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Abstract
Oxytocin (OXT) is a hypothalamic-posterior pituitary hormone with multiple effects, ranging from regulation of energy homeostasis to bone health 
and psychological well-being, in addition to its well-known effects on labor and lactation. Patients with hypothalamic and pituitary damage have a 
higher risk for medical and psychiatric comorbidities despite standard-of-care hormone replacement, and a clinically relevant OXT-deficient state 
has been identified in patients with arginine vasopressin deficiency (formerly known as central diabetes insipidus) in the last decade. Therefore, 
OXT deficiency in patients with hypothalamic and pituitary damage is an emerging field. While intranasal oxytocin is readily available to patients, it 
is not Food and Drug Administration approved in the United States and the quality of compounded formulations is unclear. In addition, more 
research is needed to establish the safety and efficacy of OXT-based therapeutics in patients with hypothalamic and pituitary damage before 
recommending treatment. This review summarizes the current knowledge of the OXT system, OXT deficiency in other clinical conditions, 
and relevance to patients with hypothalamic and pituitary damage. We highlight emerging data supporting OXT deficiency in hypothalamic- 
pituitary disease, diagnostic challenges, development of therapeutic strategies, and future research directions to advance the field.
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Abbreviations: ACTH, adrenocorticotropin; AN, anorexia nervosa; APDs, anterior pituitary deficiencies; ASD, autism spectrum disorder; AVP-D, 
arginine-vasopressin deficiency; AVPRs, AVP receptors; BBB, blood-brain barrier; BMD, bone mineral density; BMI, body mass index; CCK, 
cholecystokinin; CNS, central nervous system; CP, craniopharyngioma; CRH, corticotropin-releasing hormone; CSF, cerebrospinal fluid; DDAVP, 
desmopressin; EIA, enzyme immunoassay; FDA, US Food and Drug Administration; FERT, facial expression recognition task; GLP-1, glucagon-like peptide 1; 
HCs, healthy controls; HI, hypothalamic involvement; HPDs, hypothalamic and pituitary diseases; HSA, hip structural analysis; IM, intramuscular; IV, 
intravenous; LC-MS, liquid chromatography–mass spectrometry; MDMA, 3,4-methylenedioxymethamphetamine; mRNA, messenger RNA; NTS, nucleus 
tractus solitarius; OXT, oxytocin; OXT-D, oxytocin deficiency; PTSD, posttraumatic stress disorder; PVN, paraventricular nuclei; PWS, Prader-Willi 
syndrome; QoL, quality of life; RAGE, receptor for advance glycation end products; RCT, randomized clinical trial; RIA, radioimmunoassay; RMET, reading 
the mind in the eyes task; SON, supraoptic nuclei.  

ESSENTIAL POINTS
• Hypothalamic and pituitary diseases (HPDs) are 

complex disorders associated with hormonal defi
ciencies and multisystemic comorbidity despite 
standard-of-care hormone replacement

• OXT is a neurohormone that mediates a range of 
physiologic processes in both sexes, and recent early- 
stage clinical research has focused on the potential 
value of OXT-based therapies for clinical conditions 
including neuropsychiatric and metabolic disorders

• In the last decade, emerging research provided evi
dence for a clinically significant OXT deficiency 
(OXT-D) in patients with HPDs

• Ongoing research is focused on clinical characteriza
tion of OXT-D, methods for diagnosis, and thera
peutic value of OXT administration

• Optimal translation of early findings to improved 
clinical care will require improved understanding of 
OXT secretory dynamics and functions in humans, 
development and validation of measurement and 
diagnostic methods, novel formulations and OXT re
ceptor agonists, and well-designed clinical trials

Hypothalamic-pituitary diseases (HPDs) are rare, complex 
disorders that require multidisciplinary and lifelong care due 
to chronic hormonal dysfunction and multisystemic co
morbidities. Pituitary hormone dysfunction (excessive or defi
cient secretion) is most frequently a complication of benign 
pituitary or nonpituitary tumors located in the hypothalamic- 
pituitary region (1, 2). Other causes of pituitary deficiencies 
include infiltrative and/or malignant disease, neurosurgery, 
radiotherapy, head trauma, and/or congenital abnormalities 
(2). Anterior pituitary hormone deficiencies, including central 
hypothyroidism, hypoadrenalism, growth hormone defi
ciency, and hypogonadism, are well established with known 
clinical complications and guidelines regarding standard-of- 
care hormone replacement and monitoring. Similarly, 
deficiency of posterior pituitary hormone arginine-vasopressin 
(AVP-D; formerly known as central diabetes insipidus) is clin
ically characterized and treated with hormone replacement. 
However, whether there is a clinically relevant deficiency of 
oxytocin (OXT-D), which like AVP is produced in the supra
optic (SON) and paraventricular nuclei (PVN) of the hypothal
amus and released centrally as well as to the periphery via the 
posterior pituitary, with widespread physiologic effects, has 
been until recently unexplored.

OXT-D in patients with HPDs is of clinical importance as 
these individuals are at increased risk for medical and psychi
atric comorbidities despite standard-of-care hormone 

replacement. Patients with HPDs have increased cardiovascu
lar risk, poor bone health, greater psychopathology, social iso
lation, and impaired quality of life (QoL), leading to more sick 
days at work and premature mortality (3-6). Although OXT is 
well known for its role in inducing labor and lactation in wom
en, recent research has demonstrated that OXT exerts a wide 
spectrum of central and peripheral effects in both sexes, 
ranging from regulation of energy homeostasis and cardiopro
tection to bone health and psychological well-being (7, 8). 
Emerging evidence in the last decade supports the presence of 
a clinically significant OXT-D state in HPDs, particularly in 
those with AVP-D. Efforts to develop diagnostic testing 
are under way and will facilitate further characterization of 
OXT-D and identification of individuals who could potentially 
benefit from OXT replacement. The aim of this review is to 
summarize current knowledge of the OXT system, OXT-D 
in other clinical conditions and relevance to patients with 
HPDs, and emerging data supporting OXT-D in HPD. The re
view will focus on what is known about clinical features of this 
new disorder, diagnostic challenges, therapeutic avenues, and 
future research directions to advance the field.

Oxytocin: A Pleiotropic Hypothalamic-Pituitary 
Hormone
Overview of the Oxytocin System
An understanding of the physiology of the OXT system is es
sential to elucidate the clinical relevance of OXT-D, as well as 
potential strategies for diagnosis and treatment. OXT, like 
AVP, is a highly conserved 9-amino acid neuropeptide, and 
the two hormones differ only by 2 amino acids. OXT and 
AVP are produced in overlapping regions of the SON 
and PVN of the hypothalamus and secreted by parvocellular 
neurons directly into multiple brain regions and the spinal 
cord, and via magnocellular neurons that simultaneously pro
ject both to forebrain regions and to the posterior pituitary 
gland, where they are stored until release to the peripheral cir
culation (9, 10). Based on this anatomy, patients with HPDs 
presenting with AVP-D, most commonly due to suprasellar le
sions like craniopharyngiomas and germinomas or surgery in 
the hypothalamic-pituitary region, are presumably at highest 
risk for OXT-D (Fig. 1).

OXT, AVP, and their respective carrier proteins (neurophy
sin I and neurophysin II) evolved from genes located on 
chromosome 20p13 and are separated by 12 kilobases of in
tergenic sequences (11, 12). Both are stored with their neuro
physin carrier protein in secretory granules in the posterior 
pituitary gland, outside of the blood-brain barrier (BBB) and 
are independently and episodically released into the blood
stream in response to specific stimuli, where they separate 
from neurophysins and circulate to target organs (11, 13). 
In addition to neurophysin II, copeptin, the C-terminal 
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segment of the precursor protein of AVP, is released to periph
eral circulation in equimolar concentrations to AVP and 
serves as a good surrogate marker of AVP secretion (14). 
The neurophysin I-OXT concentration ratio in the posterior 
pituitary gland is 1:1, similar to the copeptin-AVP ratio 
(15). Once OXT is released into the peripheral circulation, it 
is bound to carrier proteins, primarily immunoglobulin G 
and albumin (9, 16-18). Endogenous soluble receptor for ad
vance glycation end products (esRAGE) also binds OXT in 
circulation (19).

Plasma OXT has a short half-life, around 3 to 5 minutes, 
and is quickly degraded by endothelial and circulating amino
peptidases (oxytocinase) (20), whereas OXT half-life in cere
brospinal fluid (CSF) is about 28 minutes (21, 22). OXT 
concentrations in extracellular fluid of the hypothalamic 
SON and CSF are around 100- to 1000-fold higher than in 
plasma (23). Furthermore, synthesis of OXT has been docu
mented in peripheral sites such as bone, kidney, adipose tissue, 
gastrointestinal tract, and myocardium, where OXT acts in an 
autocrine and/or paracrine manner (24-27).

A single human OXT receptor (OXTR) has been identified 
(11). It has recently been shown that the OXTR can heterodi
merize with other G protein–coupled receptors, such as ghre
lin (GHS-R1a) or serotonin (5-HT2AR, 5-HT2CR) receptors, 
though the downstream effects have not yet been uncovered 
(28, 29). OXTR is encoded on the human chromosome 
3p26.2 and is a member of the class-I G protein–coupled re
ceptor superfamily (11, 30, 31). OXTR and AVP receptors 

(AVPRs) have structurally common features, and both neuro
peptides can bind to both receptors, especially in the extracel
lular binding domain (32). Nevertheless, OXT in comparison 
with AVP has about 10-fold higher affinity for the OXTR, 
while the AVP concentration required to act as a partial agon
ist at the OXTR is up to 100-fold higher than that of OXT (33, 
34). Regulation of OXTR gene expression and signaling is 
complex. Epigenetic changes, environmental factors, hor
mones, inflammatory signals, and other molecules and cofac
tors can regulate gene expression levels and/or functionality of 
the OXTR (35-37). For example, estrogen and interleukin-6 
are key modulators of OXTR gene expression (38, 39), 
whereas cholesterol and magnesium affect OXTR functional
ity, by increasing the OXT binding capacity and affinity state 
of OXTR (11, 40-43). The mechanisms of such regulation, es
pecially in vivo, are not well understood. Most of the studies 
examining the physiology and functions of the OXT system 
have been performed in animal models, mainly rodents, and 
the clinical translation of these findings to humans is not clear. 
Determining OXTR distribution across tissues has been chal
lenging due to lack of reliable OXTR antibody to perform im
munohistochemistry, given cross-reactivity with AVPRs (44, 
45). Overall, investigations have reported that distribution 
of OXTR expression differs across species, suggesting that 
some OXT functions might be species specific (11). For ex
ample, OXTR and detectable levels of OXT messenger 
RNA (mRNA) are present in testes of mammalian species, 
but not in mice (46, 47). In humans, wide distribution of 

Figure 1. Schematic diagram of the oxytocin (OXT) system. (1) OXT is synthesized in the supraoptic and paraventricular nuclei of the hypothalamus and 
(2) secreted into brain regions via parvocellular neurons and (3) to posterior pituitary gland via magnocellular neurons. OXT is stored in the posterior 
pituitary gland until (4) release to the peripheral circulation. (5) OXT binds to OXT receptors (OXTR; class-I G protein–coupled receptor superfamily, GCPR) 
(6) on target organs where OXTR is distributed (eg, reproductive system, gastrointestinal tract, adipose tissue, skeletal muscle, bone, myocardium, 
vascular endothelium, vagus nerve). (7) The vagus nerve functions as a point of entry for circulating OXT signals to reach the brain.
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OXTR in many tissues and organs, including the female re
productive system (myometrium, endometrium, corpus lu
teum, ovaries), male reproductive system (testis, prostate 
gland), breasts, adrenal glands, bone, myocardium, vascular 
endothelium, kidneys, thymus, gastrointestinal tract, muscle, 
adipose tissue, and brain (eg, ventromedial hypothalamus, nu
cleus basalis of Meynert, ventral tegmental area, spinal trige
minal nucleus in brainstem) have been reported (11, 48, 49). 
Using an optimized OXTR autoradiography technique with 
higher selectivity of radioligands in postmortem human and 
primate central nervous system (CNS), a recent study showed 
dense OXTR expression in the spinal trigeminal nucleus, con
sistent with the vagus nerve functioning as a point of entry for 
peripheral OXT signals to reach the brain (45, 50). While 
there is evidence that OXT regulates release of prolactin, go
nadotrophins, and adrenocorticotropin (ACTH) via portal 
vessels connecting posterior and anterior lobes (51-53), there 
are no published reports of OXTR in the human adenohy
pophysis other than a conference abstract showing OXTR 
mRNA across cell types in a single postmortem adult pituitary 
(54). Application of novel techniques for the identification of 
OXTR in humans will be useful in advancing our knowledge 
of the OXT system in health and disease.

Oxytocin Measurement: Utility and Limitations
The measurement and interpretation of OXT levels in human 
biological samples are major challenges in OXT research and 
translation to clinical care. Even though endogenous OXT con
centrations have been assayed for more than 50 years, accurate 
measurement of OXT is difficult due to its low molecular 
weight and low plasma concentrations in nonpregnant hu
mans. The appropriate methodology to use is still a matter of 
debate (55-57), and it is not yet clear exactly what the OXT as
says are measuring (58). Most human studies measure circulat
ing plasma, serum, or salivary OXT concentrations, and 
measurement in other biological samples, such as urine, hair, 
and CSF, has also been reported (59-62). The relationships be
tween OXT concentrations across biological specimens are not 
yet understood (17, 57, 63-65). Similar to cortisol, salivary 
OXT has been widely used in research studies in humans; how
ever, correlations between salivary and plasma OXT concen
trations are weaker than for cortisol (<0.6 vs >0.9) (56, 66).

The most commonly used assays for OXT measurement 
are enzyme immunoassays (EIA) and radioimmunoassays 
(RIA), although liquid chromatography–mass spectrometry 
(LC-MS) and less conventional approaches have been tested 
(67-73). Antibodies used to perform immunoassays can also 
bind to other peptides in plasma, which may result in artificial
ly elevated levels of OXT (57). LC-MS methods are under de
velopment and could provide better specificity. However, 
current LC-MS methods may not be sensitive enough to detect 
low circulating OXT levels found in nonpregnant humans, 
and this may be particularly problematic when measuring 
OXT in deficient states (74, 75). A reduction/alkylation step 
to free protein-bound OXT has recently been recommended 
to improve analyte detection sensitivity in LC-MS (72). 
Substantially different OXT concentrations with mean levels 
ranging from less than 1 pg/mL (extracted RIA) to greater 
than 1000 pg/mL (EIA) have been reported in human/serum 
samples depending on the assay and whether an extraction 
procedure was performed to remove interferences (57, 67- 
69, 76-80).

Preanalytic steps may influence peptide measurement, yet 
there is no consensus on how to collect and process blood sam
ples for OXT. Physiologic considerations (eg, time of day, so
cial stimuli) should be taken into account and standardized in 
research studies. Serum and plasma have both been used to 
measure OXT with a lack of evidence favoring either ap
proach, and there are very limited data on whether a preserva
tive (eg, protease inhibitor) could be useful. A recent review 
recommended the use of aprotinin to prevent OXT degrad
ation, as well as an extraction step prior to analysis to remove 
unrelated interferences that could otherwise lead to falsely 
high measured OXT levels (55, 56). A recent study showed 
that EIAs without extraction measured similar levels of urin
ary OXT between wild-type and OXT null mice, supporting 
that peptides other than OXT are measured (58). The authors 
employed a new method (mixed-mode cation-exchange solid- 
phase extraction) to minimize interference in null mice, raising 
the question whether prior conclusions based on urinary OXT 
measurements need to be reassessed (58).

In addition to removing interferences, extraction also likely 
discards alternative OXT forms and degradation products, 
which may be biologically active and/or represent biomarkers 
of OXT levels (81). Moreover, sample extraction may remove 
protein-bound OXT, resulting in artificially low OXT levels 
(55, 58, 81). Levels of OXT are often undetectable following 
extraction in blood samples of humans, which may be a chal
lenge when studying individuals with OXT-D (58, 67, 82, 83). 
While some studies have found no correlation between ex
tracted and unextracted OXT levels, a positive correlation 
has been reported (67, 84).

In populations with low OXT levels, various studies assess
ing OXT in response to stimuli or using an integrated measure 
have used different methods (RIA, EIA; extracted, unex
tracted) and shown lower OXT levels in clinical groups and 
correlations with relevant clinical end points (84-89). While 
currently available methods are used to understand the 
OXT system in healthy and disease states, there is a critical 
need to determine optimal preanalytic methods and develop 
and validate assays to measure OXT. Research is also needed 
to identify which proteins other than OXT (eg, metabolized 
products of OXT) are measured by current assays and to de
termine their biological relevance and clinical utility.

Neurophysin I, the carrier protein of OXT from the hypothal
amus to the posterior pituitary gland, could be a surrogate mark
er for OXT (56, 90). Neurophysin I is secreted in equimolar 
concentrations to OXT but has a longer half-life (11). 
Therefore, neurophysin I levels, which reflect OXT release 
over time, are higher than OXT levels. A recent study reported 
that the two measures are highly correlated (90). Although neu
rophysin I measurement offers advantages relative to measuring 
OXT itself (eg, higher stability in plasma, longer half-life, re
quirement of less time-intensive extraction protocols), the longer 
half-life may not capture acute fluctuations in OXT levels (90, 
91). Further research will be important to validate neurophysin 
I assays and determine whether neurophysin I could be used as a 
clinical biomarker for OXT, similar to copeptin for AVP.

Effects Beyond Childbirth: What We Have Learned 
From Oxytocin-Deficient Genetic Models 
and Pharmacologic Studies
In addition to its classic role in regulating parturition, mater
nal caregiving behaviors and lactation (52, 92, 93), OXT 
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mediates a range of physiologic processes and exerts a wide 
spectrum of central and peripheral effects in both sexes 
(Fig. 2). Recent early-stage clinical research has focused on 
the potential value of OXT-based therapies in numerous clin
ical conditions, including neuropsychiatric (eg, autism spec
trum and anxiety disorders), metabolic (eg, obesity and 
diabetes mellitus) and bone (eg, osteopenia/osteoporosis) dis
eases in children and adults (94-99).

Genetic knockout mice lacking OXT or the OXTR gene, 
models of OXT-D, have helped to elucidate physiological 
functions of the oxytocinergic system (100, 101) (Table 1). 
OXT−/− mice develop abnormal parturition, sexual dysfunc
tion, greater social-related anxiety and abnormal social be
haviors, late-onset obesity, impaired thermoregulation, 
metabolic derangements, sarcopenia, and osteoporosis, 
among others (100, 102-115). These findings have set the 

foundation for human research studies aimed at determining 
whether the OXT-D phenotype in mice translates to humans. 
Some of the signs and symptoms of knockout models of OXT 
resemble the clinical phenotype of patients with HPDs, and it 
is plausible that OXT-D might partially contribute to the co
morbidities observed in HPDs.

Reproduction and sexual functioning
OXT induces parturition in females and is commonly admin
istered to induce labor in women. An early study reported that 
OXT−/− mice underwent normal parturition and showed ma
ternal caregiving behaviors, suggesting redundant pathways 
for these critical functions (116). For example, OXT-like pep
tides could bind to OXTR, or other endogenous uterotonic 
hormones (eg, prostaglandins or placental corticotropin- 
releasing hormone [CRH]) might be upregulated in the con
text of OXT-D (117). However, a recent experiment suggests 
that OXT is essential to maternal and neonate survival in 
childbirth. In this study, nearly all singly housed OXTR−/− 

mice and their offspring died in childbirth, while cohousing 
prevented mortality due to extraction and cleaning of off
spring by the nonpregnant female mouse (115). OXT−/− 

mice also experienced severe difficulties with lactation, sup
porting an essential role for OXT in successful nursing (116, 
118). Along these lines, intranasal (IN) OXT has been shown 
to be effective at producing milk ejection (119). OXT−/− 

mouse models did not show deficits in sexual behaviors 
(120, 121), but ablation of PVN OXT neurons abolished pen
ile erection (103), consistent with data demonstrating oxyto
cinergic neuron projections to spinal cord facilitating penile 
erection and sexual activity (122). OXT injected in some brain 
areas (eg, amygdala, hippocampus, ventral tegmental area) in
duced penile erection in rats (123). In humans, circulating 
OXT levels increased during orgasm in both sexes (124), 

Uterine contractions, lactation*,a
sexual function *

Pregnancy complications
Breastfeeding problems
Infertility, sexual dysfunction

Social dysfunction
More severe psychopathology

Hyperphagia
Reduced energy expenditure
Obesity
Metabolic syndrome

Osteopenia, osteoporosis

Greater cardiovascular risk

Worse quality of life
Increased mortality

Neuropsychiatric effects*,a:
Prosocial, antidepressant, anxiolytic

Food intake*,a
Energy expenditure*
Body weight*
Lipolysis*

Insulin sensitivity*,a
and secretion*

Osteoblast activity*
Anabolic to bone* and muscle*

Anti-inflammatory*

Cardiovascular protection*

Hypothalamic-pituitary
deficiency

Oxytocin physiology

OXT
Ile

Gln

Asp
Cys

Cys

Tyr

Pro

Leu Gly

Figure 2. Physiologic effects of oxytocin and relevant features of hypopituitarism. *There is evidence in animal models. ªThere is some evidence in 
humans.

