weight in overweight/obese men and
women. The 40 IU dose has been used in clinical trials for up
to approximately 10 weeks at a frequency of once daily and
was well tolerated (van Zuiden et al, 2017; Flanagan et al,
2018).

As discussed above, OT may increase BAT thermogenesis
through its action in the modulation of CNS sympathetic output
and on sympathetic pre-ganglionic OTR-expressing neurons
within the spinal cord to increase SNS outflow (see section
“Source and Functions of Oxytocin”). Collectively, this may
adversely affect cardiac function and hamper its translational
potential (Greenfield et al, 2009; Kievit et al, 2013) given
the high prevalence of hypertension and cardiovascular disease
among individuals who are overweight or obese (Nguyen et al.,
2008). However, studies in animals have generated mixed results
demonstrating an increase, decrease or no change in blood
pressure (Petersson et al., 1996; Nation et al., 2010; Maejima
et al, 2011; Ludwig et al., 2013; Yosten and Samson, 2014) or
heart rate (Petersson et al., 1996; Yang et al., 2009; Yoshida
et al., 2009; Nation et al., 2010; Maejima et al., 2011; Ludwig
et al.,, 2013; Hicks et al., 2014; Plante et al., 2015) depending
on route of OT administration and species studied (for review,
see Petersson, 2002; Gutkowska and Jankowski, 2012). Studies
using intranasal OT in humans have not reported adverse side
effects on heart rate (Burri et al, 2008; Kirkpatrick et al.,
2014; Lawson et al., 2015), blood pressure (Kirkpatrick et al.,
2014; Lawson et al., 2015) or cardiovascular dysfunction (Zhang
et al, 2013) in men (Burri et al., 2008; Zhang et al., 2013;
Kirkpatrick et al., 2014; Lawson et al., 2015) and non-pregnant
women (Zhang et al., 2013; Kirkpatrick et al, 2014). The
sample size of these studies was small, and the duration of
treatment was short (up to 8 weeks). Therefore, it will be
prudent to carefully monitor cardiovascular outcomes such
as heart rate and blood pressure with chronic OT treatment
in future studies.

CONCLUSION

Pre-clinical data in rodents and non-human primates
suggest that OT elicits weight loss, in part, by both
central and peripheral mechanisms to reduce food intake
(homeostatic and hedonic feeding) and impact energy
expenditure in the absence of visceral illness or tolerance.
While there is much enthusiasm over the potential use
of OT as a therapeutic strategy to treat eating disorders
and obesity, we await the results of ongoing clinical
trials in obese humans for additional confirmation of
its feasibility as a long-term weight loss strategy and

assessment of adverse side effects. There is an ongoing
need to identify an optimal dose, frequency, and duration
of administration and to examine the dose-response effects
of intranasal OT on body weight and adiposity in individuals
with obesity.

Combination drug treatment has demonstrated impressive
efficacy in inducing weight loss [(Frias et al., 2017; Chepurny
et al, 2018)] (for review, see Rodgers et al, 2012). We
think OT may be more optimal as an adjunct therapy for
obesity rather than a monotherapy. It is clear that OT is
effective as a monotherapy to elicit weight loss in DIO
rodents (Deblon et al, 2011; Maejima et al, 2011, 2017;
Zhang and Cai, 2011; Zhang et al, 2011; Morton et al,
2012; Blevins et al, 2016; Roberts et al., 2017; Edwards
et al, 2021b), non-human primates (Blevins et al, 2015)
and humans (Zhang et al, 2013), but these effects (pre- vs.
post-intervention) appear to be modest even after sustained
treatments that last 4-8 weeks [~ 4.9% in DIO mice (Roberts
et al., 2017), 8.7% in DIO rats (Roberts et al., 2017), 3.3%
in DIO rhesus monkeys (Blevins et al, 2015) and 9.3%
humans based on results from a proof of concept study with
short duration and small sample size (Zhang et al., 2013)].
The average weight loss with the currently FDA approved
medications (i.e., orlistat, liraglutide, naltrexone/bupropion,
phentermine/topiramate, semaglutide) ranges between 5 and
14.9% (Allison et al., 2012; Apovian et al., 2015; Bray et al., 2018;
Enebo et al., 2021).

Long-term efficacy of OT treatment for obesity remains to
be established. The effect of OT on thermogenesis, appetite
and stress reduction may offer unique properties that current
therapies do not have. OT as an adjunct therapy for obesity
is also worth exploring. For instance, pre-clinical and clinical
studies indicate that OT in combination with the opioid
antagonist, naltrexone, is an effective strategy to reduce food
intake (animals, humans) as well as body weight (humans).
Peripheral (intravenous) administration of OT and naltrexone
was recently found to be effective at reducing palatable 10%
sucrose solutions as well as intake of a high fat/high sugar
diet in rats (Head et al, 2021). Intranasal OT was also
found to be effective at reducing hyperphagia and maintaining
weight loss when given in combination with the opioid
antagonist, naltrexone, to a 13-year-old adolescent male with
craniopharyngioma related hypothalamic obesity (Hsu et al,
2017). Thus, the combination of OT with other therapies that
act, in part to reduce food intake (hedonic and/or homeostatic
feeding) and increase energy expenditure may act in an
additive mechanism to elicit greater weight loss than either
treatment alone.
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