Table 1. Phenotype of oxytocin knockout (OXT−/− and OXTR−/−) 
mice models

OXT−/− and OXTR−/− mouse phenotype

Lactation effects Difficulties in breastfeeding
Psychological effects Greater anxiety-related behavior 

Social recognition deficits 
Heightened aggressive behavior 
Repetitive behaviors

Metabolic effects Obesity 
Reduced energy expenditure 
Impaired thermoregulation

Bone and muscle effects Reduced bone formation 
Severe osteoporosis 
Defects in muscle regeneration

Abbreviations: OXT, oxytocin; OXTR, oxytocin receptor.
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and postintercourse OXT levels were lower in anorgasmic 
compared to orgasmic women (125); a single dose of IN 
OXT (24 IU) did not have any effects on the facilitation of sex
ual behavior in women (126). Similarly, a single dose of 24 IU 
of IN OXT vs placebo in men did not affect sexual arousal or 
orgasm induced by an erotic film and had no effects on sexual 
drive, arousal, and penile erection (122, 127). Whether ex
ogenous OXT facilitates sexual behavior in humans is not still 
clear and warrants further investigation with different OXT 
doses, formulations, and/or OXTR agonists.

Psychological and social behaviors
Preclinical studies have demonstrated a key role for OXT in 
the regulation of anxiety, mood, and social behaviors (128, 
129). Transgenic OXT−/− and OXTR−/− mice showed greater 
anxiety-related behavior in response to psychogenic provoca
tion than their wild-type counterparts that were reversed after 
intracerebroventricular administration of OXT, providing 
evidence for anxiolytic effects of OXT (100, 104). 
Moreover, OXT−/− and OXTR−/− mice showed impaired so
cial memory, increased resistance to change of learned behav
ioral patterns, and heightened aggressive behaviors compared 
to OXT+/+ mice that could be rescued by administration of in
tracerebroventricular OXT (105, 107, 108, 130, 131).

Pharmacological studies in animal models have shown that 
anxiogenic and stressful stimuli activate the OXT system, 
leading to OXT release into the brain and decreased activation 
of the hypothalamic-pituitary-adrenal axis, reduced anxiety 
and depressive symptoms, as well as prosocial behaviors 
(132-134). In humans, some but not all studies have shown 
low OXT levels in patients with posttraumatic stress disorder 
(PTSD), depression, and autism spectrum disorders (ASDs), 
and relationships between plasma OXT levels as well as 
OXTR polymorphisms with anxiety symptoms have been 
demonstrated (129, 135-144). Several studies have examined 
effects of IN OXT in social anxiety disorder, with some but 
not all reporting improvements in anxiety symptoms (145- 
148). IN OXT administration also attenuated 
hypothalamic-pituitary-adrenal axis reactivity in response to 
stress, with more pronounced effects in stressful situations 
and in clinical populations (ie, with depression, substance 
abuse, neurodevelopmental disorders), according to a meta- 
analytic review (149). IN OXT improved depressive symp
toms in mice and in preliminary studies of humans with major 
depressive disorder (150-152). IN OXT has also been eval
uated to promote social behaviors in autism with mixed 
results, which might be due to differences in methodology 
(eg, drug formulation and regimen, end points assessed) or 
OXTR sensitivity (153-155). A recent randomized controlled 
trial (RCT) of 8 weeks IN OXT in adults with obesity reported 
an improvement in mental health-related QoL; however, the 
study was not powered for this specific end point and this find
ing requires further investigation before suggesting OXT as a 
beneficial therapy for psychiatric indications (99).

Energy metabolism
OXT is also involved in the regulation of energy homeostasis 
and metabolism (156). Adult-onset obesity has been reported 
in OXT−/−, OXTR−/−, and Sim1+/− (transcription factor es
sential for PVN formation, resulting in an 80% reduction of 
OXT mRNA expression) mice, characterized by greater fat 
mass and, in some cases, type 2 diabetes (106, 157, 158). 

The primary mechanisms of weight gain appear to be de
creased sympathetic tone to adipose tissue, impaired thermo
regulation, and decreased energy expenditure, rather than 
changes in food intake (106, 157, 159, 160), though an in
crease in sucrose consumption has also been reported (102, 
106, 109, 110, 158, 161, 162). In studies of rodents and rhe
sus monkeys, activation of PVN OXT neurons increased rest
ing energy expenditure and stimulated brown adipose tissue 
thermogenesis (112, 163, 164). Studies have consistently 
shown that central or peripheral OXT administration in obese 
rodents and nonhuman primates reduces food intake, 
increases energy expenditure, and decreases body weight 
(97-99, 165-169).

Exogenous OXT reduces caloric intake in animal models 
and humans through several mechanisms (97-99, 165-169). 
OXT neurons project to mesolimbic reward pathways, and 
OXT has been shown to preferentially reduce reward-driven 
caloric consumption, for example, of sucrose solution and 
high-carbohydrate/high-fat chow in rodents, and chocolate 
cookies in humans (109, 170-173). OXT neurons also extend 
to the arcuate nucleus, a key hypothalamic brain region in ap
petite regulation, that expresses OXTR and stimulates the 
melanocortin-leptin pathway inducing satiation (174, 175). 
OXT additionally participates in the control of gut-brain sig
naling (176, 177). Gut-released peptides, such as satiety hor
mones cholecystokinin (CCK) and secretin, activate central 
and peripheral OXT release by mechanisms involving several 
pathways (eg, direct activation of Fos expression in OXT neu
rons; indirect stimulation through afferent vagus nerve, which 
signals to the hypothalamus via noradrenergic pathways), re
sulting in increased satiety and smaller meal size (178-181). 
Similar to studies in animal models, human investigations of 
IN OXT demonstrated that OXT modulates functional mag
netic resonance imaging activation of reward and homeostatic 
neural circuitry (176, 182, 183). In addition, IN OXT in men 
with overweight/obesity increased activation of cognitive con
trol brain regions in response to images of high-calorie foods, 
and improved impulse control in a behavioral task (176, 184), 
identifying another potential mechanism for OXT effects on 
eating behavior in humans.

A postmortem hypothalamic tissue study of patients with 
type 2 diabetes observed a reduction in OXT neuron density 
in the PVN compared to nondiabetic controls, suggesting 
that OXT has a role in glucose metabolism (185). In vitro 
studies showed that OXT stimulates release of insulin and glu
cagon from the pancreas (186). There is also evidence that 
OXT increases insulin sensitivity in animal models by inhibit
ing dipeptidyl peptidase-4 and increasing glucose transporter 
type 4 expression (187, 188). Studies in diet-induced obese ro
dents showed that central or peripheral OXT administration 
improved insulin sensitivity and glucose tolerance (97, 189, 
190). However, OXT administration for 2 weeks to leptin- 
deficient ob/ob mice worsened fasting glucose and glucose 
tolerance (191). Some interventional studies in nondiabetic 
humans found that OXT administration increased β cell- 
responsiveness to glucose administration and modestly de
creased glucose peak in adults, while another study using a 
similar design did not demonstrate any effect of OXT on glu
cose metabolism in men with obesity or type 2 diabetes (97, 
192-195). Well-designed studies are needed to better under
stand the role of endogenous OXT and effects of exogenous 
OXT on glucose homeostasis in humans, including in patients 
with diabetes.
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Few studies have examined chronic IN OXT effects on en
ergy homeostasis and metabolism in humans. While a pilot 
RCT of 8 weeks IN OXT (24 IU 4 times daily before meals 
and bedtime) in adults with obesity (9 of whom received 
OXT) showed a mean of 8.9 ± 5.4 kg weight loss (97), a larger 
RCT in 61 adults with obesity showed no effect of the same 
regimen of IN OXT on body weight (primary end point), rest
ing energy expenditure, or body composition. Compared to 
placebo, OXT reduced caloric intake at an experimental 
breakfast test meal, but not in self-reported food diaries 
(99). There were no effects on markers of glucose homeosta
sis. The fact that the metabolic effects of OXT in animal mod
els do not consistently translate to humans may be due to 
differences across species or experimental design. The 
optimal way to increase OXT signaling (eg, formulation 
with allosteric modulators or selective OXTR agonist; short- 
acting burst vs longer-acting exposure; dosing regimen) is 
not clear. More research is needed using different dosing regi
mens and/or OXT-based therapeutics to determine whether 
increasing OXT signaling could be useful in treating metabol
ic disorders (196).

Body composition and musculoskeletal health
OXT null mice also support a role for OXT in modulating 
body composition, as these animals displayed increased adi
pocyte number, defects in muscle regeneration, and premature 
sarcopenia that improved with systemic OXT administration 
(197). OXT−/− and OXTR−/− mice also had reduced bone for
mation and consequently severe osteoporosis with marked re
ductions in vertebral and femoral trabecular bone that were 
improved by direct intraperitoneal injection of OXT, indicat
ing a key role for OXT in skeletal homeostasis (111, 113, 
161). Moreover, OXT administration restored bone loss in 
ovariectomized mice (113), indicating effects that are inde
pendent of estrogen, consistent with preclinical data showing 
direct effects of OXT on bone cells (26, 84, 198).

In vitro studies have shown that OXT shunts human multi
potent adipose-derived stem cells toward osteoblast vs adipo
cyte lineage (161, 199). OXT also acts on OXTR expressed on 
osteoblast cells, resulting in osteoblast differentiation and in
creased bone formation (113). OXTR is additionally ex
pressed in osteoclasts, where OXT has opposing effects to 
(i) stimulate osteoclastogenesis, and (ii) inhibit osteoclast re
sorptive function (111, 113, 114, 161). Studies in animal 
models have demonstrated that OXT administration increases 
lipolysis and lipid utilization and reduces lipogenesis, while 
promoting myogenesis and osteogenesis (113, 114, 161, 
164, 168, 169, 191, 197, 199-205).

There are few data regarding OXT effects on body compos
ition in humans. One small RCT of 8 weeks IN OXT (24 IU 4 
times per day) in older adults with sarcopenic obesity showed 
an improvement in lean muscle mass (169). A larger RCT of 
adults with obesity receiving IN OXT (24 IU 4 times per 
day) showed no effects on body composition (99). Human 
studies have shown positive weak to moderate correlations 
between circulating OXT levels and bone mineral density 
(BMD) and microarchitecture (87, 206-208). Some of these 
studies included only females, raising the question of whether 
OXT is simply a marker of bone anabolic estradiol (84, 206). 
However, correlations between circulating OXT and 
bone health were also shown in men (209) and women 
independent of estradiol levels (85). There are no published 

trials to date that have investigated the effects of OXT admin
istration on bone health in humans. A study of IN OXT to 
promote bone health in children with autism is underway 
(NCT05754073).

Other effects of oxytocin
OXT has anti-inflammatory properties, acting to suppress the 
production of inflammatory cytokines such as interleukin-6, 
reduce the production of reactive oxygen species by neutro
phils, and decrease oxidative stress (210-212). These proper
ties may translate to improved tissue repair and healing. For 
example, in rats OXT administration improved diabetic poly
neuropathy as well as burn-induced gastric inflammation 
(213, 214). Strong evidence in animal models suggests that 
OXT modulates nociception and pain response promoting an
algesic actions via central and peripheral actions (215, 216). 
Preliminary data on the effects of OXT on pain in humans 
are less consistent but suggest that OXT decreases pain sensi
tivity (215, 217, 218). Further research is needed to determine 
whether OXT has analgesic properties in humans.

OXT may also exert cardioprotective effects through mul
tiple complementary mechanisms, including inhibition of ath
erosclerosis, reduction in inflammatory cytokines, and 
stimulation of endothelial and smooth muscle cell regener
ation, as well as through improved glucose metabolism 
(193, 219-223). In vitro, OXT improved viability and func
tion of ischemic cardiomyocytes (223). OXT administration 
also reduced the size of myocardial infarction induced in rab
bits (224, 225). More studies are warranted to determine the 
role of OXT as a potential anti-inflammatory and/or cardio
vascular therapeutic.

In summary, beyond the classic role of OXT inducing par
turition and lactation, OXT has a wide range of physiological 
functions that have primarily been demonstrated in preclinical 
studies. A deficiency of this multifunctional neurohormone 
might therefore be expected to contribute to clinical morbid
ity. While there is great interest in the potential of 
OXT-based therapeutics for human disease, clinical research 
is still nascent. Most studies have used IN OXT, with variable 
response likely due to factors discussed in Therapeutic 
Challenges and Potential.

Oxytocin Deficiency in Humans Without 
Hypopituitarism
Oxytocin Deficiency in Human States 
of Energy Deficit
Given the role of OXT in the regulation of energy balance, 
OXT levels and dynamics have been extensively evaluated in 
human states of energy deficit, such as anorexia nervosa 
(AN) and oligomenorrheic athletes with low body fat. 
Recent research has focused on the hypothesis that in the con
text of an energy deficit, OXT levels may be suppressed to sig
nal the need for resources but with negative clinical 
consequences of OXT-D. AN is a complex psychiatric dis
order associated with endocrine alterations, such as central 
hypogonadism, growth hormone resistance, hypercortisole
mia, and euthyroid sick syndrome (226). Several small studies 
showed low OXT levels in CSF (N = 5) and failure of periph
eral OXT response to known stimuli (estradiol and 
insulin-induced hypoglycemia, n = 7) compared to controls 
(89, 227, 228). Both in AN and separately, in female athletes 
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with oligomenorrhea and low body fat, overnight OXT (inte
grated measure of repeated overnight samples) levels were low 
compared to controls, even when controlling for estradiol lev
els (84, 85). Moreover, lower OXT levels in these energy- 
deficit states were associated with lower markers of energy 
stores (eg, body mass index [BMI], leptin), lower resting en
ergy expenditure, lower BMD, structural integrity and esti
mated strength, and more severe anxiety and depressive 
symptoms as well as more severe social emotional functioning 
difficulties (79, 85, 88, 229, 230). Some studies suggested re
covery of the OXT system with weight recovery in AN, sup
porting the notion that OXT suppression is an adaptive 
mechanism to counterbalance energy deficiency in AN (85, 
228, 231). However, one study showed low OXT levels in 
women with past AN at normal weight or overweight com
pared to controls with no eating disorder history (79). This 
may be explained by persistently aberrant eating behaviors, 
energy deficit due to higher personal weight set point, scarring 
from undernutrition, or a trait characteristic that preceded de
velopment of AN (228). It is also possible that characteristics 
of AN, for example, comorbid disorders of anxiety, mood, 
and/or social emotional functioning, could result in low 
OXT levels (232).

Evidence for an OXT deficient state in AN characterized by 
worse mental health and bone health, along with trials show
ing that IN OXT might modulate anxiety, social behaviors, 
and functioning, have led to research studies examining the ef
fects of IN OXT in AN and its potential as a therapeutic. 
Results of these studies provided inconclusive results (233- 
236). While some single-dose IN OXT studies (dose range, 
24-40 IU) reported potential benefit, for example, in attenuat
ing attentional vigilance to pictures of food, excessive body 
fat, and expressions of disgust compared to placebo, others 
did not show effects of IN OXT on recognition or expression 
of emotions in AN (233-235, 237). A meta-analysis of studies 
examining the effects of single-dose IN OXT vs placebo on at
tentional bias, emotion recognition, and threat processing in 
AN showed no significant effects of IN OXT in AN compared 
to healthy controls (HCs) (238, 239). IN OXT administration 
reduced salivary cortisol in response to food compared to pla
cebo in AN, but no effects on subjective anxiety were observed 
(236, 240). An initial RCT evaluated the effects of 18 IU 
twice-daily IN OXT vs placebo for 4 to 6 weeks in 33 patients 
with AN during a hospital-based nutritional refeeding pro
gram. This study demonstrated that IN OXT compared to 
placebo reduced eating concern and cognitive rigidity and 
consequently improved nutritional rehabilitation in AN 
(236). However, a follow-up RCT by the same group includ
ing 61 female inpatients with AN during refeeding for 4 weeks 
did not observe any differential effect of 18 IU twice-daily IN 
OXT vs placebo. Moreover, and contrary to single-dose stud
ies, no reductions in salivary cortisol and anxiety in response 
to a high-calorie snack were observed (241).

Several reasons might explain differences across studies, 
such as variance in disease severity (psychopathology scores, 
BMI differences), associated comorbidities (psychiatry, endo
crine), dose regimens, and treatment duration. Differences in 
response could also be explained by variability in OXTR sen
sitivity, either due to undernutrition or genetic variation, as 
OXTR polymorphisms have been linked to eating disorder 
pathology and the effects of IN OXT (232, 242, 243). 
Therapeutic Challenges and Potential discusses other reasons 
for inconsistent results of studies using IN OXT.

While AN is a disorder associated with a relative OXT de
ficient state, the suppression of OXT may be a protective 
physiologic adaptation to undernutrition. Therefore, any in
vestigations of therapeutics aimed at increasing OXT signal
ing in AN must be cautious and monitor participants closely 
given the potential harmful effects of decreasing caloric in
take or weight in this population. The clinical characteristics 
associated with OXT deficient state in AN, for example, 
greater severity of anxiety and depressive symptoms, im
paired social cognition, and worse bone health, are inform
ative for other disorders of OXT-D, such as those with 
HPDs.

Autism
Based on extensive evidence that OXT is involved in social 
functioning, research on ASDs has focused on the OXT sys
tem. ASD is a neurodevelopmental disorder characterized by 
mild to severe social impairments that affect functioning and 
QoL (244). It has been hypothesized that deficient OXT sig
naling might contribute to core features of ASD, and there is 
evidence linking the OXT system to ASD pathophysiology 
(244). In addition, individuals with ASD are at higher risk 
for low BMD and bone quality, leading to higher fracture 
risk (245). While this is likely multifactorial, low OXT levels 
could contribute.

A recent meta-analysis found lower plasma OXT levels in 
children, but not adults, with ASDs compared to healthy indi
viduals (139). Variations in OXTR expression, OXTR poly
morphisms, and increased OXTR methylation (associated 
with decreased OXTR expression) have been identified in 
ASDs (246-249). Based on these findings, OXT has been con
sidered as a promising potential therapy to improve social dif
ficulties in ASD, with studies of IN OXT showing mixed 
results. A study of IN OXT to promote bone health in children 
with ASDs is under way (NCT05754073).

Single-dose studies of 24 IU IN OXT have in general shown 
improvements in social behaviors, such as emotion recogni
tion, in ASDs (250-252). Neuroimaging studies suggest that 
IN OXT activates frontal, temporal, and limbic regions in
volved in decision-making, emotional experience, and reward, 
which could potentially improve core symptoms in ASDs 
(251, 253, 254). While these studies suggest a potential benefit 
of IN OXT in ASDs, the results of longer (5-24 weeks) RCTs 
using different dosing regimens (8-80 IU twice daily in most 
studies) have been inconclusive (153-155, 255). Several 
RCTs in young adults with ASDs showed therapeutic poten
tial of IN OXT vs placebo. One RCT in 106 adults with 
ASDs using 48 IU OXT daily vs placebo for 6 weeks showed 
that IN OXT reduced repetitive behavior (using the Autism 
Diagnostic Observation Schedule) (256). Another study in
cluding 19 patients with ASDs using the same dose regimen re
ported that IN OXT improved social cognition and QoL 
(257). Recent meta-analyses of RCTs evaluating the effects 
of IN OXT vs placebo in children with ASDs showed a signifi
cant effect of OXT in improving the core symptoms of narrow 
interest and repetitive behaviors compared to placebo (96). 
Another multilevel meta-analysis including RCTs of both 
single-dose or longer-term trials (8-48 IU daily) in children 
and adults with ASDs found that overall IN OXT compared 
to placebo had beneficial effects on social functioning (258). 
The largest RCT in children with ASDs (290 participants; 
8-80 IU IN OXT daily in divided dose twice daily) showed 
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no significant effects on social or cognitive functioning over 
24 weeks (154). There are a number of potential reasons for 
discrepant results in studies of IN OXT in autism. Some stud
ies used compounded IN OXT, which is not well regulated 
and does not require the rigorous testing that Food and 
Drug Administration (FDA)-approved medications undergo. 
The optimal dose and frequency of IN OXT has not been es
tablished. ASD is genetically heterogeneous, and it is possible 
that some types of ASD involving abnormalities in OXT path
ways may have greater benefit from OXT. Recent studies have 
examined predictors of response. OXTR single-nucleotide 
variations in individuals with ASDs predicted neural and be
havioral response to IN OXT (259). Further, higher circulat
ing OXT levels were associated with larger treatment effects 
of IN OXT in ASD (260).

Preliminary evidence showing benefit of IN OXT in some 
individuals with autism are encouraging, and future re
search should focus on selecting the optimal drug and dos
ing regimen and identifying predictors of response. Patients 
with HPDs, like those with autism, are at risk for social iso
lation and impairments in social functioning. Whether 
those with HPDs and OXT-D have more autism traits is 
not yet known.

Oxytocin-Deficient State in Patients With 
Hypothalamic and/or Pituitary Damage
Relevance of Oxytocin-Deficient State in the Context 
of Hypothalamic and/or Pituitary Damage
Hypopituitarism is a rare disease, with an estimated 
prevalence of 21 to 42 cases per million individuals, that is as
sociated with high health and cost burden despite standard-of- 
care hormone replacement (2, 5, 261-264). HPD often results 
in pituitary hormone deficiencies, as well as multiple sequelae 
such as sexual dysfunction, neuropsychological symptoms 
(higher rates of anxiety, depression, impaired social function
ing), altered patterns of eating behavior, obesity, metabolic 
disorders, and osteoporosis, among others, leading to lower 
QoL (6, 265-270). As mentioned earlier, these comorbidities 
are also observed in OXT-D states in animal models, and sev
eral of these (eg, neuropsychological symptoms, altered pat
terns of eating behavior, osteoporosis) have been identified 
in OXT-D states (eg, energy deficit) in humans (see Fig. 2).

Men and women with hypopituitarism have higher rates 
of infertility requiring assisted reproductive techniques (271- 
274). The reason for higher infertility rates in HPDs 
is multifactorial (ie, anterior and/or posterior pituitary hor
mone deficiencies and hyperprolactinemia). While some re
ports showed a high risk of pregnancy complications, such 
as postpartum hemorrhage, miscarriage, cesarean delivery, 
and newborns small for gestational age, in women with hypo
pituitarism (275, 276), recent studies reported successful 
pregnancies without major complications under appropriate 
hormone replacement therapy (273, 277). However, there 
are few data on pregnancies in women with AVP-D. Case re
ports suggest that labor can proceed normally in these women 
without requiring administration of OXT for induction, but 
there was a failure to lactate, consistent with the OXT-D 
mouse phenotype (116, 273, 278-280). In women with 
AVP-D, deficiency of prolactin or OXT-D could explain the 
inability to breastfeed. In some cases, OXT administration 
or cesarean delivery were required for delivery, and/or 

postpartum hemorrhage occurred, suggesting the possibility 
that endogenous OXT secretion was insufficient (273, 276, 
278). In addition, patients with HPDs, in particular those 
with concomitant hypogonadotropic hypogonadism, com
monly report decreased libido and sexual dysfunction (281, 
282). Replacement of gonadal steroids improve sexual func
tion; however, hypogonadal symptoms often do not return 
to baseline (2).

Patients with HPDs suffer from social and emotional dys
function that can lead to relationship difficulties and social 
isolation. The reason for this is not fully understood, but 
likely involves multiple mechanisms including hypothalam
ic damage, hypopituitarism, as well as obesity (267). 
Greater psychopathology, including increased severity of 
anxiety, depression, and alexithymia (difficulty in identify
ing and expressing one’s emotions) has been consistently re
ported in patients with HPDs (267, 268, 270, 283-287). 
HPDs may also result in disrupted impulse control and im
pulsive behaviors, leading to hyperphagia and aggressive
ness (267, 288). Deficient OXT signaling might be 
expected to contribute to these symptoms in HPDs given 
the effects of OXT in improving mental health, impulse con
trol, and social behaviors, and reducing food intake (176, 
289).

More than half of individuals who undergo conventional 
therapies for sellar tumors (located in the hypothalamic- 
pituitary region) develop hyperphagic obesity (290). 
Hypothalamic obesity is associated with lower functional cap
acity and QoL, and increased risk for metabolic syndrome, 
cardiovascular disease, and increased mortality (4, 286, 
291-293). The cause of hypothalamic obesity is multifactorial, 
attributed to damage to brain regions involved in control of 
energy homeostasis, including the PVN, where OXT—a key 
modulator of eating behavior and body weight—is produced. 
This can result in hyperphagia and reduced energy expend
iture. Among those with HPDs, the extent of hypothalamic 
damage and presence of AVP-D were predictors of risk for de
veloping hypothalamic obesity. AVP-D has also been linked to 
increased mortality risk among patients with pituitary defi
ciencies (286, 287, 294).

Hypopituitarism is also associated with less favorable body 
composition and poor bone quality (osteopenia and osteopor
osis) linked with skeletal fragility and fracture risk (293, 295, 
296). Anterior pituitary hormone deficiencies (eg, growth 
hormone deficiency, hypogonadism) or excess (eg, acromeg
aly, Cushing), hyponatremia secondary to desmopressin 
(DDAVP) therapy, and/or supraphysiologic glucocorticoid 
use, are important contributing factors (295, 297). Given 
the role of OXT in promoting musculoskeletal health over 
body fat, OXT-D would also be expected to contribute to 
this phenotype.

The pathophysiology underlying the development of co
morbidities in patients with HPDs is clearly multifactorial, 
and although available treatments provide clinical benefits, se
quelae do not completely resolve and persist lifelong (2, 298- 
300). Several factors might affect the extent and severity of co
morbidities observed in HPDs, such as age of onset, etiology, 
surgical results, therapies received, and number and type of pi
tuitary hormone deficiencies, among others (301, 302). 
Whether OXT-D contributes to sequelae in HPDs is under in
vestigation. An OXT-D state seems plausible in individuals 
with HPDs, and OXT-D could contribute to the development 
of comorbidities and lower QoL.
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Evidence for Low Oxytocin Levels in Patients 
With Hypothalamic and/or Pituitary Damage  
and its Clinical Relevance
Based on the emerging data highlighting the important func
tions of OXT in both sexes and related long-term comorbid
ities occurring in hypopituitarism, research in the last 
decade has focused on OXT in patients with HPDs. Many 
studies have included patients with craniopharyngioma, an 
intracranial tumor located in the hypothalamic-suprasellar re
gion often resulting in hypothalamic damage, pituitary defi
ciencies including AVP-D, and other clinical features of 
hypothalamic syndrome, including hyperphagia and hypo
thalamic obesity even before surgical intervention (3, 270, 
288, 290-292, 301, 303-305). Hypothalamic damage is also 
associated with difficulties with emotion regulation, social 
functioning, and cognition (288). It is possible that damage 
to OXT neurons or downstream OXTR-expressing neurons 
from mass effect or treatment contributes to clinical features 
(288). Several studies of patients with craniopharyngiomas 
and/or hypopituitarism have provided preliminary evidence 
for a clinically relevant OXT-D state in HPD (86, 283, 306- 
309). Moreover, a handful of studies in patients with hypo
pituitarism due to brain tumors located in the hypothalamic 
and pituitary regions (mainly craniopharyngiomas) or hypo
thalamic diseases such as Prader-Willi syndrome (PWS) have 
provided early evidence for clinical improvement after ex
ogenous OXT or carbetocin (longer-acting OXTR agonist) 
administration (310-313).

Table 2 summarizes studies evaluating endogenous OXT se
cretion in HPDs. Some studies have provided evidence for dimin
ished peripheral OXT release in patients with HPDs, including 
lower baseline salivary OXT levels, lower 1-hour pool of plasma 
OXT levels, or a blunted salivary or plasma OXT response to a 
stimulus (eg, physical activity, 3,4-methylenedioxy-metham
phetamine [MDMA]) (283, 306-308, 314-316).

In most studies, fasting plasma or salivary OXT levels were 
similar in patients with HPDs and control groups (283, 306, 
309), which is not surprising, since there is often overlap in 
single time point hormone levels assessed in patients with pi
tuitary deficiencies, for example, adrenal insufficiency or 
growth hormone deficiency, and HCs (2, 262). Residual func
tion of hypothalamic structures and/or synthesis of OXT in 
other neuronal regions (ie, medial preoptic area, lateral amyg
dala) could in some cases explain similar baseline OXT levels 
in HPDs and healthy individuals (30). In one study, a sub
group of patients with postoperative damage exclusively to 
the anterior hypothalamus, where OXT-producing SON 
and PVN are located, had lower salivary fasting OXT levels 
than patients with damage both to the anterior and posterior 
hypothalamus or without hypothalamic involvement (309).

Early investigations measuring salivary OXT levels com
pared patients with craniopharyngioma or hypopituitarism 
to HCs. While studies showed lower basal or stimulated saliv
ary OXT levels in patients with HPDs compared to HCs, sub
group analyses of AVP-D individuals, who would be most 
likely to have OXT-D, did not show differences from patients 
with anterior pituitary deficiencies (APDs) only. However, 
small sample sizes may have limited the ability to detect differ
ences (306, 309). Several of these studies demonstrated a link 
between OXT levels and clinically relevant end points. Lower 
salivary OXT levels predicted deficits in the ability to identify 
facial expressions (307), and a blunted salivary OXT response T
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to exercise was associated with higher anxiety and autistic 
traits and reduced levels of hedonia for social encounters in 
patients with HPDs (306, 315). Lower salivary OXT levels 
after a standardized breakfast were associated with higher 
BMI and adverse eating behavior in patients with craniophar
yngioma (309, 314).

Later studies measured circulating OXT in blood samples. 
One study showed paradoxically higher fasting plasma 
OXT levels in patients with AVP-D compared to controls 
(316). Possible explanations for this finding includes increased 
production of OXT by peripheral sources (eg, gonads) to com
pensate for the reduced delivery of centrally produced OXT to 
the periphery or assay cross-reactivity with desmopressin, 
though the assay kit manufacturer reported low cross- 
reactivity with vasopressin (316). Another study sampled 
blood every 5 minutes for an hour and pooled each individu
al’s samples to obtain an integrated measure of basal and pul
satile OXT secretion. This study demonstrated that men with 
AVP-D, considered most likely to have OXT-D, had approxi
mately 20% lower OXT levels than men with similar APDs 
but no AVP-D, as well as HCs of similar age and BMI. The pa
tients with AVP-D (but not those with similar APDs and no 
AVP-D) also had greater symptoms of anxiety, depression, 
and alexithymia, and worse mental health-related QoL, than 
HCs (283), though mean scores were within the normal range. 
In addition, lower OXT levels were associated with lower 
BMD z scores at the lumbar spine, femoral neck, total hip, 
and subtotal body, as well as unfavorable hip geometry and 
estimated strength at the intertrochanteric region in men 
with AVP-D (86). These findings were consistent with a poten
tially clinically relevant OXT-D state in men with 
AVP-D. Most recently, MDMA, a known stimulus both for 
peripheral and central OXT release in animal models, was ad
ministered to evaluate the OXT system in patients with 
AVP-D (308, 317). The study included 15 adults with 
AVP-D compared to 15 controls, and it showed that 
MDMA administration resulted in a robust (peak 8-fold) 
and sustained (over 5 hours) increase in plasma OXT levels 
in healthy individuals but not those with AVP-D. 
Additionally, while healthy individuals experienced clinical 
effects of MDMA, such as euphoria, increased empathy, and 
reduced anxiety, patients with AVP-D did not, suggesting a 
deficiency in the central release of OXT in AVP-D (308). 
This landmark study provided further strong evidence for 
OXT-D in patients with AVP-D, supporting recognition of 
OXT-D as a “new” clinical condition (318).

These early studies have identified a new clinical syndrome 
of OXT-D in patients with HPDs. There is preliminary evi
dence that lower OXT levels in these patients may be related 
to clinical features of HPDs, in particular worse mental and 
bone health. Larger studies are needed to further define and 
clinically characterize OXT-D. Clinical features of OXT-D 
may be dependent on the site and extent of hypothalamic 
and/or pituitary damage and resulting reduction in central 
and/or peripheral OXT release. It will be critical to study 
both sexes as OXT-D may present differently in males and fe
males given sexually dimorphic effects of OXT (319).

Diagnostic Challenges
While patients with AVP-D are presumably most at risk for 
OXT-D, it is possible that some individuals with AVP-D, par
ticularly if mild, may not have OXT-D, either due to sparing 

or regeneration of OXT-producing neurons (320, 321). In 
rats, OXT neurons were more likely to survive and regenerate 
after stalk transection compared to AVP neurons (322). At the 
same time, the clinical diagnosis of AVP-D is currently 
prompted by polyuria and polydipsia due to deficient circulat
ing AVP acting at renal AVP (V2) receptors, and there may be 
other consequences of AVP-D that are not understood or cap
tured by our present evaluation (302). Therefore, assuming 
that only patients with diagnosed AVP-D have OXT-D may 
result in missed identification of OXT-D in patients with 
HPDs. Development of diagnostic testing for OXT-D is 
needed, and there are challenges to overcome to achieve a clin
ically useful test.

In addition to the previously discussed difficulties in meas
uring OXT and the need to develop an optimal and standar
dized assay, there is a lack of knowledge regarding the 
“normal” range of OXT in any biological specimen in hu
mans. Moreover, like other hormone axes, evidence to date in
dicates that a single hormone measurement is likely to miss 
individuals with deficient hormone secretion. While serial 
sampling of blood every 5 minutes for an integrated measure 
of basal and pulsatile OXT for an hour showed lower mean 
levels of OXT in those with AVP-D who are likely OXT-D, 
this type of sampling is resource intensive and not practical 
in clinical practice (283). Provocative tests, for example, the 
ACTH stimulation test for diagnosis of adrenal insufficiency 
and glucagon test for growth hormone deficiency, are com
monly used in clinical practice to unmask hormone deficien
cies. Preliminary studies in suspected OXT-D states (AN 
and HPDs) have demonstrated a blunted OXT response to 
stimulation, but no validated diagnostic test is yet available 
(283, 306, 309).

Physiologic (eg, childbirth, lactation) and pathological (eg, 
pain, hemorrhage, dehydration) conditions, endocrine signals, 
and pharmacological stimuli can promote OXT synthesis and 
release (Fig. 3) (92, 323, 324). Numerous neuromodulators 
(eg, serotonin, noradrenaline) are involved in the release of 
OXT from dendrites, somata, and axons of neurosecretory 
neurons. Mechanisms of OXT release include altered inter
action between transcription factors and gene promoters, 
change in strength of synaptic input, and activation of intracel
lular Ca2+ stores to trigger dendritic OXT release, among 
others (325, 326). Both direct and indirect stimuli of oxytoci
nergic neurons leading to increased OXT mRNA expression, 
hypothalamic OXT content, immunoreactivity for excitatory 
firing OXT neurons, and/or higher peripheral OXT levels, 
have been reported in the literature. Most of these effects 
have been shown in animal models or in vitro studies, but there 
are also limited data in humans (179, 327-331).

Importantly, as previously mentioned, central OXT release 
does not necessarily coincide with peripheral OXT secretion. 
In fact, there is evidence for positive, inverse, and no relation
ship between central and peripheral OXT release, depending 
on the context (179, 331, 332). Central and peripheral OXT 
release also likely follow distinct timelines, as OXT levels in 
the brain typically peak later and remain elevated longer 
than in blood (23, 326). Therefore, when evaluating potential 
provocative stimuli for diagnosis of OXT-D, context and spe
cimen sampled must be considered.

Several potential provocative stimuli for OXT release have 
been examined in patients with HPDs (283, 306, 308, 309) 
and are summarized in Table 2. The insulin tolerance test in
creased plasma OXT levels following 30 minutes of severe 
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hypoglycemia in healthy individuals, but response was vari
able (333, 334). One study showed that the insulin tolerance 
test failed to increase OXT levels in 5 patients with AVP-D; 
however, increased OXT levels were also not consistently ob
served in the 10 HCs evaluated (335). Furthermore, severe 
hypoglycemia can result in serious complications and is con
traindicated in patients with epilepsy or cardiac disease. In re
sponse to physical exercise, patients with craniopharyngioma 
did not increase OXT levels in saliva compared to HCs, whose 
OXT levels increased by 25% (306). While exercise could be 
pursued as a provocative candidate stimulus for OXT release, 
a standardized exercise test would be difficult to implement 
and individual responses could vary.

Moreover, due to difficulties obtaining OXT in the CSF, 
there is a need to identify a provocation test that activates 
OXT secretion both in central and peripheral compartments. 
The use of psychoactive substances like MDMA might be a 
promising approach, since MDMA showed an increase in per
ipheral OXT levels and modulation of centrally mediated ef
fects like anxiolysis in healthy individuals, in contrast to 
individuals with AVP-D (317, 336). Recently, a randomized, 
double-blind, placebo-controlled crossover trial of single-dose 
MDMA (100 mg) showed an 8-fold increase in plasma OXT 
levels in healthy adults, with no increase in individuals with 
AVP-D (317). This resulted in an OXT area under the curve 
that was 82% higher in controls over 300 minutes (308). 
While MDMA could be pursued as a provocative test to iden
tify OXT-D, it is a recreational drug that can alter mood and 
perception, with potential adverse effects. Half of participants 
in this study experienced fatigue, impaired concentration, low 
appetite, and dry mouth, and 27% of patients with AVP-D de
veloped transient mild hypokalemia. MDMA is under investi
gation for the treatment of PTSD and substance use disorders, 
with several studies showing improvement in symptoms and 
providing reassuring safety data (336, 337). However, the 
FDA recently rejected MDMA in combination with psycho
therapy for PTSD, requesting additional efficacy and safety 
data. Whether lower doses of MDMA minimizing the risks 
could also distinguish individuals with OXT-D is unknown 
and warrants further investigation. A secondary analysis of 

an RCT with a crossover design using glucagon (1 mg) vs pla
cebo in 10 patients with AVP-D and 10 healthy participants 
did not find any effect of glucagon on plasma OXT levels, 
with similar OXT levels between groups (338).

Several recent and ongoing RCTs in patients with HPDs 
and healthy volunteers focus on identifying a suitable pro
vocative test to diagnose OXT-D. Based on preclinical data 
showing that CRH receptors are present on oxytocinergic 
neurons, and intravenous (IV) administration of CRH in
creased plasma OXT (339, 340), a recently completed RCT 
examined CRH (1 µg/kg) but found no difference in OXT lev
els between those with HPDs and HCs (341). Another study is 
examining exenatide (NCT05319301), a glucagon-like 
peptide-1 (GLP-1) receptor agonist, as a potential OXT stimu
lus. GLP-1 receptors are present in rodent hypothalamus and 
posterior pituitary gland, and administration of a GLP-1 recep
tor agonist (exendin-4) increased central OXT release from the 
isolated rat hypothalamo-neurohypophyseal system (342). 
Melatonin, a hormone mainly produced in the pineal gland 
with receptors widely distributed in the hypothalamus, is also 
under investigation (NCT04897802). Pinealectomy resulted 
in decreased OXT concentrations in the neurohypophysis of ro
dents, and high doses of melatonin stimulated OXT release 
from hypothalamo-neurohypophyseal explants in rats, suggest
ing that melatonin may activate the OXT system (343, 344). A 
preliminary study in humans showed that oral melatonin pro
duced dose-dependent changes in OXT levels, with low doses 
(0.5 mg) increasing peripheral OXT levels in healthy men com
pared to placebo, and higher doses (5 mg) decreasing OXT lev
els (345). The current study investigates effects of melatonin 
(1.9 mg) over 120 minutes on plasma OXT levels in adults 
with HPD and controls.

Finally, a study of ethinylestradiol-norethindrone acetate 
(70 µg and 0.5 mg, respectively) will investigate circulating 
OXT response in blood and salivary samples of adults with 
AVP-D and HCs (NCT06460948). Sex steroids are one of 
the most potent regulators of OXT and OXTR gene expres
sion, with differential effects depending on the tissue. 
Plasma OXT levels fluctuate throughout the menstrual cycle 
in fertile women, resulting in peak circulating OXT levels at 
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ovulation, when estradiol levels are highest, and lowest levels 
during the follicular phase, when estradiol levels are lowest 
(78, 346-349). Most studies showed that women taking low- 
dose (30-50 µg) oral contraceptives have higher plasma OXT 
levels than those not taking contraceptives (350-352). A single 
dose (1 mg) of oral ethinylestradiol induced significant eleva
tions in plasma OXT with a peak between 24 and 36 hours in 
healthy females, whereas there was no increase in OXT in fe
males with AN, who are OXT-D (89). OXT also increased 24 
hours after one dose of mestranol/ethynediol diacetate 
(100 µg/1 mg) in 5 healthy adults of both sexes (353). These 
studies highlight the potential of oral estrogen to stimulate 
OXT levels and unmask OXT-D. The results of these trials 
are anticipated in the next few years and will shed light on 
whether these stimuli could serve as the basis for development 
of diagnostic testing for OXT-D.

Peripheral OXT release in response to different stimuli used 
for other purposes in endocrinology, like arginine infusion 
and hypertonic saline (for the differential diagnoses of poly
uria and polydipsia syndromes) or oral macimorelin (used to 
diagnose growth hormone deficiency), have also been exam
ined in healthy individuals in a secondary analysis of prospect
ive studies (354). Neither the arginine nor the macimorelin 
test stimulated plasma OXT levels, whereas there was an in
crease in OXT using hypertonic saline infusion with high vari
ance in response. Nevertheless, these studies were not 
specifically designed to evaluate OXT secretion and only base
line and a single post-drug time point were measured; thus, it 
is possible that evaluation of other doses or time points could 
have provided different results.

Other potential stimuli for OXT release based on preclinic
al data have also been studied in healthy individuals, with 
mixed results, which could be due to experimental design 
(eg, dosing regimen) or differences in OXT physiology across 
species. While hypertonic solutions resulted in robust central 
and peripheral OXT release independent of route of adminis
tration (355, 356) in rodents, an oral salt load (200 nmol so
dium daily over 5 days) did not affect serum OXT levels and 
hypertonic saline only mildly increased OXT levels in humans 
(355, 357). Central angiotensin II administration increased 
plasma OXT levels in rats (358, 359). In humans, higher pres
sor doses of angiotensin II infusion increased (334, 360), but 
lower doses decreased circulating OXT levels (361). 
Cholecystokinin octapeptide (CCK8), a peptide released after 
food ingestion that induces satiety, robustly increased central 
and circulating OXT levels in rodents (362, 363). However, 
studies of IV CCK8 administration in women were inconclu
sive with one study showing no effects and another showing 
an increase in circulating OXT concentrations (364, 365).

Whether kisspeptin, a hypothalamic neuropeptide known 
for its role in the control of gonadotropin-releasing hormone 
and fertility, stimulates OXT release has also been studied. 
Kisspeptin neurons have connections to and around the 
SON and PVN, and kisspeptin receptors have been found in 
oxytocinergic neurons of PVN in rodents (366, 367). 
Kisspeptin stimulated OXT secretion from isolated rat 
hypothalamo-neurohypophyseal tissue and transiently in
creased plasma OXT levels in nonpregnant rats (368-370). 
In a recent study of 12 healthy adults, IV kisspeptin (0.24 
nmol/kg bolus) increased plasma OXT levels, driven by a 
31.9% increase in men and 5.7% in women (371). Further re
search in a larger sample could determine whether kisspeptin 
could be used diagnostically for OXT-D in males.

In sum, while preclinical studies have uncovered stimuli for 
central and/or peripheral OXT release, there are limited data 
in humans. In some cases, effects in animals were not con
firmed in humans, possibly due to dose or differences across 
species. Ongoing research focuses on the identification of 
OXT stimuli in humans, and investigation of potential stimuli 
to unmask OXT-D. Some stimuli may not increase OXT 
enough to separate OXT-D from healthy individuals at the 
doses studied. Estradiol, shown to double OXT levels in 
healthy individuals, shows promise as the basis of diagnostic 
testing for OXT-D. There is also evidence for the utility of 
kisspeptin to provoke OXT release in men (371). Other sub
stances, like MDMA, may be useful at different doses than 
studied thus far. While data suggest that MDMA may unmask 
central and peripheral OXT-D, the relationship between per
ipheral OXT levels that are assessed in other tests under inves
tigation and CNS OXT-D is not known. Research is active 
with the goal of developing a diagnostic test for OXT-D 
that could be used in clinical practice. Better methods for 
OXT measurement (see Oxytocin Measurement: Utility and 
Limitations) will be critical for translation to patient care.

Therapeutic Challenges and Potential
Limited Data on Normal Secretory Patterns 
in Humans to Guide Replacement Strategies
The next step in optimizing care of patients with OXT-D will 
be to develop therapeutic strategies for OXT replacement. 
Ideally, replacement of OXT would mirror secretory patterns 
in healthy individuals. However, secretory dynamics and cir
cadian rhythms of OXT in physiological conditions are un
known. OXT release patterns differ within and across 
species, and have scarcely been evaluated in humans (372). 
Some stimuli for OXT release in animal models did not in
crease OXT in humans (357, 362, 363, 365). While no 
circadian rhythm has been found in CSF OXT of mice, goats, 
and rats (373, 374), monkeys have a clear circadian pattern 
with higher OXT levels in CSF during the light period that 
was not observed in plasma (375). Different patterns of 
OXT concentrations in plasma vs CSF in primates suggest 
that mechanisms controlling the release of OXT into the 
CNS differ from those involved in the release of OXT into 
plasma (332, 375-377).

Data describing OXT changes over time in physiological 
conditions in humans are limited to a few studies with mixed 
results. Similar to monkeys, time-dependent variation in CSF 
OXT (highest levels at 12:00 and lowest at 18:00 and 24:00) 
was found in human CSF samples (6 individuals, 4 females) 
obtained every 6 hours (378). In contrast, peak OXT plasma 
levels occurred overnight, from 24:00 to 6:00, with consider
able variation between participants (372, 378-381). Pulsatile 
peripheral release of OXT has been demonstrated in women 
during labor (varying across labor stage from 4 pulses over 
30 minutes at the first stage to 7 pulses over 30 minutes at 
the third stage of labor) and lactation (average of 5 pulses 
over 10 minutes during breastfeeding), but there are few 
data describing OXT secretory patterns outside these states 
or in men (382, 383).

Several studies using more sophisticated approaches, such 
as “Detect program” or “Pulsar,” to determine circulating 
OXT secretory patterns in adults did not show pulsatility 
over 8 hours (351, 384). However, the relatively low fre
quency of blood sampling (every 10 minutes), may have 
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reduced the ability to detect pulses, since plasma OXT half-life is 
about 3 to 5 minutes (385). A recent study sampled serum OXT 
every 5 minutes overnight over a period of 10 hours in 5 healthy 
men and used a “gold-standard” approach of deconvolutional 
analysis to determine secretory patterns (386). This study dem
onstrated a pulsatile secretory pattern in men with a mean of 2.2 
pulses per hour, and interpulse interval of 27 minutes (386). 
Although the physiological interpretation of the pulsatile vs 
basal OXT levels and their clinical effect remain to be estab
lished, lower OXT pulse height and mass were associated with 
worse social-emotional functioning in this study (386).

In summary, there are cross-species differences in OXT 
physiology, and little is known about OXT secretory dynam
ics in healthy individuals to guide replacement strategies in 
OXT-D. Studies indicate between-individual variability in 
OXT levels. There is evidence for pulsatile OXT secretion in 
both sexes, but the short half-life and difficulty in measuring 
OXT have limited investigation in this area. Furthermore, 
the relationship between central and peripheral OXT release 
is context dependent and not well understood.

Knowledge of secretory patterns of OXT and its circadian 
rhythm in humans will be useful in developing treatment strat
egies to mimic physiology, and to establish reference ranges for 
monitoring OXT replacement in patients with OXT-D. 
Development and validation of accurate and reliable methods 
for measurement of OXT are critical next steps.

Oxytocin-based Therapeutics
Few OXT-based therapeutics are currently available for clin
ical practice. Oxytocin delivered IV or intramuscularly (IM) is 
FDA approved for labor induction (only IV) and prevention of 
postpartum hemorrhage (387). A more practical approach for 
outpatient use, OXT nasal spray is the most frequent route of 
administration used in clinical research. IN OXT is clinically 
available in many countries to promote lactation, though 
FDA approval was withdrawn in the United States for busi
ness reasons.

Compounded formulations with less rigorous testing re
quirements are accessible through pharmacies and the inter
net. This may result in inconsistent formulations and effects. 
Substantially higher, lower, or absent active ingredient along 
with additional active ingredients have been well documented 
in studies of other compounded drugs (388). Compounded 
formulations and quality-controlled IN OXT manufactured 
in countries where IN OXT is approved for clinical use have 
both been used in research.

Strong evidence for positive effects of IN OXT administra
tion is lacking (389, 390), and most of the interventional stud
ies using IN OXT have demonstrated only mild treatment 
effects (391, 392). Recently, several large and well-designed 
clinical trials using IN OXT vs placebo did not show beneficial 
effects on primary study end points in patients with obesity 
and ASDs (99, 154, 311). Several reasons could explain the 
negative findings, such as drug regimen (dose/frequency), dur
ation of OXT administration, OXT-based drug/formulation, 
OXTR polymorphisms, or insufficient OXT reaching target 
brain regions (390, 393). While certain OXT functions have 
been highly conserved across evolution, for example, in sexual 
reproduction, it is important to consider that there may be dif
ferences in OXT physiology in humans compared to other 
species. Therefore, some effects of OXT administration in ani
mal models may not translate to humans.

Acute and chronic IN OXT administration appear to be 
safe and well tolerated regardless of clinical condition studied 
with no serious events and no differences in adverse events 
compared to placebo (311, 394-397), other than increased na
sal irritation in one study (99). While preclinical studies 
showed that OXT could increase QT interval, limited data 
from human studies showed no effects of IN OXT on QT 
interval or risk for arrhythmias (99, 311). Research studies 
of chronic OXT administration should exclude individuals 
with prolonged QT syndrome and monitor electrocardio
grams, particularly when OXT is used in combination with 
other QT-prolonging drugs. Relevant to patients with 
HPDs, supraphysiologic IN OXT could theoretically cross 
over to the AVPRs, though studies have not reported an in
creased risk for hyponatremia (34). The one small pilot study 
evaluating the effects of chronic IN OXT for 8 weeks in pa
tients with hypothalamic obesity and AVP-D reported no dif
ference in hyponatremia or DDAVP dose adjustments in OXT 
vs placebo conditions (311). Nonetheless, monitoring effects 
of OXT administration on AVPR-mediated end points, such 
as sodium levels, as well as DDAVP doses, will be important 
when studying patients with HPDs (34). In animal models, 
OXT modulates hypothalamic-pituitary hormone axes, for 
example, decreasing cortisol levels (398). There are few data 
of OXT effects on pituitary hormone levels in humans 
(399). In single-dose studies of IN OXT, decreased ACTH 
and cortisol levels have been reported (149, 240, 400). 
Hypoadrenalism has not been described as a consequence of 
chronic IN OXT administration. More data on OXT cross
talk with other hypothalamic-pituitary hormone axes are 
needed.

IN OXT administration may affect physiology through dir
ect action both on central and peripheral OXTRs. However, 
mechanisms of IN OXT effects are not yet well understood. 
Studies in humans showed that plasma levels of OXT are ele
vated 15 to 60 minutes after IN administration (389, 401, 
402). Circulating OXT can act on OXTRs that are widely dis
tributed (see Overview of the Oxytocin System), including in 
reproductive, cardiovascular, and gastrointestinal tissues, 
and the vagus nerve, which transmits peripheral OXT signals 
to the brain (403-405). There is a lack of evidence for IN OXT 
reaching target brain regions in quantities sufficient to result 
in a therapeutic response (318, 390). Nonetheless, there is 
compelling evidence supporting the use of IN OXT for central 
effects. For instance, IN OXT administration delivered into 
the cribriform plate in macaques allowed for a rapid uptake 
through olfactory and trigeminal nerves into the CSF within 
40 minutes post administration (406-408). Peripheral OXT 
may also reach the brain via olfactory and trigeminal nerves 
(407), nasal epithelium, gaps in the BBB (eg, area postrema), 
or by binding to the receptor for advance glycation end prod
ucts (RAGE) in endothelial cells to cross the BBB (19, 409, 
410). Exogenous OXT may increase endogenous OXT release 
in the brain (411). Studies in rodents, including OXT−/− mice, 
showed that IN OXT increased OXT levels in brain extracel
lular fluid (410-412). In addition, IN OXT increased CSF 
OXT levels and modulated amygdala activity in macaques 
and humans (401, 406, 413). Further, radiolabeled IN OXT 
given to rats and macaques reached the brain (75, 414, 
415). The availability of OXTRs is dynamically modulated 
by exogenous OXT administration, with higher expression 
in brain areas modulated by IN OXT suggestive of direct ac
tions of IN OXT on the brain (416). Moreover, transport to 
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the brain may not be necessary for IN OXT to have central ef
fects, as peripheral OXT signals can be transmitted to the CNS 
by the vagus nerve (403, 405). For example, peripheral admin
istration of an OXTR antagonist that does not penetrate the 
brain stimulated caloric intake and weight gain in rats 
(417), lending support to the concept that circulating OXT 
can modulate energy homeostasis. In obese rodents, periph
eral OXT administration at doses that suppress caloric intake 
and body weight activated neurons in brain regions that re
ceive peripheral satiety signals from the vagus nerve (dorsal 
motor nucleus of the vagus, nucleus tractus solitarius [NTS] 
and area postrema), process satiety signals to control energy 
homeostasis (arcuate and PVN hypothalamic nuclei), and 
contain OXT-producing neurons (PVN) (166, 167, 190). In 
mice, vagotomy reversed effects of peripherally administered 
OXT to activate the NTS and reduce food intake (404). 
Further, suppression of caloric intake in response to peripher
ally administered OXT required activation of preproglucagon 
neurons in the NTS that receive inputs from afferent OXT 
receptor-expressing vagal neurons.

IN OXT is one of few available tools to probe the OXT sys
tem and is currently under investigation for a wide range of in
dications, including for neuropsychiatric disease, metabolic 
disease, and OXT-D (99, 154, 311, 388). One drawback is 
that nasal cavity congestion or disease can dramatically re
duce the efficacy of IN OXT, and absorption is variable. 
Given variability in interindividual response to IN OXT and 
failure to replicate study results, standardization of method
ology, including design of nasal applicator, spray administra
tion techniques, and formulation is needed, as well as 
identification of markers of response to evaluate the effect of 
the dose administered (418, 419). There is no consensus re
garding a strategy for selection of a dosing regimen, and opti
mal dosing may depend on the indication studied. The optimal 
dose frequency and/or need for a “drug holiday” given OXTR 
internalization within hours of continuous exposure have not 
been established (420, 421). Few dose-ranging studies of IN 
OXT in humans have been reported, with several suggesting 
that lower doses may be more effective than higher doses 
(415, 422-425). Recent studies evaluating the dose-response 
in targeting effective brain reactivity employed different 
dose ranges from 8 IU to 48 IU. The maximal effects of 
OXT were observed at the lowest dose in 2 studies (8 and 9 
IU) and intermediate dose (24 IU) in another study (422- 
424). Dose-response effects may differ depending on the ex
perimental task and target brain region evaluated. It still un
clear whether the doses used are within the range to induce 
therapeutic effects. The investigation of optimal dose regi
mens is a crucial area for future research, since it is vital for 
clinical efficacy and application in clinical practice.

The addition of magnesium, which increases OXT binding 
and efficacy at the OXTR, may result in greater effects of IN 
OXT at higher doses (42). Recently, a potentiated formula
tion with magnesium, which increases OXT binding to its re
ceptor and efficacy, was developed (TNX-1900; Tonix 
Pharmaceuticals) and is in phase 2 trials for binge eating dis
order (NCT05664516), obesity (NCT04551482), and bone 
health in children with ASDs (NCT05754073). It is unclear 
whether IN OXT doses should differ based on sex, age, 
BMI, or clinical condition. There is some evidence that IN 
OXT may be more effective in males than females (426). 
Endogenous OXT levels and/or OXTR sensitivity could affect 
response to IN OXT; however, there are few related data. 

Preclinical studies suggest that OXT may be more effective 
in the setting of inflammation, which results in upregulation 
of OXTR (427). Cholesterol is a known cofactor for high- 
affinity binding of OXT to OXTR, but it is not known 
whether higher endogenous cholesterol levels improve drug 
efficacy (11, 42, 200, 421, 423, 424, 427, 428).

Most studies of IN OXT in humans have used supraphysio
logic doses, and the optimal physiological dosing replacement 
strategy for OXT-D is unclear. A better knowledge of OXT 
circadian rhythm could guide development of replacement 
protocols aimed at mirroring physiological secretion. Future 
studies applying different OXT formulations (eg, magnesium 
to increase efficacy, nanoparticle-encapsulated to increase 
duration (429)), dosing regimens, routes of administration, 
and OXTR agonists will be useful.

Oral formulations of OXT have recently been developed. 
Oral OXT (0.25 mg of powdered OXT; Peptide Institute) in 
a gelatine-coated capsule (TORPAC Inc) in mice pretreated 
with proton pump inhibitor (to prevent OXT degradation 
due to low gastric pH), resulted in increased OXT levels in 
blood and gastrointestinal tract and decreased food intake 
(430), consistent with known anorexigenic effects of OXT. 
Moreover, increased expression of neural activation marker 
c-Fos protein was observed in PVN and suprachiasmatic nu
clei in response to oral OXT. Central effects of oral OXT 
were attributed to likely transport across the BBB by RAGE 
or indirect signaling via OXTR on the vagus nerve (430). 
Behavioral effects following oral OXT administration were 
also observed in rodents (430, 431). In humans, an oral 
OXT spray was effective in the treatment of social dysfunction 
in patients with ASDs, with similar therapeutic effects as IN 
OXT in disorders associated with social attention deficits 
(432). A recent study found that oral OXT modulated neural 
responses to emotional scenes in different ways in males and 
females, suggestive of sex-specific effects (433). A preliminary 
study in men showed that medicated lollipops with 24 IU of 
OXT increased blood OXT concentrations and improved so
cial attention and anxiety behaviors, with similar effects as in 
IN and sublingual routes (434). Further research and develop
ment of OXT-medicated lollipops could have potential thera
peutic application, particularly for use in children.

A sublingual fast-dissolving OXT tablet, similar to the sub
lingual desmopressin formulation used in patients with 
AVP-D, was recently developed (435). The sublingual route 
has advantages of direct delivery to the systemic circulation, by
passing the stomach where aminopeptidases can degrade OXT, 
and a rapid onset of action (436). A pilot study evaluated the 
pharmacokinetics of sublingual OXT in rabbits, demonstrating 
absorption in plasma within 5 minutes, although OXT levels in 
plasma were 5 times lower than when using IM OXT (437). 
While both oral and sublingual OXT routes seem promising 
and well tolerated, research in humans is needed to confirm 
safety, appropriate dose regimen, efficacy, mechanisms of ac
tion, and any route-dependent functional effects (432).

Inhaled OXT that does not need to be refrigerated has been 
recently developed for use in inducing labor and preventing 
postpartum hemorrhage. Phase 1 randomized trials showed 
a safety profile similar to intramuscular administration of 
OXT in healthy individuals and women in the third stage of 
labor (438, 439). However, more research is needed to deter
mine the efficacy of inhaled OXT.

Carbetocin (IV or IM), a longer-acting OXT receptor agon
ist, is used worldwide for obstetric applications. Carbetocin is 
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less potent than native OXT, but has a longer half-life (∼40 mi
nutes in blood), and is more selective to the OXTR with min
imal binding to vasopressin receptors. An IN carbetocin 
formulation under development for PWS demonstrated effi
cacy for reducing anxiety and hyperphagia at 3.2 mg but 
not 9.6 mg 3 times daily (312, 440). Whether carbetocin 
crosses the BBB is not known; thus, these effects may be indir
ect through action at OXTRs on the vagus nerve, but more re
search is needed to understand the mechanisms of action.

Lastly, several other peptide and nonpeptide OXTR agonists, 
with longer duration of action than OXT, have been developed. 
These drugs are in the preclinical stages of development, and 
fundamental questions of safety, efficacy, and feasibility in hu
mans remain unanswered (429, 441). For all therapeutic op
tions, understanding drug distribution and mechanisms of 
action will be important. Establishing biomarkers for central 
vs peripheral OXT-D will also be useful in guiding therapeutic 
strategy. For instance, a patient with extensive hypothalamic 
damage to the PVN and SON, the key sites of OXT production, 
may be more likely to have clinically central OXT-D requiring 
brain-penetrant therapeutic replacement than someone with 
AVP-D and no obvious hypothalamic involvement.

Pilot Data of Oxytocin-based Therapies in Patients 
With Hypothalamic and Pituitary Diseases
Few studies have evaluated the effects of IN OXT in patients 
with HPD. Table 3 summarizes case reports and studies evalu
ating the effects of IN OXT or carbetocin in patients with 
HPD.

A pilot study examined neuropsychological effects of a sin
gle dose of 24 IU daily IN OXT administration in patients 
with childhood-onset craniopharyngioma, a population with 
known deficits in social and emotional health (310). In pa
tients with postsurgical lesions limited to the anterior hypo
thalamus, but not those with more severe damage involving 
both anterior and posterior hypothalamus, IN OXT resulted 
in improvement in ability to correctly perceive and identify 
emotions of vocal expressions.

OXT treatment has also been reported in patients with 
hypothalamic obesity, who present with difficult-to-treat hy
perphagia, reduced energy expenditure, and rapid-onset obes
ity due to hypothalamic damage, for example, in the setting of 
tumor or surgery. Hypothalamic damage may result in the dis
ruption of magnocellular OXT neurons or upstream 
pro-opiomelanocortin neurons, resulting in the reduced re
lease of OXT acting on neurocircuits involved in energy 
homeostasis (442). There is also evidence that OXT may re
duce hypothalamic dysfunction in craniopharyngioma mouse 
models, in which OXT treatment prior to surgery reduced lip
otoxicity in neural stem cells by attenuating stress response 
signaling and reducing inflammation (443). A clinical case re
port of a 13-year-old boy with panhypopituitarism, AVP-D, 
and severe hypothalamic obesity post surgery for craniophar
yngioma indicated that 6 IU daily IN OXT for 10 weeks was 
accompanied by a decrease in BMI z score from 1.77 to 1.49 
SDS, as well as reduced hyperphagia and food preoccupation 
(165). The addition of naltrexone to IN OXT for 38 additional 
weeks was associated with a further decrease in BMI z score 
from 1.49 to 0.82 SDS despite giving the patient access to a 
fully unlocked kitchen. No adverse events were observed, 
and DDAVP dose was not affected by treatment. In contrast, 
another clinical case of a 6-year-old girl with hypothalamic T
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and pituitary dysfunction and AVP-D post resection of a cra
niopharyngioma reported that 14 months’ IN OXT (2 IU 
twice daily) did not affect food focus nor hypothalamic obes
ity, but resulted in a dramatic improvement in socialization 
and affection toward family (313).

The only clinical trial evaluating the effects of sustained IN 
OXT vs placebo included 13 young patients (aged 10-35 
years) with hypothalamic obesity from hypothalamic/pituit
ary tumors, of whom 9 had AVP-D and 10 completed the en
tire study. IN OXT (16-24 IU 3 times daily before mealtimes) 
vs placebo was administered in a crossover design for 8 weeks 
(311). Overall, OXT was well tolerated and adverse events 
were mild and similar between OXT and placebo. This pilot 
study did not detect any significant effect of IN OXT on 
body weight (−0.6 kg (95% CI, −2.7 to 1.5) but showed po
tential mild benefits of OXT to improve anxiety symptoms 
and impulsivity. However, psychological measures were not 
the primary end point of the study and larger studies should 
examine the potential psychosocial benefits in this unique 
population. There are several potential explanations for the 
lack of effects of IN OXT on body weight in this study. 
Hypothalamic syndrome is a heterogeneous disorder with 
varying causes and extent of hypothalamic damage. It is pos
sible that some individuals, for example, those with intact 
downstream hypothalamic neurons mediating OXT effects, 
may respond better than others. Multiple hormone agonists 
(for example, GLP-1, gastric inhibitory polypeptide, glucagon 
agonists in combination with OXT) may be required to pro
mote weight loss, given redundant energy homeostasis path
ways designed to defend higher weight. The optimal dosing 
regimen for IN OXT is also not yet clear.

OXT-based therapeutics have also been investigated in 
PWS, a rare genetic neurodevelopmental disorder associated 
with hypothalamic dysfunction leading to behavioral and 
metabolic disturbances, including hyperphagia and obesity, 
with limited treatment options (444). Patients with PWS 
have reduced number (∼40%), volume, and activity of OXT 
neurons in the PVN compared to controls that might partially 
contribute to clinical features (445). Plasma OXT levels in 
PWS have been variably reported from low to elevated in chil
dren with PWS compared to HCs (446, 447).

Trials evaluating the effects of IN OXT or OXT receptor 
agonists in patients with PWS primarily focused on symptoms 
of hyperphagia and socioemotional behaviors and are sum
marized in Table 3. Most of these studied children with mixed 
results. Some studies showed improvements in hyperphagia 
symptoms, emotion regulation, and/or social behavior overall 
or in subsets of participants (eg, boys but not girls) in response 
to IN OXT, but others did not observe any changes (312, 440, 
448-455). However, these studies were small and used varied 
dosing regimens, study designs, and end points.

Two recent studies administered longer-acting IN carbeto
cin vs placebo. The first study demonstrated a reduction of 
compulsivity and improvement in overall functioning with 
IN carbetocin (9.6 mg 3 times daily) compared to placebo in 
children with PWS (440). The second and largest trial on 
PWS evaluating OXT-related therapies, with 130 children in
cluded, demonstrated clinically meaningful and sustained im
provements in hyperphagia and distress behaviors with 
carbetocin at lower doses only (3.2 mg vs 9.6 mg 3 times dai
ly) compared to placebo (312). In all studies, IN OXT and car
betocin were well tolerated in PWS with no severe adverse 
events reported.

In summary, there are limited data regarding effects of IN 
OXT in patients with HPDs, specifically in those with cranio
pharyngioma, tumor-induced hypothalamic obesity, and 
PWS. Most of these early studies are small, with the exception 
of an RCT of IN carbetocin in children with PWS demonstrat
ing clinical improvement in hyperphagia and distress behav
iors. While results of IN OXT are mixed, positive effects 
have been identified and warrant further investigation in lar
ger, rigorously designed studies. There are currently 2 regis
tered RCTs focused on patients with AVP-D. The first is a 
crossover study (NCT04789148) comparing effects of differ
ent doses of IN OXT (6 IU, 24 IU, placebo) on behavioral 
markers of anxiety, depression, and social emotional func
tioning, as well as bone turnover markers in 30 adults with 
AVP-D. The second RCT (NCT06036004), also in adults 
with AVP-D, is investigating the effects of 4 weeks of IN 
OXT (24 IU) twice daily vs placebo for 28 days on psycho
logical symptoms and socioemotional functioning and is ex
pected to be completed in 2026.

Conclusions
The recent identification of a clinically relevant OXT-D state 
is a breakthrough that provides a novel avenue to optimize the 
care of patients with HPD through OXT replacement. This is 
particularly important given the increased morbidity and mor
tality and lower QoL reported in individuals with HPDs des
pite standard hormone replacement. Early studies of IN 
OXT–based therapeutics suggest potential benefit for socioe
motional health and eating behavior. However, there are con
siderable gaps in our knowledge that need to be addressed. 
Improving our understanding of the OXT system in health 
(eg, physiologic secretory dynamics and functions; central 
and peripheral mechanisms) as well as its role in disease, could 
guide us in our replacement strategies and clinical end points. 
Research focused on developing provocative tests for the diag
nosis of OXT-D is active, but better methods to accurately as
sess OXT levels and establish normative data will be crucial 
for clinical translation. More work is needed to clinically char
acterize OXT-D and determine whether there are sex-specific 
features. Research administering OXT-based therapeutics 
should use formulations that have undergone testing (eg, fol
lowing US Pharmacopeia standards) to ensure consistency of 
the drug/placebo given and reliability of research results. 
Novel formulations of OXT-based therapeutics and OXTR 
agonists are under development. Studies aimed at determining 
optimal OXT-based therapeutic dosing regimens for specific 
outcomes will be important to lay the groundwork for rigor
ous RCTs to determine safety and efficacy.

Funding
This work was supported by the National Institutes of Health 
(grant Nos. K24 MH120568 and P30DK040561) and by the 
Instituto de Salud Carlos III through the project FIS PI20/ 
01165 (cofunded by the European Regional Development 
Fund/European Social Fund “A way to make Europe”/ 
“Investing in your future”).

Disclosures
A.A. has nothing to disclose. E.A.L. receives grant support 
and research study drug from Tonix Pharmaceuticals and 

536                                                                                                                                                         Endocrine Reviews, 2025, Vol. 46, No. 4
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026



receives royalties from UpToDate. E.A.L. and/or an immedi
ate family member holds stock in Thermo Fisher Scientific, 
Zoetis, Danaher Corporation, Intuitive Surgical, Merck, and 
West Pharmaceutical Services. E.A.L. is an inventor on US 
provisional patent application number 63/467 980 (oxytocin- 
based therapeutics to improve cognitive control in individuals 
with attention deficit hyperactivity disorder).

References
1. Prodam F, Caputo M, Mele C, Marzullo P, Aimaretti G. Insights 

into non-classic and emerging causes of hypopituitarism. Nat Rev 
Endocrinol. 2021;17(2):114-129.

2. Fleseriu M, Hashim IA, Karavitaki N, et al. Hormonal replace
ment in hypopituitarism in adults: an Endocrine Society Clinical 
practice guideline. J Clin Endocrinol Metab. 2016;101(11): 
3888-3921.

3. Tomlinson JW, Holden N, Hills RK, et al. Association between 
premature mortality and hypopituitarism. West Midlands 
Prospective Hypopituitary Study Group. Lancet. 2001; 
357(9254):425-431.

4. Pappachan JM, Raskauskiene D, Kutty VR, Clayton RN. Excess 
mortality associated with hypopituitarism in adults: a meta- 
analysis of observational studies. J Clin Endocrinol Metab. 
2015;100(4):1405-1411.

5. Biermasz NR. The burden of disease for pituitary patients. Best 
Pract Res Clin Endocrinol Metab. 2019;33(2):101309.

6. Hakkaart-van Roijen L, Beckers A, Stevenaert A, Rutten FF. The 
burden of illness of hypopituitary adults with growth hormone de
ficiency. Pharmacoeconomics. 1998;14(4):395-403.

7. McCormack SE, Blevins JE, Lawson EA. Metabolic effects of oxy
tocin. Endocr Rev. 2020;41(2):121-145.

8. Leng G, Sabatier N. Oxytocin—the sweet hormone? Trends 
Endocrinol Metab. 2017;28(5):365-376.

9. Baribeau DA, Anagnostou E. Oxytocin and vasopressin: linking 
pituitary neuropeptides and their receptors to social neurocircuits. 
Front Neurosci. 2015;9:335.

10. Zhang B, Qiu L, Xiao W, et al. Reconstruction of the 
hypothalamo-neurohypophysial system and functional dissection 
of magnocellular oxytocin neurons in the brain. Neuron. 
2021;109(2):331-346.e7.

11. Gimpl G, Fahrenholz F. The oxytocin receptor system: structure, 
function, and regulation. Physiol Rev. 2001;81(2):629-683.

12. Acher R, Chauvet J. The neurohypophysial endocrine regulatory 
cascade: precursors, mediators, receptors, and effectors. Front 
Neuroendocrinol. 1995;16(3):237-289.

13. Morris BJ, Hutchinson JS, Johnston CI. Clearance and metabol
ism of neurophysins by rat kidney. J Endocrinol. 1975;64(2): 
201-213.

14. Timper K, Fenske W, Kuhn F, et al. Diagnostic accuracy of copep
tin in the differential diagnosis of the polyuria-polydipsia syn
drome: a prospective multicenter study. J Clin Endocrinol 
Metab. 2015;100(6):2268-2274.

15. Rose JP, Wu CK, Hsiao CD, Breslow E, Wang BC. Crystal struc
ture of the neurophysin-oxytocin complex. Nat Struct Biol. 
1996;3(2):163-169.

16. Vaeroy H, Lahaye E, Dubessy C, et al. Immunoglobulin G is a nat
ural oxytocin carrier which modulates oxytocin receptor signal
ing: relevance to aggressive behavior in humans. Discov Ment 
Health. 2023;3(1):21.

17. Leng G, Sabatier N. Measuring oxytocin and vasopressin: bioas
says, immunoassays and random numbers. J Neuroendocrinol. 
2016;28:1-13.

18. Lahaye E, Fetissov SO. Functional role of immunoglobulin G as an 
oxytocin-carrier protein. Peptides. 2024;177:171221.

19. Yamamoto Y, Higashida H. RAGE regulates oxytocin transport 
into the brain. Commun Biol. 2020;3(1):70.

20. Laustsen PG, Rasmussen TE, Petersen K, et al. The complete ami
no acid sequence of human placental oxytocinase. Biochim 
Biophys Acta. 1997;1352(1):1-7.

21. Mens WB, Witter A, van Wimersma Greidanus TB. Penetration of 
neurohypophyseal hormones from plasma into cerebrospinal fluid 
(CSF): half-times of disappearance of these neuropeptides from 
CSF. Brain Res. 1983;262(1):143-149.

22. Jones PM, Robinson IC. Differential clearance of neurophysin and 
neurohypophysial peptides from the cerebrospinal fluid in con
scious Guinea pigs. Neuroendocrinology. 1982;34(4):297-302.

23. Ludwig M. Dendritic release of vasopressin and oxytocin. J 
Neuroendocrinol. 1998;10(12):881-895.

24. Gutkowska J, Jankowski M, Mukaddam-Daher S, McCann SM. 
Oxytocin is a cardiovascular hormone. Braz J Med Biol Res. 
2000;33(6):625-633.

25. Li E, Wang L, Wang D, et al. Control of lipolysis by a population 
of oxytocinergic sympathetic neurons. Nature. 2024;625(7993): 
175-180.

26. Colaianni G, Di Benedetto A, Zhu LL, et al. Regulated production 
of the pituitary hormone oxytocin from murine and human osteo
blasts. Biochem Biophys Res Commun. 2011;411(3):512-515.

27. Maejima Y, Yokota S, Ono T, et al. Identification of oxytocin 
expression in human and murine microglia. Prog 
Neuropsychopharmacol Biol Psychiatry. 2022;119:110600.

28. Ringuet MT, Furness JB, Furness SGB. G protein-coupled receptor 
interactions and modification of signalling involving the ghrelin 
receptor, GHSR1a. J Neuroendocrinol. 2022;34(9):e13077.

29. Borroto-Escuela DO, Cuesta-Marti C, Lopez-Salas A, et al. The 
oxytocin receptor represents a key hub in the GPCR heterorecep
tor network: potential relevance for brain and behavior. Front 
Mol Neurosci. 2022;15:1055344.

30. Young WS 3rd, Gainer H. Transgenesis and the study of expres
sion, cellular targeting and function of oxytocin, vasopressin 
and their receptors. Neuroendocrinology. 2003; 78:185-203

31. Inoue T, Kimura T, Azuma C, et al. Structural organization of the 
human oxytocin receptor gene. J Biol Chem. 1994;269(51): 
32451-32456.

32. Kimura T, Tanizawa O, Mori K, Brownstein MJ, Okayama H. 
Structure and expression of a human oxytocin receptor. Nature. 
1992;356(6369):526-529.

33. Chini B, Mouillac B, Balestre MN, et al. Two aromatic residues 
regulate the response of the human oxytocin receptor to the partial 
agonist arginine vasopressin. FEBS Lett. 1996;397(2-3):201-206.

34. Song Z, Albers HE. Cross-talk among oxytocin and arginine- 
vasopressin receptors: relevance for basic and clinical studies of 
the brain and periphery. Front Neuroendocrinol. 2018;51:14-24.

35. Kimura T, Saji F, Nishimori K, et al. Molecular regulation of the 
oxytocin receptor in peripheral organs. J Mol Endocrinol. 
2003;30(2):109-115.

36. Danoff JS, Wroblewski KL, Graves AJ, et al. Genetic, epigenetic, 
and environmental factors controlling oxytocin receptor gene ex
pression. Clin Epigenet. 2021;13(1):23.

37. Richter ON, Kubler K, Schmolling J, et al. Oxytocin receptor gene 
expression of estrogen-stimulated human myometrium in extrac
orporeally perfused non-pregnant uteri. Mol Hum Reprod. 
2004;10(5):339-346.

38. Shughrue PJ, Dellovade TL, Merchenthaler I. Estrogen modulates 
oxytocin gene expression in regions of the rat supraoptic and para
ventricular nuclei that contain estrogen receptor-beta. Prog Brain 
Res. 2002;139:15-29.

39. Tokui T, Kawakita T, Yanagihara R, et al. Effects of gonadal sta
tus and the estrogen milieu on hypothalamic oxytocin gene ex
pression and serum oxytocin levels in female rats. Horm Behav. 
2021;133:105005.

40. Gimpl G, Reitz J, Brauer S, Trossen C. Oxytocin receptors: ligand 
binding, signalling and cholesterol dependence. Prog Brain Res. 
2008;170:193-204.

41. Muth S, Fries A, Gimpl G. Cholesterol-induced conformational 
changes in the oxytocin receptor. Biochem J. 2011;437(3):541-553.

Endocrine Reviews, 2025, Vol. 46, No. 4                                                                                                                                                        537
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026



42. Bharadwaj VN, Meyerowitz J, Zou B, et al. Impact of magnesium 
on oxytocin receptor function. Pharmaceutics. 2022;14(5):1105

43. Pliska V, Kohlhauf Albertin H. Effect of Mg2+ on the binding of 
oxytocin to sheep myometrial cells. Biochem J. 1991;277(Pt 1): 
97-101.

44. Boccia ML, Petrusz P, Suzuki K, Marson L, Pedersen CA. 
Immunohistochemical localization of oxytocin receptors in hu
man brain. Neuroscience. 2013;253:155-164.

45. Freeman SM, Smith AL, Goodman MM, Bales KL. Selective local
ization of oxytocin receptors and vasopressin 1a receptors in the 
human brainstem. Soc Neurosci. 2017;12(2):113-123.

46. Ang HL, Ungefroren H, De Bree F, et al. Testicular oxytocin gene 
expression in seminiferous tubules of cattle and transgenic mice. 
Endocrinology. 1991;128(4):2110-2117.

47. Frayne J, Nicholson HD. Localization of oxytocin receptors in the 
human and macaque monkey male reproductive tracts: evidence 
for a physiological role of oxytocin in the male. Mol Hum 
Reprod. 1998;4(6):527-532.

48. Colucci S, Colaianni G, Mori G, Grano M, Zallone A. Human os
teoclasts express oxytocin receptor. Biochem Biophys Res 
Commun. 2002;297(3):442-445.

49. Jurek B, Neumann ID. The oxytocin receptor: from intracellular 
signaling to behavior. Physiol Rev. 2018;98(3):1805-1908.

50. Freeman SM. Using receptor autoradiography to visualize and 
quantify oxytocin and vasopressin 1a receptors in the human 
and nonhuman primate brain. Methods Mol Biol. 2022;2384: 
105-125.

51. Samson WK, Schell DA. Oxytocin and the anterior pituitary 
gland. Adv Exp Med Biol. 1995;395:355-364.

52. Samson WK, Lumpkin MD, McCann SM. Evidence for a physio
logical role for oxytocin in the control of prolactin secretion. 
Endocrinology. 1986;119(2):554-560.

53. Samson WK, Alexander BD, Skala KD, Huang FL, Fulton RJ. 
Ricin-cytotoxin conjugate administration reveals a physiological
ly relevant role for oxytocin in the control of gonadotropin secre
tion. Ann N Y Acad Sci. 1992;652(1):411-422.

54. Muhammed M FS, Mohammed M, Martinez-Lage M, Miller KK, 
Soberman RJ, Lawson EA. Identification of oxytocin receptors 
in the human anterior pituitary gland. J Endocr Soc. 2024; 
8(Supplement_1):bvae163.1238.

55. MacLean EL, Wilson SR, Martin WL, Davis JM, Nazarloo HP, 
Carter CS. Challenges for measuring oxytocin: the blind men and 
the elephant? Psychoneuroendocrinology. 2019;107:225-231.

56. Tabak BA, Leng G, Szeto A, et al. Advances in human oxytocin 
measurement: challenges and proposed solutions. Mol 
Psychiatry. 2023;28(1):127-140.

57. McCullough ME, Churchland PS, Mendez AJ. Problems with 
measuring peripheral oxytocin: can the data on oxytocin and hu
man behavior be trusted? Neurosci Biobehav Rev. 2013;37(8): 
1485-1492.

58. Gnanadesikan GE, Hammock EAD, Tecot SR, et al. What are 
oxytocin assays measuring? Epitope mapping, metabolites, and 
comparisons of wildtype & knockout mouse urine. 
Psychoneuroendocrinology. 2022;143:105827.

59. MacLean EL, Gesquiere LR, Gee N, Levy K, Martin WL, Carter 
CS. Validation of salivary oxytocin and vasopressin as biomarkers 
in domestic dogs. J Neurosci Methods. 2018;293:67-76.

60. Lopez-Arjona M, Botia M, Martinez-Subiela S, Ceron JJ. 
Oxytocin measurements in saliva: an analytical perspective. 
BMC Vet Res. 2023;19(1):96.

61. Schaebs FS, Wirobski G, Marshall-Pescini S, Range F, Deschner T. 
Validation of a commercial enzyme immunoassay to assess urin
ary oxytocin in humans. Endocr Connect. 2021;10(3):290-301.

62. Lopez-Arjona M, Tecles F, Mateo SV, et al. A procedure for oxy
tocin measurement in hair of pig: analytical validation and a pilot 
application. Biology (Basel). 2021;11:10.

63. Quintana DS, Westlye LT, Smerud KT, Mahmoud RA, 
Andreassen OA, Djupesland PG. Saliva oxytocin measures do 

not reflect peripheral plasma concentrations after intranasal oxy
tocin administration in men. Horm Behav. 2018;102:85-92.

64. Valstad M, Alvares GA, Egknud M, et al. The correlation between 
central and peripheral oxytocin concentrations: a systematic re
view and meta-analysis. Neurosci Biobehav Rev. 2017;78: 
117-124.

65. Lefevre A, Mottolese R, Dirheimer M, Mottolese C, Duhamel JR, 
Sirigu A. A comparison of methods to measure central and periph
eral oxytocin concentrations in human and non-human primates. 
Sci Rep. 2017;7(1):17222.

66. Martins D, Gabay AS, Mehta M, Paloyelis Y. Salivary and plas
matic oxytocin are not reliable trait markers of the physiology 
of the oxytocin system in humans. Elife. 2020;9:e62456.

67. Szeto A, McCabe PM, Nation DA, et al. Evaluation of enzyme im
munoassay and radioimmunoassay methods for the measurement 
of plasma oxytocin. Psychosom Med. 2011;73(5):393-400.

68. Kagerbauer SM, Martin J, Schuster T, Blobner M, Kochs EF, 
Landgraf R. Plasma oxytocin and vasopressin do not predict 
neuropeptide concentrations in human cerebrospinal fluid. J 
Neuroendocrinol. 2013;25(7):668-673.

69. Brandtzaeg OK, Johnsen E, Roberg-Larsen H, et al. Proteomics 
tools reveal startlingly high amounts of oxytocin in plasma and se
rum. Sci Rep. 2016;6(1):31693.

70. Semba RD, Zhang P, Zhu M, et al. A targeted proteomic assay for 
the measurement of plasma proteoforms related to human aging 
phenotypes. Proteomics. 2018;174:17-27.

71. Rana M, Yildirim N, Ward NE, Vega SP, Heffernan MJ, Argun 
AA. Highly specific detection of oxytocin in Saliva. Int J Mol 
Sci. 2023;25(1):24

72. Hering A, Jieu B, Jones A, Muttenthaler M. Approaches to im
prove the quantitation of oxytocin in human serum by mass spec
trometry. Front Chem. 2022;10:889154.

73. Asai K, Ivandini TA, Einaga Y. Continuous and selective measure
ment of oxytocin and vasopressin using boron-doped diamond 
electrodes. Sci Rep. 2016;6(1):32429.

74. Franke AA, Li X, Menden A, Lee MR, Lai JF. Oxytocin analysis 
from human serum, urine, and saliva by orbitrap liquid 
chromatography-mass spectrometry. Drug Test Anal. 2019; 
11(1):119-128.

75. Lee MR, Scheidweiler KB, Diao XX, et al. Oxytocin by intranasal 
and intravenous routes reaches the cerebrospinal fluid in rhesus 
macaques: determination using a novel oxytocin assay. Mol 
Psychiatry. 2018;23(1):115-122.

76. Brown CA, Cardoso C, Ellenbogen MA. A meta-analytic review 
of the correlation between peripheral oxytocin and cortisol con
centrations. Front Neuroendocrinol. 2016;43:19-27.

77. Marazziti D, Baroni S, Mucci F, et al. Sex-related differences in 
plasma oxytocin levels in humans. Clin Pract Epidemiol Ment 
Health. 2019;15(1):58-63.

78. Aulinas A, Pulumo RL, Asanza E, et al. Endogenous oxytocin lev
els in relation to food intake, menstrual phase, and age in females. 
J Clin Endocrinol Metab. 2019;104(4):1348-1356.

79. Afinogenova Y, Schmelkin C, Plessow F, et al. Low fasting oxyto
cin levels are associated with psychopathology in anorexia ner
vosa in partial recovery. J Clin Psychiatry. 2016;77(11): 
e1483-e1490.

80. Gruson D. Oxytocin testing and reproductive health: status and 
clinical applications. Clin Biochem. 2018;62:55-61.

81. Gan HW, Leeson C, Aitkenhead H, Dattani M. Inaccuracies in 
plasma oxytocin extraction and enzyme immunoassay techniques. 
Compr Psychoneuroendocrinol. 2023;15:100188.

82. Saxbe D, Khaled M, Horton KT, Mendez AJ. Maternal prenatal 
plasma oxytocin is positively associated with prenatal psycho
logical symptoms, but method of immunoassay extraction may af
fect results. Biol Psychol. 2019;147:107718.

83. Tabak BA, McCullough ME, Szeto A, Mendez AJ, McCabe PM. 
Oxytocin indexes relational distress following interpersonal 
harms in women. Psychoneuroendocrinology. 2011;36(1): 
115-122.

538                                                                                                                                                         Endocrine Reviews, 2025, Vol. 46, No. 4
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026



84. Lawson EA, Ackerman KE, Estella NM, et al. Nocturnal oxytocin 
secretion is lower in amenorrheic athletes than nonathletes and as
sociated with bone microarchitecture and finite element analysis 
parameters. Eur J Endocrinol. 2013;168(3):457-464.

85. Lawson EA, Donoho DA, Blum JI, et al. Decreased nocturnal oxyto
cin levels in anorexia nervosa are associated with low bone mineral 
density and fat mass. J Clin Psychiatry. 2011;72(11):1546-1551.

86. Aulinas A, Guarda FJ, Yu EW, et al. Lower oxytocin levels are as
sociated with lower bone mineral density and less favorable hip 
geometry in hypopituitary men. Neuroendocrinology. 2021; 
111(1-2):87-98.

87. Schorr M, Marengi DA, Pulumo RL, et al. Oxytocin and its rela
tionship to body composition, bone mineral density, and hip 
geometry across the weight spectrum. J Clin Endocrinol Metab. 
2017;102(8):2814-2824.

88. Lawson EA, Holsen LM, Santin M, et al. Postprandial oxytocin 
secretion is associated with severity of anxiety and depressive 
symptoms in anorexia nervosa. J Clin Psychiatry. 2013;74(5): 
e451-e457.

89. Chiodera P, Volpi R, Capretti L, et al. Effect of estrogen or 
insulin-induced hypoglycemia on plasma oxytocin levels in bulimia 
and anorexia nervosa. Metabolism. 1991;40(11):1226-1230.

90. MacLean EL, Carranza E, Gnanadesikan GE, et al. Neurophysin I 
is an analytically robust surrogate biomarker for oxytocin. 
Psychoneuroendocrinology. 2024;161:106951.

91. Amico JA, Corder CN, McDonald RH Jr., Robinson AG. Levels 
of the oxytocin-associated and vasopressin-associated neurophy
sins in plasma and their responses in essential hypertension. Clin 
Endocrinol (Oxf). 1984;20(3):289-297.

92. Ueda T, Yokoyama Y, Irahara M, Aono T. Influence of psycho
logical stress on suckling-induced pulsatile oxytocin release. 
Obstet Gynecol. 1994;84:259-262.

93. Fuchs AR, Fuchs F, Husslein P, Soloff MS, Fernstrom MJ. 
Oxytocin receptors and human parturition: a dual role for oxyto
cin in the initiation of labor. Science (New York, NY). 
1982;215(4538):1396-1398.

94. Leppanen J, Ng KW, Tchanturia K, Treasure J. Meta-analysis of 
the effects of intranasal oxytocin on interpretation and expression 
of emotions. Neurosci Biobehav Rev. 2017;78:125-144.

95. Keech B, Crowe S, Hocking DR. Intranasal oxytocin, social 
cognition and neurodevelopmental disorders: a meta-analysis. 
Psychoneuroendocrinology. 2018;87:9-19.

96. Hu L, Du X, Jiang Z, Song C, Liu D. Oxytocin treatment for core symp
toms in children with autism spectrum disorder: a systematic review 
and meta-analysis. Eur J Clin Pharmacol. 2023;79(10):1357-1363.

97. Zhang H, Wu C, Chen Q, et al. Treatment of obesity and diabetes 
using oxytocin or analogs in patients and mouse models. PLoS 
One. 2013;8(5):e61477.

98. Lawson EA, Marengi DA, DeSanti RL, Holmes TM, Schoenfeld 
DA, Tolley CJ. Oxytocin reduces caloric intake in men. Obesity 
(Silver Spring). 2015;23(5):950-956.

99. Plessow F, Kerem L, Wronski ML, et al. Intranasal oxytocin for 
obesity. NEJM Evid. 2024;3(5):EVIDoa2300349.

100. Amico JA, Mantella RC, Vollmer RR, Li X. Anxiety and stress re
sponses in female oxytocin deficient mice. J Neuroendocrinol. 
2004;16(4):319-324.

101. Amico JA, Miedlar JA, Cai HM, Vollmer RR. Oxytocin knockout 
mice: a model for studying stress-related and ingestive behaviours. 
Prog Brain Res. 2008;170:53-64.

102. Nishimori K, Takayanagi Y, Yoshida M, Kasahara Y, Young LJ, 
Kawamata M. New aspects of oxytocin receptor function revealed 
by knockout mice: sociosexual behaviour and control of energy 
balance. Prog Brain Res. 2008;170:79-90.

103. Wen YX, Fan LY, Yang AY, et al. Oxytocinergic neurons, but not 
oxytocin, are crucial for male penile erection. Neuropharmacology. 
2023;235:109576.

104. Mantella RC, Vollmer RR, Li X, Amico JA. Female oxytocin- 
deficient mice display enhanced anxiety-related behavior. 
Endocrinology. 2003;144(6):2291-2296.

105. Ferguson JN, Young LJ, Hearn EF, Matzuk MM, Insel TR, 
Winslow JT. Social amnesia in mice lacking the oxytocin gene. 
Nat Genet. 2000;25(3):284-288.

106. Takayanagi Y, Kasahara Y, Onaka T, Takahashi N, Kawada T, 
Nishimori K. Oxytocin receptor-deficient mice developed 
late-onset obesity. Neuroreport. 2008;19(9):951-955.

107. Winslow JT, Hearn EF, Ferguson J, Young LJ, Matzuk MM, Insel 
TR. Infant vocalization, adult aggression, and fear behavior of an 
oxytocin null mutant mouse. Horm Behav. 2000;37(2):145-155.

108. Sala M, Braida D, Lentini D, et al. Pharmacologic rescue of im
paired cognitive flexibility, social deficits, increased aggression, 
and seizure susceptibility in oxytocin receptor null mice: a neuro
behavioral model of autism. Biol Psychiatry. 2011;69(9): 
875-882.

109. Sclafani A, Rinaman L, Vollmer RR, Amico JA. Oxytocin knock
out mice demonstrate enhanced intake of sweet and nonsweet 
carbohydrate solutions. Am J Physiol Regulatory, Integr 
ComparPhysiol. 2007;292(5):R1828-R1833.

110. Kasahara Y, Takayanagi Y, Kawada T, Itoi K, Nishimori K. 
Impaired thermoregulatory ability of oxytocin-deficient mice dur
ing cold-exposure. Biosci Biotechnol Biochem. 2007;71(12): 
3122-3126.

111. Sun L, Tamma R, Yuen T, et al. Functions of vasopressin and oxy
tocin in bone mass regulation. Proc Natl Acad Sci U S A. 
2016;113(1):164-169.

112. Sutton AK, Pei H, Burnett KH, Myers MG Jr., Rhodes CJ, Olson 
DP. Control of food intake and energy expenditure by nos1 neu
rons of the paraventricular hypothalamus. J Neurosci. 
2014;34(46):15306-15318

113. Tamma R, Colaianni G, Zhu LL, et al. Oxytocin is an anabolic 
bone hormone. Proc Natl Acad Sci U S A. 2009;106(17): 
7149-7154.

114. Colaianni G, Sun L, Zaidi M, Zallone A. Oxytocin and bone. Am J 
Physiol Regulatory Integr Compar Physiol. 2014;307(8):R970-R977.

115. Schuster L, Henderson R, Ivan VJ,  et al. Mouse helpers ensure ma
ternal-infant survival. bioRxiv. 2022. https://doi.org/10.1101/ 
2022.12.26.521927

116. Nishimori K, Young LJ, Guo Q, Wang Z, Insel TR, Matzuk MM. 
Oxytocin is required for nursing but is not essential for parturition 
or reproductive behavior. Proc Natl Acad Sci U S A. 1996;93(21): 
11699-11704.

117. Vidaeff AC, Ramin SM. Potential biochemical events associated 
with initiation of labor. Curr Med Chem. 2008;15(6):614-619.

118. Hagihara M, Miyamichi K, Inada K. The importance of oxytocin 
neurons in the supraoptic nucleus for breastfeeding in mice. PLoS 
One. 2023;18(3):e0283152.

119. Huntingford PJ. Intranasal use of synthetic oxytocin in manage
ment of breast-feeding. Br Med J. 1961;1(5227):709-711.

120. Lazzari VM, Becker RO, de Azevedo MS, et al. Oxytocin modu
lates social interaction but is not essential for sexual behavior in 
male mice. Behav Brain Res. 2013;244:130-136.

121. Caldwell HK, Aulino EA, Freeman AR, Miller TV, Witchey SK. 
Oxytocin and behavior: lessons from knockout mice. Dev 
Neurobiol. 2017;77(2):190-201.

122. Melis MR, Argiolas A. Oxytocin, erectile function and sexual be
havior: last discoveries and possible advances. Int J Mol Sci. 
2021;22(19):10376.

123. Melis MR, Argiolas A, Gessa GL. Oxytocin-induced penile erec
tion and yawning: site of action in the brain. Brain Res. 
1986;398(2):259-265.

124. Cera N, Vargas-Caceres S, Oliveira C, et al. How relevant is the 
systemic oxytocin concentration for human sexual behavior? A 
systematic review. Sex Med. 2021;9(4):100370.

125. Caruso S, Mauro D, Scalia G, Palermo CI, Rapisarda AMC, 
Cianci A. Oxytocin plasma levels in orgasmic and anorgasmic 
women. Gynecol Endocrinol. 2018;34(1):69-72.

126. Kruger THC, Deiter F, Zhang Y, et al. Effects of intranasal oxyto
cin administration on sexual functions in healthy women: a 

Endocrine Reviews, 2025, Vol. 46, No. 4                                                                                                                                                        539
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026

https://doi.org/10.1101/2022.12.26.521927
https://doi.org/10.1101/2022.12.26.521927


laboratory paradigm. J Clin Psychopharmacol. 2018;38(3): 
239-242.

127. Burri A, Heinrichs M, Schedlowski M, Kruger TH. The acute ef
fects of intranasal oxytocin administration on endocrine and sex
ual function in males. Psychoneuroendocrinology. 2008;33(5): 
591-600.

128. Striepens N, Kendrick KM, Maier W, Hurlemann R. Prosocial ef
fects of oxytocin and clinical evidence for its therapeutic potential. 
Front Neuroendocrinol. 2011;32(4):426-450.

129. Neumann ID, Slattery DA. Oxytocin in general anxiety and social 
fear: a translational approach. Biol Psychiatry. 2016;79(3): 
213-221.

130. Lee HJ, Caldwell HK, Macbeth AH, Young WS, 3rd. Behavioural 
studies using temporal and spatial inactivation of the oxytocin re
ceptor. Prog Brain Res. 2008;170:73-77.

131. Takayanagi Y, Yoshida M, Bielsky IF, et al. Pervasive social defi
cits, but normal parturition, in oxytocin receptor-deficient mice. 
Proc Natl Acad Sci U S A. 2005;102(44):16096-16101.

132. Neumann ID, Landgraf R. Balance of brain oxytocin and vaso
pressin: implications for anxiety, depression, and social behaviors. 
Trends Neurosci. 2012;35(11):649-659.

133. Neumann ID, Wigger A, Torner L, Holsboer F, Landgraf R. Brain 
oxytocin inhibits basal and stress-induced activity of the 
hypothalamo-pituitary-adrenal axis in male and female rats: par
tial action within the paraventricular nucleus. J Neuroendocrinol. 
2000;12(3):235-243.

134. Matsushita H, Latt HM, Koga Y, Nishiki T, Matsui H. Oxytocin 
and stress: neural mechanisms, stress-related disorders, and thera
peutic approaches. Neuroscience. 2019;417:1-10.

135. Scantamburlo G, Hansenne M, Fuchs S, et al. Plasma oxytocin 
levels and anxiety in patients with major depression. 
Psychoneuroendocrinology. 2007;32(4):407-410.

136. Hoge EA, Lawson EA, Metcalf CA, et al. Plasma oxytocin immu
noreactive products and response to trust in patients with social 
anxiety disorder. Depress Anxiety. 2012;29(11):924-930.

137. Frijling JL, van Zuiden M, Nawijn L, et al. Salivary oxytocin and 
vasopressin levels in police officers with and without post- 
traumatic stress disorder. J Neuroendocrinol. 2015;27(10): 
743-751.

138. Yuen KW, Garner JP, Carson DS, et al. Plasma oxytocin concen
trations are lower in depressed vs. Healthy control women and are 
independent of cortisol. J Psychiatr Res. 2014;51:30-36.

139. John S, Jaeggi AV. Oxytocin levels tend to be lower in autistic chil
dren: a meta-analysis of 31 studies. Autism. 2021;25(8): 
2152-2161.

140. Oh KS, Kim EJ, Ha JW, et al. The relationship between plasma 
oxytocin levels and social anxiety symptoms. Psychiatry 
Investig. 2018;15(11):1079-1086.

141. Carson DS, Berquist SW, Trujillo TH, et al. Cerebrospinal fluid 
and plasma oxytocin concentrations are positively correlated 
and negatively predict anxiety in children. Mol Psychiatry. 
2015;20(9):1085-1090.

142. Weisman O, Zagoory-Sharon O, Schneiderman I, Gordon I, 
Feldman R. Plasma oxytocin distributions in a large cohort of 
women and men and their gender-specific associations with anx
iety. Psychoneuroendocrinology. 2013;38(5):694-701.

143. Thompson RJ, Parker KJ, Hallmayer JF, Waugh CE, Gotlib IH. 
Oxytocin receptor gene polymorphism (rs2254298) interacts with 
familial risk for psychopathology to predict symptoms of depres
sion and anxiety in adolescent girls. Psychoneuroendocrinology. 
2011;36(1):144-147.

144. Kohlhoff J, Cibralic S, Hawes DJ, Eapen V. Oxytocin receptor 
gene (OXTR) polymorphisms and social, emotional and behavior
al functioning in children and adolescents: a systematic narrative 
review. Neurosci Biobehav Rev. 2022;135:104573.

145. Voncken MJ, Dijk C, Stohr F, Niesten IJM, Schruers K, Kuypers KPC. 
The effect of intranasally administered oxytocin on observed social be
havior in social anxiety disorder. Eur Neuropsychopharmacol. 
2021;53:25-33.

146. Alvares GA, Chen NT, Balleine BW, Hickie IB, Guastella AJ. 
Oxytocin selectively moderates negative cognitive appraisals in 
high trait anxious males. Psychoneuroendocrinology. 2012; 
37(12):2022-2031.

147. Guastella AJ, Howard AL, Dadds MR, Mitchell P, Carson DS. A 
randomized controlled trial of intranasal oxytocin as an adjunct to ex
posure therapy for social anxiety disorder. Psychoneuroendocrinology. 
2009;34(6):917-923.

148. De Cagna F, Fusar-Poli L, Damiani S, et al. The role of intranasal 
oxytocin in anxiety and depressive disorders: a systematic review 
of randomized controlled trials. Clin Psychopharmacol Neurosci. 
2019;17(1):1-11.

149. Cardoso C, Kingdon D, Ellenbogen MA. A meta-analytic review of 
the impact of intranasal oxytocin administration on cortisol con
centrations during laboratory tasks: moderation by method and 
mental health. Psychoneuroendocrinology. 2014;49:161-170.

150. Liu R, Sun D, Xing X, et al. Intranasal oxytocin alleviates co
morbid depressive symptoms in neuropathic pain via elevating 
hippocampal BDNF production in both female and male mice. 
Neuropharmacology. 2024;242:109769.

151. Ellenbogen MA, Cardoso C, Serravalle L, Vadaga K, Joober R. 
The effects of intranasal oxytocin on the efficacy of psychotherapy 
for major depressive disorder: a pilot randomized controlled trial. 
Psychol Med. 2024;54(9):2122-2132.

152. Maoz H, Grossman-Giron A, Sedoff O, et al. Intranasal oxytocin 
as an adjunct treatment among patients with severe major depres
sion with and without comorbid borderline personality disorder. J 
Affect Disord. 2024;347:39-44.

153. Guastella AJ, Boulton KA, Whitehouse AJO, et al. The effect of 
oxytocin nasal spray on social interaction in young children 
with autism: a randomized clinical trial. Mol Psychiatry. 
2023;28(2):834-842.

154. Sikich L, Kolevzon A, King BH, et al. Intranasal oxytocin in chil
dren and adolescents with autism spectrum disorder. N Engl J 
Med. 2021;385(16):1462-1473.

155. Parker KJ, Oztan O, Libove RA, et al. Intranasal oxytocin treat
ment for social deficits and biomarkers of response in children 
with autism. Proc Natl Acad Sci U S A. 2017;114(30):8119-8124.

156. Lawson EA. The effects of oxytocin on eating behaviour and me
tabolism in humans. Nat Rev Endocrinol. 2017;13(12):700-709.

157. Kublaoui BM, Gemelli T, Tolson KP, Wang Y, Zinn AR. 
Oxytocin deficiency mediates hyperphagic obesity of Sim1 hap
loinsufficient mice. Mol Endocrinol. 2008;22(7):1723-1734.

158. Amico JA, Vollmer RR, Cai HM, Miedlar JA, Rinaman L. 
Enhanced initial and sustained intake of sucrose solution in mice 
with an oxytocin gene deletion. Am J Physiol Regulatory Integr 
Compar Physiol. 2005;289(6):R1798-R1806.

159. Camerino C. Low sympathetic tone and obese phenotype in 
oxytocin-deficient mice. Obesity (Silver Spring). 2009;17(5): 
980-984.

160. Xi D, Long C, Lai M, et al. Ablation of oxytocin neurons causes a 
deficit in cold stress response. J Endocr Soc. 2017;1(8): 
1041-1055.

161. Sun L, Lizneva D, Ji Y, et al. Oxytocin regulates body compos
ition. Proc Natl Acad Sci U S A. 2019;116(52):26808-26815.

162. Worth AA, Luckman SM. Do oxytocin neurones affect feeding? J 
Neuroendocrinol. 2021;33(11):e13035.

163. Blevins JE, Graham JL, Morton GJ, et al. Chronic oxytocin ad
ministration inhibits food intake, increases energy expenditure, 
and produces weight loss in fructose-fed obese rhesus monkeys. 
Am J Physiol Regulatory Integr Compar Physiol. 2015;308(5): 
R431-R438.

164. Blevins JE, Thompson BW, Anekonda VT, et al. Chronic CNS 
oxytocin signaling preferentially induces fat loss in high-fat 
diet-fed rats by enhancing satiety responses and increasing lipid 
utilization. Am J Physiol Regulatory Integr Compar Physiol. 
2016;310(7):R640-R658.

165. Hsu EA, Miller JL, Perez FA, Roth CL. Oxytocin and naltrexone 
successfully treat hypothalamic obesity in a boy post- 

540                                                                                                                                                         Endocrine Reviews, 2025, Vol. 46, No. 4
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026



craniopharyngioma resection. J Clin Endocrinol Metab. 
2018;103(2):370-375.

166. Maejima Y, Iwasaki Y, Yamahara Y, Kodaira M, Sedbazar U, 
Yada T. Peripheral oxytocin treatment ameliorates obesity by re
ducing food intake and visceral fat mass. Aging (Albany NY). 
2011;3(12):1169-1177.

167. Morton GJ, Thatcher BS, Reidelberger RD, et al. Peripheral oxy
tocin suppresses food intake and causes weight loss in diet-induced 
obese rats. Am J Physiol Endocrinol Metab. 2012;302(1): 
E134-E144.

168. Roberts ZS, Wolden-Hanson T, Matsen ME, et al. Chronic hind
brain administration of oxytocin is sufficient to elicit weight loss in 
diet-induced obese rats. Am J Physiol Regulatory Integr Compar 
Physiol. 2017;313(4):R357-R371.

169. Espinoza SE, Lee JL, Wang CP, et al. Intranasal oxytocin improves 
lean muscle mass and lowers LDL cholesterol in older adults with 
sarcopenic obesity: a pilot randomized controlled trial. J Am Med 
Dir Assoc. 2021;22(9):1877-1882.e2.

170. Ott V, Finlayson G, Lehnert H, et al. Oxytocin reduces reward- 
driven food intake in humans. Diabetes. 2013;62(10):3418-3425.

171. Mullis K, Kay K, Williams DL. Oxytocin action in the ventral teg
mental area affects sucrose intake. Brain Res. 2013;f85-91.

172. Xiao L, Priest MF, Nasenbeny J, Lu T, Kozorovitskiy Y. Biased 
oxytocinergic modulation of midbrain dopamine systems. 
Neuron. 2017;95(2):368-384.e5.

173. Wald HS, Chandra A, Kalluri A, Ong ZY, Hayes MR, Grill HJ. 
NTS and VTA oxytocin reduces food motivation and food seek
ing. Am J Physiol Regulatory Integr Compar Physiol. 
2020;319(6):R673-R683.

174. Kerem L, Lawson EA. The effects of oxytocin on appetite regula
tion, food intake and metabolism in humans. Int J Mol Sci. 
2021;22(4):7737.

175. Baldini G, Phelan KD. The melanocortin pathway and control of 
appetite-progress and therapeutic implications. J Endocrinol. 
2019;241(1):R1-R33.

176. Plessow F, Marengi DA, Perry SK, et al. Effects of intranasal oxy
tocin on the blood oxygenation level-dependent signal in food mo
tivation and cognitive control pathways in overweight and obese 
men. Neuropsychopharmacology. 2018;43(3):638-645.

177. Kerem L, Hadjikhani N, Holsen L, Lawson EA, Plessow F. 
Oxytocin reduces the functional connectivity between brain re
gions involved in eating behavior in men with overweight and 
obesity. Int J Obes (Lond). 2020;44(5):980-989.

178. Verbalis JG, Stricker EM, Robinson AG, Hoffman GE. 
Cholecystokinin activates C-fos expression in hypothalamic oxy
tocin and corticotropin-releasing hormone neurons. J 
Neuroendocrinol. 1991;3(2):205-213.

179. Neumann I, Landgraf R, Takahashi Y, Pittman QJ, Russell JA. 
Stimulation of oxytocin release within the supraoptic nucleus 
and into blood by CCK-8. Am J Physiol. 1994;267(6): 
R1626-R1631.

180. Onaka T, Luckman SM, Antonijevic I, Palmer JR, Leng G. 
Involvement of the noradrenergic afferents from the nucleus trac
tus solitarii to the supraoptic nucleus in oxytocin release after per
ipheral cholecystokinin octapeptide in the rat. Neuroscience. 
1995;66(2):403-412.

181. Velmurugan S, Brunton PJ, Leng G, Russell JA. Circulating secre
tin activates supraoptic nucleus oxytocin and vasopressin neurons 
via noradrenergic pathways in the rat. Endocrinology. 
2010;151(6):2681-2688.

182. Spetter MS, Feld GB, Thienel M, Preissl H, Hege MA, Hallschmid 
M. Oxytocin curbs calorie intake via food-specific increases in the 
activity of brain areas that process reward and establish cognitive 
control. Sci Rep. 2018;8(1):2736.

183. van der Klaauw AA, Ziauddeen H, Keogh JM, et al. Oxytocin ad
ministration suppresses hypothalamic activation in response to 
visual food cues. Sci Rep. 2017;7(1):4266.

184. Striepens N, Schroter F, Stoffel-Wagner B, Maier W, Hurlemann 
R, Scheele D. Oxytocin enhances cognitive control of food craving 
in women. Hum Brain Mapp. 2016;37(12):4276-4285.

185. Correa-da-Silva F, Kalsbeek MJ, Gadella FS, et al. Reduction of 
oxytocin-containing neurons and enhanced glymphatic activity 
in the hypothalamic paraventricular nucleus of patients with 
type 2 diabetes mellitus. Acta Neuropathol Commun. 2023; 
11(1):107.

186. Gao ZY, Drews G, Henquin JC. Mechanisms of the stimulation of 
insulin release by oxytocin in normal mouse islets. Biochem J. 
1991;276(1):169-174.

187. Chittepu V, Kalhotra P, Osorio-Gallardo T, et al. New molecular 
insights into the inhibition of dipeptidyl peptidase-4 by natural 
cyclic peptide oxytocin. Molecules. 2019;25(1):24.

188. Eckertova M, Ondrejcakova M, Krskova K, Zorad S, Jezova D. 
Subchronic treatment of rats with oxytocin results in improved 
adipocyte differentiation and increased gene expression of factors 
involved in adipogenesis. Br J Pharmacol. 2011;162(2):452-463.

189. Snider B, Geiser A, Yu XP, et al. Long-acting and selective oxyto
cin peptide analogs show antidiabetic and antiobesity effects in 
male mice. J Endocr Soc. 2019;3(7):1423-1444.

190. Maejima Y, Rita RS, Santoso P, et al. Nasal oxytocin administra
tion reduces food intake without affecting locomotor activity and 
glycemia with c-Fos induction in limited brain areas. 
Neuroendocrinology. 2015;101(1):35-44.

191. Altirriba J, Poher AL, Caillon A, et al. Divergent effects of oxyto
cin treatment of obese diabetic mice on adiposity and diabetes. 
Endocrinology. 2014;155(11):4189-4201.

192. Chiodera P, Coiro V, Camellini L, et al. Effect of pharmacological 
doses of oxytocin on insulin response to glucose in normal man. 
Horm Res. 1984;20(2):150-154.

193. Klement J, Ott V, Rapp K, et al. Oxytocin improves beta-cell re
sponsivity and glucose tolerance in healthy men. Diabetes. 
2017;66(2):264-271.

194. Brede S, Fehr S, Dalla-Man C, et al. Intranasal oxytocin fails to 
acutely improve glucose metabolism in obese men. Diabetes 
Obes Metab. 2019;21(2):424-428.

195. Goll N, Moszka N, Kantartzis K, et al. Oxytocin does not acutely 
improve glucose tolerance in men with type 2 diabetes. Diabetes 
Obes Metab. 2024;26(10):4562-4570.

196. Olszewski PK, Noble EE, Paiva L, Ueta Y, Blevins JE. Oxytocin as 
a potential pharmacological tool to combat obesity. J 
Neuroendocrinol. 2022;34(9):e13106.

197. Elabd C, Cousin W, Upadhyayula P, et al. Oxytocin is an 
age-specific circulating hormone that is necessary for muscle main
tenance and regeneration. Nat Commun. 2014;5(1):4082.

198. Nomura M, McKenna E, Korach KS, Pfaff DW, Ogawa S. 
Estrogen receptor-beta regulates transcript levels for oxytocin 
and arginine vasopressin in the hypothalamic paraventricular nu
cleus of male mice. Brain Res Mol Brain Res. 2002;109(1-2): 
84-94.

199. Elabd C, Basillais A, Beaupied H, et al. Oxytocin controls differ
entiation of human mesenchymal stem cells and reverses osteopor
osis. Stem Cells. 2008;26(9):2399-2407.

200. Gajdosechova L, Krskova K, Olszanecki R, Zorad S. Differential 
regulation of oxytocin receptor in various adipose tissue depots 
and skeletal muscle types in obese Zucker rats. Horm Metab 
Res. 2015;47(8):600-604.

201. Deblon N, Veyrat-Durebex C, Bourgoin L, et al. Mechanisms of 
the anti-obesity effects of oxytocin in diet-induced obese rats. 
PLoS One. 2011;6(9):e25565.

202. Yuan J, Zhang R, Wu R, Gu Y, Lu Y. The effects of oxytocin to 
rectify metabolic dysfunction in obese mice are associated with in
creased thermogenesis. Mol Cell Endocrinol. 2020;514:110903.

203. Breton C, Haenggeli C, Barberis C, et al. Presence of functional 
oxytocin receptors in cultured human myoblasts. J Clin 
Endocrinol Metab. 2002;87(3):1415-1418.

204. Edwards MM, Nguyen HK, Herbertson AJ, et al. Chronic hind
brain administration of oxytocin elicits weight loss in male 

Endocrine Reviews, 2025, Vol. 46, No. 4                                                                                                                                                        541
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026



diet-induced obese mice. Am J Physiol Regul Integr Comp Physiol. 
2021;320(4):R471-R487.

205. Maejima Y, Aoyama M, Sakamoto K, et al. Impact of sex, fat dis
tribution and initial body weight on oxytocin’s body weight regu
lation. Sci Rep. 2017;7(1):8599.

206. Breuil V, Panaia-Ferrari P, Fontas E, et al. Oxytocin, a new deter
minant of bone mineral density in post-menopausal women: ana
lysis of the OPUS cohort. J Clin Endocrinol Metab. 2014;99(4): 
E634-E641.

207. Breuil V, Amri EZ, Panaia-Ferrari P, et al. Oxytocin and bone re
modelling: relationships with neuropituitary hormones, bone sta
tus and body composition. Joint Bone Spine. 2011;78(6):611-615.

208. Yu WJ, Shi HL, Wu XQ, et al. Association between serum oxyto
cin, bone mineral density and body composition in Chinese adult 
females. Medicina (Kaunas). 2022;59(1):58.

209. Breuil V, Fontas E, Chapurlat R, et al. Oxytocin and bone status 
in men: analysis of the MINOS cohort. Osteoporos Int. 
2015;26(12):2877-2882.

210. Al-Amran F, Shahkolahi M. Oxytocin ameliorates the immediate 
myocardial injury in rat heart transplant through downregulation 
of neutrophil-dependent myocardial apoptosis. Transplant Proc. 
2013;45(6):2506-2512.

211. Wang P, Yang HP, Tian S, et al. Oxytocin-secreting system: a ma
jor part of the neuroendocrine center regulating immunologic ac
tivity. J Neuroimmunol. 2015;289:152-161.

212. Szeto A, Cecati M, Ahmed R, McCabe PM, Mendez AJ. Oxytocin 
reduces adipose tissue inflammation in obese mice. Lipids Health 
Dis. 2020;19(1):188.

213. Erbas O, Taskiran D, Oltulu F, et al. Oxytocin provides protection 
against diabetic polyneuropathy in rats. Neurol Res. 2017;39(1): 
45-53.

214. Iseri SO, Gedik IE, Erzik C, et al. Oxytocin ameliorates skin dam
age and oxidant gastric injury in rats with thermal trauma. Burns. 
2008;34(3):361-369.

215. Rash JA, Aguirre-Camacho A, Campbell TS. Oxytocin and pain: a 
systematic review and synthesis of findings. Clin J Pain. 
2014;30(5):453-462.

216. Kawasaki M, Sakai A, Ueta Y. Pain modulation by oxytocin. 
Peptides. 2024;179:171263.

217. Eliava M, Melchior M, Knobloch-Bollmann HS, et al. A new 
population of parvocellular oxytocin neurons controlling magno
cellular neuron activity and inflammatory pain processing. 
Neuron. 2016;89(6):1291-1304.

218. Albinni B, Zimmerman M, Ross J, et al. Subcutaneous oxytocin 
injection reduces heat pain: a randomized-controlled trial. J 
Pain. 2024;25(9):104547.

219. Plante E, Menaouar A, Danalache BA, et al. Oxytocin treatment 
prevents the cardiomyopathy observed in obese diabetic male 
db/db mice. Endocrinology. 2015;156(4):1416-1428.

220. Wang P, Wang SC, Yang H, et al. Therapeutic potential of oxyto
cin in atherosclerotic cardiovascular disease: mechanisms and sig
naling pathways. Front Neurosci. 2019;13:454.

221. Qian W, Zhu T, Tang B, et al. Decreased circulating levels of oxy
tocin in obesity and newly diagnosed type 2 diabetic patients. J 
Clin Endocrinol Metab. 2014;99(12):4683-4689.

222. Cattaneo MG, Lucci G, Vicentini LM. Oxytocin stimulates in vi
tro angiogenesis via a Pyk-2/Src-dependent mechanism. Exp Cell 
Res. 2009;315(18):3210-3219.

223. Jankowski M, Broderick TL, Gutkowska J. The role of oxytocin in 
cardiovascular protection. Front Psychol. 2020;11:2139.

224. Gonzalez-Reyes A, Menaouar A, Yip D, et al. Molecular mecha
nisms underlying oxytocin-induced cardiomyocyte protection 
from simulated ischemia-reperfusion. Mol Cell Endocrinol. 
2015;412:170-181.

225. Kobayashi H, Yasuda S, Bao N, et al. Postinfarct treatment with 
oxytocin improves cardiac function and remodeling via activating 
cell-survival signals and angiogenesis. J Cardiovasc Pharmacol. 
2009;54(6):510-519.

226. Schorr M, Miller KK. The endocrine manifestations of anorexia 
nervosa: mechanisms and management. Nat Rev Endocrinol. 
2017;13(3):174-186.

227. Monteleone AM, Scognamiglio P, Volpe U, Di Maso V, 
Monteleone P. Investigation of oxytocin secretion in anorexia ner
vosa and bulimia nervosa: relationships to temperament personal
ity dimensions. Eur Eat Disord Rev. 2016;24(1):52-56.

228. Demitrack MA, Lesem MD, Listwak SJ, Brandt HA, Jimerson DC, 
Gold PW. CSF oxytocin in anorexia nervosa and bulimia nervosa: 
clinical and pathophysiologic considerations. Am J Psychiatry. 
1990;147(7):882-886.

229. Schmelkin C, Plessow F, Thomas JJ, et al. Low oxytocin levels are 
related to alexithymia in anorexia nervosa. Int J Eat Disord. 
2017;50(11):1332-1338.

230. Plessow F, Galbiati F, Eddy KT, et al. Low oxytocin levels are 
broadly associated with more pronounced psychopathology in 
anorexia nervosa with primarily restricting but not binge/purge 
eating behavior. Front Endocrinol (Lausanne). 2022;13: 
1049541.

231. Frank GK, Kaye WH, Altemus M, Greeno CG. CSF oxytocin and 
vasopressin levels after recovery from bulimia nervosa and ano
rexia nervosa, bulimic subtype. Biol Psychiatry. 2000;48(4): 
315-318.

232. Plessow F, Eddy KT, Lawson EA. The neuropeptide hormone oxy
tocin in eating disorders. Curr Psychiatry Rep. 2018;20(10):91.

233. Kim YR, Kim CH, Park JH, Pyo J, Treasure J. The impact of intra
nasal oxytocin on attention to social emotional stimuli in patients 
with anorexia nervosa: a double blind within-subject cross-over 
experiment. PLoS One. 2014;9(3):e90721.

234. Kim YR, Kim CH, Cardi V, Eom JS, Seong Y, Treasure J. Intranasal 
oxytocin attenuates attentional bias for eating and fat shape stimuli 
in patients with anorexia nervosa. Psychoneuroendocrinology. 
2014;44:133-142.

235. Kim YR, Eom JS, Yang JW, Kang J, Treasure J. The impact of oxy
tocin on food intake and emotion recognition in patients with eat
ing disorders: a double blind single dose within-subject cross-over 
design. PLoS One. 2015;10(9):e0137514.

236. Russell J, Maguire S, Hunt GE, et al. Intranasal oxytocin in the 
treatment of anorexia nervosa: randomized controlled trial during 
re-feeding. Psychoneuroendocrinology. 2018;87:83-92.

237. Leppanen J, Cardi V, Ng KW, et al. Effects of intranasal oxytocin 
on the interpretation and expression of emotions in anorexia ner
vosa. J Neuroendocrinol. 2017;29(3):n/a.

238. Hasselbalch KC, Lanng KR, Birkeland M, Sjogren M. Potential 
shortcomings in current studies on the effect of intranasal oxyto
cin in anorexia Nervosa and healthy controls—a systematic 
review and meta-analysis. Psychopharmacology (Berl). 2020; 
237(10):2891-2903.

239. Leppanen J, Ng KW, Kim YR, Tchanturia K, Treasure J. 
Meta-analytic review of the effects of a single dose of intranasal 
oxytocin on threat processing in humans. J Affect Disord. 
2018;225:167-179.

240. Leppanen J, Cardi V, Ng KW, et al. The effects of intranasal oxy
tocin on smoothie intake, cortisol and attentional bias in anorexia 
nervosa. Psychoneuroendocrinology. 2017;79:167-174.

241. Maguire S, Kesby A, Brownlow R, et al. A phase II randomised 
controlled trial of intranasal oxytocin in anorexia nervosa. 
Psychoneuroendocrinology. 2024;164:107032.

242. Micali N, Crous-Bou M, Treasure J, Lawson EA. Association be
tween oxytocin receptor genotype, maternal care, and eating dis
order behaviours in a community sample of women. Eur Eat 
Disord Rev. 2017;25(1):19-25.

243. Acevedo SF, Valencia C, Lutter M, McAdams CJ. Severity of eat
ing disorder symptoms related to oxytocin receptor polymor
phisms in anorexia nervosa. Psychiatry Res. 2015;228(3): 
641-648.

244. Hirota T, King BH. Autism spectrum disorder: a review. JAMA. 
2023;329(2):157-168.

542                                                                                                                                                         Endocrine Reviews, 2025, Vol. 46, No. 4
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026



245. Rostami Haji Abadi M, Neumeyer A, Misra M, Kontulainen S. 
Bone health in children and youth with ASD: a systematic review 
and meta-analysis. Osteoporos Int. 2021;32(9):1679-1691.

246. Freeman SM, Palumbo MC, Lawrence RH, Smith AL, Goodman 
MM, Bales KL. Effect of age and autism spectrum disorder on 
oxytocin receptor density in the human basal forebrain and mid
brain. Transl Psychiatry. 2018;8(1):257.

247. Lerer E, Levi S, Salomon S, Darvasi A, Yirmiya N, Ebstein RP. 
Association between the oxytocin receptor (OXTR) gene and aut
ism: relationship to Vineland Adaptive Behavior Scales and cogni
tion. Mol Psychiatry. 2008;13(10):980-988.

248. Campbell DB, Datta D, Jones ST, et al. Association of oxytocin re
ceptor (OXTR) gene variants with multiple phenotype domains of 
autism spectrum disorder. J Neurodev Disord. 2011;3(2): 
101-112.

249. Gregory SG, Connelly JJ, Towers AJ, et al. Genomic and epigen
etic evidence for oxytocin receptor deficiency in autism. BMC 
Med. 2009;7(1):62.

250. Kanat M, Spenthof I, Riedel A, van Elst LT, Heinrichs M, Domes 
G. Restoring effects of oxytocin on the attentional preference for 
faces in autism. Transl Psychiatry. 2017;7(4):e1097.

251. Watanabe T, Abe O, Kuwabara H, et al. Mitigation of sociocom
municational deficits of autism through oxytocin-induced recov
ery of medial prefrontal activity: a randomized trial. JAMA 
Psychiatry. 2014;71(2):166-175.

252. Guastella AJ, Einfeld SL, Gray KM, et al. Intranasal oxytocin im
proves emotion recognition for youth with autism spectrum disor
ders. Biol Psychiatry. 2010;67(7):692-694.

253. Gordon I, Jack A, Pretzsch CM, et al. Intranasal oxytocin enhan
ces connectivity in the neural circuitry supporting social motiv
ation and social perception in children with autism. Sci Rep. 
2016;6(1):35054.

254. Kruppa JA, Gossen A, Oberwelland Weiss E, et al. Neural 
modulation of social reinforcement learning by intranasal oxyto
cin in male adults with high-functioning autism spectrum dis
order: a randomized trial. Neuropsychopharmacology. 2019; 
44(4):749-756.

255. Yatawara CJ, Einfeld SL, Hickie IB, Davenport TA, Guastella AJ. 
The effect of oxytocin nasal spray on social interaction deficits ob
served in young children with autism: a randomized clinical cross
over trial. Mol Psychiatry. 2016;21(9):1225-1231.

256. Yamasue H, Okada T, Munesue T, et al. Effect of intranasal oxy
tocin on the core social symptoms of autism spectrum disorder: a 
randomized clinical trial. Mol Psychiatry. 2020;25(8):1849-1858.

257. Anagnostou E, Soorya L, Chaplin W, et al. Intranasal oxytocin 
versus placebo in the treatment of adults with autism spectrum dis
orders: a randomized controlled trial. Mol Autism. 2012;3(1):16.

258. Huang Y, Huang X, Ebstein RP, Yu R. Intranasal oxytocin in the 
treatment of autism spectrum disorders: a multilevel meta- 
analysis. Neurosci Biobehav Rev. 2021;122:18-27.

259. Watanabe T, Otowa T, Abe O, et al. Oxytocin receptor gene var
iations predict neural and behavioral response to oxytocin in aut
ism. Soc Cogn Affect Neurosci. 2017;12(3):496-506.

260. Althaus M, Groen Y AAW, Noltes H, et al. Do blood plasma levels 
of oxytocin moderate the effect of nasally administered oxytocin 
on social orienting in high-functioning male adults with autism 
spectrum disorder? Psychopharmacology (Berl). 2016;233(14): 
2737-2751.

261. Bhasin S, Brito JP, Cunningham GR, et al. Testosterone therapy in 
men with hypogonadism: an Endocrine Society Clinical Practice 
Guideline. J Clin Endocrinol Metab. 2018;103(5):1715-1744.

262. Molitch ME, Clemmons DR, Malozowski S, Merriam GR, Vance 
ML, Endocrine S. Evaluation and treatment of adult growth hor
mone deficiency: an endocrine society clinical practice guideline. J 
Clin Endocrinol Metab. 2011;96(6):1587-1609.

263. Agustsson TT, Baldvinsdottir T, Jonasson JG, et al. The epidemi
ology of pituitary adenomas in Iceland, 1955-2012: a nationwide 
population-based study. Eur J Endocrinol. 2015;173(5):655-664.

264. Regal M, Paramo C, Sierra SM, Garcia-Mayor RV. Prevalence 
and incidence of hypopituitarism in an adult Caucasian popula
tion in northwestern Spain. Clin Endocrinol (Oxf). 2001;55(6): 
735-740.

265. Kim JH, Choi JH. Pathophysiology and clinical characteristics of 
hypothalamic obesity in children and adolescents. Ann Pediatr 
Endocrinol Metab. 2013;18(4):161-167.

266. Ozyurt J, Lorenzen A, Gebhardt U, Warmuth-Metz M, Muller 
HL, Thiel CM. Remote effects of hypothalamic lesions in the pre
frontal cortex of craniopharygioma patients. Neurobiol Learn 
Mem. 2014;111:71-80.

267. Zada G, Kintz N, Pulido M, Amezcua L. Prevalence of neurobeha
vioral, social, and emotional dysfunction in patients treated for 
childhood craniopharyngioma: a systematic literature review. 
PLoS One. 2013;8(11):e76562.

268. Lynch S, Merson S, Beshyah SA, et al. Psychiatric morbidity in 
adults with hypopituitarism. J R Soc Med. 1994;87(8):445-447.

269. Ehrnborg C, Hakkaart-Van Roijen L, Jonsson B, Rutten FF, 
Bengtsson BA, Rosen T. Cost of illness in adult patients with hypo
pituitarism. Pharmacoeconomics. 2000;17(6):621-628.

270. Bulow B, Hagmar L, Orbaek P, Osterberg K, Erfurth EM. High 
incidence of mental disorders, reduced mental well-being and cog
nitive function in hypopituitary women with GH deficiency 
treated for pituitary disease. Clin Endocrinol (Oxf). 2002;56(2): 
183-193.

271. Vila G, Fleseriu M. Fertility and pregnancy in women with hypo
pituitarism: a systematic literature review. J Clin Endocrinol 
Metab. 2020;105(3):dgz112.

272. Vila G, Akerblad AC, Mattsson AF, et al. Pregnancy outcomes in 
women with growth hormone deficiency. Fertil Steril. 2015; 
104(5):1210-1217.1.

273. Aulinas A, Stantonyonge N, Garcia-Patterson A, et al. 
Hypopituitarism and pregnancy: clinical characteristics, manage
ment and pregnancy outcome. Pituitary. 2022;25(2):275-284.

274. Marques JVO, Boguszewski CL. Fertility issues in aggressive pitu
itary tumors. Rev Endocr Metab Disord. 2020;21(2):225-233.

275. Overton CE, Davis CJ, West C, Davies MC, Conway GS. High 
risk pregnancies in hypopituitary women. Hum Reprod. 2002; 
17(6):1464-1467.

276. Kubler K, Klingmuller D, Gembruch U, Merz WM. High-risk 
pregnancy management in women with hypopituitarism. J 
Perinatol. 2009;29(2):89-95.

277. Correa FA, Bianchi PHM, Franca MM, et al. Successful pregnan
cies after adequate hormonal replacement in patients with com
bined pituitary hormone deficiencies. J Endocr Soc. 2017;1(10): 
1322-1330.

278. Shinar S, Many A, Maslovitz S. Questioning the role of pituitary 
oxytocin in parturition: spontaneous onset of labor in women 
with panhypopituitarism—a case series. Eur J Obstet Gynecol 
Reprod Biol. 2016;197:83-85.

279. Volz J, Heinrich U, Volz-Köster S. Conception and spontaneous 
delivery after total hypophysectomy. Fertil Steril. 2002;77(3): 
624-625.

280. Blanks AM, Thornton S. The role of oxytocin in parturition. 
BJOG. 2003;110(s20):46-51.

281. Salvio G, Martino M, Giancola G, Arnaldi G, Balercia G. 
Hypothalamic-pituitary diseases and erectile dysfunction. J Clin 
Med. 2021;10(12):2551.

282. Mandal S, Mukhopadhyay P, Ghosh S. DHEA on sexual function 
in sheehan syndrome: a randomized double-blind placebo- 
controlled crossover trial. J Clin Endocrinol Metab. 2022; 
107(8):e3395-e3402.

283. Aulinas A, Plessow F, Asanza E, et al. Low plasma oxytocin levels 
and increased psychopathology in hypopituitary men with 
diabetes insipidus. J Clin Endocrinol Metab. 2019;104(8): 
3181-3191.

284. Atila C, Beck J, Refardt J, et al. Psychopathological characteristics 
in patients with arginine vasopressin deficiency (central diabetes 

Endocrine Reviews, 2025, Vol. 46, No. 4                                                                                                                                                        543
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026



insipidus) and primary polydipsia compared to healthy controls. 
Eur J Endocrinol. 2024;190(5):354-362.

285. Wei IH, Huang CC. Risk of mental illnesses in patients with hypo
pituitarism: a Nationwide Population-Based Cohort Study. 
Psychiatry Investig. 2022;19(6):418-426.

286. Ebrahimi F, Kutz A, Wagner U, et al. Excess mortality among hos
pitalized patients with hypopituitarism—a population-based, 
matched-cohort study. J Clin Endocrinol Metab. 2020;105(11): 
e3910.

287. Roth CL, Eslamy H, Werny D, et al. Semiquantitative analysis of 
hypothalamic damage on MRI predicts risk for hypothalamic 
obesity. Obesity (Silver Spring). 2015;23(6):1226-1233.

288. Muller HL, Tauber M, Lawson EA, et al. Hypothalamic syn
drome. Nat Rev Dis Primers. 2022;8(1):24.

289. Plessow F, Marengi DA, Perry SK, Lawson EA. Oxytocin admin
istration increases proactive control in men with overweight or 
obesity: a randomized, double-blind, placebo-controlled cross
over study. Obesity (Silver Spring). 2021;29(1):56-61.

290. Sterkenburg AS, Hoffmann A, Gebhardt U, Warmuth-Metz M, 
Daubenbuchel AM, Muller HL. Survival, hypothalamic obesity, 
and neuropsychological/psychosocial status after childhood-onset 
craniopharyngioma: newly reported long-term outcomes. Neuro 
Oncol. 2015;17(7):1029-1038.

291. Hoffmann A, Postma FP, Sterkenburg AS, Gebhardt U, Müller 
HL. Eating behavior, weight problems and eating disorders in 
101 long-term survivors of childhood-onset craniopharyngioma. 
J Pediatr Endocrinol Metab. 2015;28(1-2):35-43.

292. Roemmler-Zehrer J, Geigenberger V, Stormann S, et al. Specific 
behaviour, mood and personality traits may contribute to obesity 
in patients with craniopharyngioma. Clin Endocrinol (Oxf). 
2015;82(1):106-114.

293. Khang AR, Ku EJ, Kim YA, et al. Sex differences in the prevalence 
of metabolic syndrome and its components in hypopituitary pa
tients: comparison with an age- and sex-matched nationwide con
trol group. Pituitary. 2016;19(6):573-581.

294. Olsson DS, Andersson E, Bryngelsson IL, Nilsson AG, Johannsson 
G. Excess mortality and morbidity in patients with craniophar
yngioma, especially in patients with childhood onset: a 
population-based study in Sweden. J Clin Endocrinol Metab. 
2015;100(2):467-474.

295. Mazziotti G, Frara S, Giustina A. Pituitary diseases and bone. 
Endocr Rev. 2018;39(4):440-488.

296. Holmes SJ, Economou G, Whitehouse RW, Adams JE, Shalet SM. 
Reduced bone mineral density in patients with adult onset growth 
hormone deficiency. J Clin Endocrinol Metab. 1994;78(3): 
669-674.

297. Barake M, Klibanski A, Tritos NA. Effects of recombinant human 
growth hormone therapy on bone mineral density in adults with 
growth hormone deficiency: a meta-analysis. J Clin Endocrinol 
Metab. 2014;99(3):852-860.

298. Johannsson G, Rosen T, Bosaeus I, Sjostrom L, Bengtsson BA. 
Two years of growth hormone (GH) treatment increases bone 
mineral content and density in hypopituitary patients with 
adult-onset GH deficiency. J Clin Endocrinol Metab. 1996; 
81(8):2865-2873.

299. Fernholm R, Bramnert M, Hagg E, et al. Growth hormone re
placement therapy improves body composition and increases 
bone metabolism in elderly patients with pituitary disease. J Clin 
Endocrinol Metab. 2000;85(11):4104-4112.

300. Golds G, Houdek D, Arnason T. Male hypogonadism and osteo
porosis: the effects, clinical consequences, and treatment of testos
terone deficiency in bone health. Int J Endocrinol. 2017;2017: 
4602129.

301. Wijnen M, van den Heuvel-Eibrink MM, Janssen J, et al. Very 
long-term sequelae of craniopharyngioma. Eur J Endocrinol. 
2017;176(6):755-767.

302. Atila C, Loughrey PB, Garrahy A, et al. Central diabetes insipidus 
from a patient’s perspective: management, psychological co- 
morbidities, and renaming of the condition: results from an 

international web-based survey. Lancet Diabetes Endocrinol. 
2022;10(10):700-709.

303. Roemmler-Zehrer J, Geigenberger V, Stormann S, et al. Food in
take regulating hormones in adult craniopharyngioma patients. 
Eur J Endocrinol. 2014;170(4):627-635.

304. Holmer H, Pozarek G, Wirfalt E, et al. Reduced energy expend
iture and impaired feeding-related signals but not high energy in
take reinforces hypothalamic obesity in adults with childhood 
onset craniopharyngioma. J Clin Endocrinol Metab. 2010; 
95(12):5395-5402.

305. Muller HL, Merchant TE, Warmuth-Metz M, Martinez-Barbera 
JP, Puget S. Craniopharyngioma. Nat Rev Dis Primers. 2019; 
5(1):75.

306. Gebert D, Auer MK, Stieg MR, et al. De-masking oxytocin- 
deficiency in craniopharyngioma and assessing its link with affect
ive function. Psychoneuroendocrinology. 2017;88:61-69.

307. Daughters K, Manstead ASR, Rees DA. Hypopituitarism is asso
ciated with lower oxytocin concentrations and reduced empathic 
ability. Endocrine. 2017;57(1):166-174.

308. Atila C, Holze F, Murugesu R, et al. Oxytocin in response to 
MDMA provocation test in patients with arginine vasopressin de
ficiency (central diabetes insipidus): a single-centre, case-control 
study with nested, randomised, double-blind, placebo-controlled 
crossover trial. Lancet Diabetes Endocrinol. 2023;11(7):454-464.

309. Daubenbuchel AM, Hoffmann A, Eveslage M, et al. Oxytocin in 
survivors of childhood-onset craniopharyngioma. Endocrine. 
2016;54(2):524-531.

310. Hoffmann A, Ozyurt J, Lohle K, Reichel J, Thiel CM, Muller HL. 
First experiences with neuropsychological effects of oxytocin ad
ministration in childhood-onset craniopharyngioma. Endocrine. 
2017;56(1):175-185.

311. McCormack SE, Wang Z, Wade KL, et al. A pilot randomized 
clinical trial of intranasal oxytocin to promote weight loss in indi
viduals with hypothalamic obesity. J Endocr Soc. 2023;7(5): 
bvad037.

312. Roof E, Deal CL, McCandless SE, et al. Intranasal carbetocin re
duces hyperphagia, anxiousness, and distress in Prader-Willi syn
drome: CARE-PWS phase 3 trial. J Clin Endocrinol Metab. 
2023;108(7):1696-1708.

313. Cook N, Miller J, Hart J. Parent observed neuro-behavioral and 
pro-social improvements with oxytocin following surgical resec
tion of craniopharyngioma. J Pediatr Endocrinol Metab. 
2016;29(8):995-1000.

314. Daubenbuchel AM, Ozyurt J, Boekhoff S, Warmuth-Metz M, 
Eveslage M, Muller HL. Eating behaviour and oxytocin in patients 
with childhood-onset craniopharyngioma and different grades of 
hypothalamic involvement. Pediatr Obes. 2019;14(9):e12527.

315. Brandi ML, Gebert D, Kopczak A, Auer MK, Schilbach L. 
Oxytocin release deficit and social cognition in craniopharyngio
ma patients. J Neuroendocrinol. 2020;32(5):e12842.

316. Eisenberg Y, Murad S, Casagrande A, et al. Oxytocin alterations 
and neurocognitive domains in patients with hypopituitarism. 
Pituitary. 2019;22(2):105-112.

317. Francis SM, Kirkpatrick MG, de Wit H, Jacob S. Urinary and plas
ma oxytocin changes in response to MDMA or intranasal oxyto
cin administration. Psychoneuroendocrinology. 2016;74:92-100.

318. Verbalis JG. Oxytocin deficiency—a ‘new’ human disorder? Nat 
Rev Endocrinol. 2023;19(9):505-506.

319. Rilling JK, Demarco AC, Hackett PD, et al. Sex differences in the 
neural and behavioral response to intranasal oxytocin and vasopres
sin during human social interaction. Psychoneuroendocrinology. 
2014;39:237-248.

320. Chauvet N, Parmentier ML, Alonso G. Transected axons of adult 
hypothalamo-neurohypophysial neurons regenerate along tany
cytic processes. J Neurosci Res. 1995;41(1):129-144.

321. Yuan Q, Scott DE, So KF, Wu W. The response of magnocellular 
neurons of the hypothalamo-neurohyphyseal system to hypophy
sectomy, nitric oxide synthase expression as well as survival and 

544                                                                                                                                                         Endocrine Reviews, 2025, Vol. 46, No. 4
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026



regeneration in developing vs. adult rats. Brain Res. 2006; 
1113(1):45-53.

322. Huang YS, Dellmann HD. Chronic intermittent salt loading en
hances functional recovery from polydipsia and survival of vaso
pressinergic cells in the hypothalamic supraoptic nucleus 
following transection of the hypophysial stalk. Brain Res. 
1996;732(1-2):95-105.

323. McNeilly AS, Robinson IC, Houston MJ, Howie PW. Release of 
oxytocin and prolactin in response to suckling. Br Med J (Clin 
Res Ed). 1983;286(6361):257-259.

324. Carmichael MS, Humbert R, Dixen J, Palmisano G, Greenleaf W, 
Davidson JM. Plasma oxytocin increases in the human sexual re
sponse. J Clin Endocrinol Metab. 1987;64(1):27-31.

325. Ludwig M, Sabatier N, Bull PM, Landgraf R, Dayanithi G, Leng 
G. Intracellular calcium stores regulate activity-dependent neuro
peptide release from dendrites. Nature. 2002;418(6893):85-89.

326. Landgraf R, Neumann ID. Vasopressin and oxytocin release with
in the brain: a dynamic concept of multiple and variable modes of 
neuropeptide communication. Front Neuroendocrinol. 2004; 
25(3-4):150-176.

327. Landgraf R, Neumann I, Schwarzberg H. Central and peripheral 
release of vasopressin and oxytocin in the conscious rat after os
motic stimulation. Brain Res. 1988;457(2):219-225.

328. Ciosek J. Vasopressin and oxytocin release as influenced by 
thyrotropin-releasing hormone in euhydrated and dehydrated 
rats. J Physiol Pharmacol. 2002;53:423-437.

329. Weitzman RE, Firemark HM, Glatz TH, Fisher DA. 
Thyrotropin-releasing hormone stimulates release of arginine 
vasopressin and oxytocin in vivo. Endocrinology. 1979;104(4): 
904-907.

330. Landgraf R, Neumann I, Holsboer F, Pittman QJ. Interleukin-1 
beta stimulates both central and peripheral release of vasopressin 
and oxytocin in the rat. Eur J Neurosci. 1995;7(4):592-598.

331. Sabatier N, Caquineau C, Dayanithi G, et al. Alpha-melanocyte- 
stimulating hormone stimulates oxytocin release from the den
drites of hypothalamic neurons while inhibiting oxytocin release 
from their terminals in the neurohypophysis. J Neurosci. 
2003;23(32):10351-10358.

332. Amico JA, Challinor SM, Cameron JL. Pattern of oxytocin 
concentrations in the plasma and cerebrospinal fluid of lactating 
rhesus monkeys (Macaca mulatta): evidence for functionally inde
pendent oxytocinergic pathways in primates. J Clin Endocrinol 
Metab. 1990;71(6):1531-1535.

333. Chiodera P, Volpi R, Capretti L, et al. Hypoglycemia-induced ar
ginine vasopressin and oxytocin release is mediated by glucorecep
tors located inside the blood-brain barrier. Neuroendocrinology. 
1992;55(6):655-659.

334. Chiodera P, Volpi R, Capretti L, et al. Oxytocin response to chal
lenging stimuli in elderly men. Regul Pept. 1994;51(2):169-176.

335. Nussey SS, Ang VT, Finer N, Jenkins JS. Responses of neurohypo
physial peptides to hypertonic saline and insulin-induced hypogly
caemia in man. Clin Endocrinol (Oxf). 1986;24(1):97-105.

336. Dumont GJ, Sweep FC, van der Steen R, et al. Increased oxytocin 
concentrations and prosocial feelings in humans after ecstasy 
(3,4-methylenedioxymethamphetamine) administration. Soc 
Neurosci. 2009;4(4):359-366.

337. Sessa B. Why MDMA therapy for alcohol use disorder? And why 
now? Neuropharmacology. 2018;142:83-88.

338. Atila C, Mekkattu S, Murugesu R, et al. Plasma oxytocin levels in 
response to glucagon in patients with arginine vasopressin 
deficiency (central diabetes insipidus) and healthy controls. 
Endocrine. 2024;86(2):774-781

339. Bruhn TO, Sutton SW, Plotsky PM, Vale WW. Central adminis
tration of corticotropin-releasing factor modulates oxytocin secre
tion in the rat. Endocrinology. 1986;119(4):1558-1563.

340. Dabrowska J, Hazra R, Ahern TH, et al. Neuroanatomical evi
dence for reciprocal regulation of the corticotrophin-releasing fac
tor and oxytocin systems in the hypothalamus and the bed nucleus 

of the stria terminalis of the rat: implications for balancing stress 
and affect. Psychoneuroendocrinology. 2011;36(9):1312-1326.

341. Asla Q, Garrido M, Urgell E, et al. Oxytocin levels in response to 
CRH administration in hypopituitarism and hypothalamic dam
age: a randomized, crossover, placebo-controlled trial. Sci Rep. 
2025;15(1):2360.

342. Bojanowska E, Stempniak B. tGLP-1 and release of vasopressin 
and oxytocin from the isolated rat hypothalamo-neurohypophysial 
system: effects of a tGLP-1 receptor agonist and antagonist. J 
Physiol Pharmacol. 2001;52:781-793.

343. Juszczak M, Stempniak B, Guzek JW. Melatonin, pinealectomy, 
and release of neurohypophysial hormones: in vitro studies. J 
Pineal Res. 1992;12(1):1-6.

344. Windle RJ, Luckman SM, Stoughton RP, Forsling ML. The effect 
of pinealectomy on osmotically stimulated vasopressin and oxyto
cin release and fos protein production within the hypothalamus of 
the rat. J Neuroendocrinol. 1996;8(10):747-753.

345. Forsling ML, Wheeler MJ, Williams AJ. The effect of melatonin 
administration on pituitary hormone secretion in man. Clin 
Endocrinol (Oxf). 1999;51(5):637-642.

346. Salonia A, Nappi RE, Pontillo M, et al. Menstrual cycle-related 
changes in plasma oxytocin are relevant to normal sexual function 
in healthy women. Horm Behav. 2005;47(2):164-169.

347. Shukovski L, Healy DL, Findlay JK. Circulating immunoreactive 
oxytocin during the human menstrual cycle comes from the pitu
itary and is estradiol dependent. J Clin Endocrinol Metab. 
1989;68(2):455-460.

348. Engel S, Klusmann H, Ditzen B, Knaevelsrud C, Schumacher S. 
Menstrual cycle-related fluctuations in oxytocin concentrations: 
a systematic review and meta-analysis. Front Neuroendocrinol. 
2019;52:144-155.

349. Tachibana A, Yamamoto Y, Noguchi H, et al. Changes in serum 
oxytocin levels under physiological and supraphysiological go
nadal steroid hormone conditions in women of reproductive 
age: a preliminary study. Nutrients. 2022;15(1):14.

350. Stock S, Silber M, Uvnäs-Moberg K. Elevated plasma levels of 
oxytocin in women taking low-dose oral contraceptives. 
Identification of the plasma oxytocin with high performance li
quid chromatography. Acta Obstet Gynecol Scand. 1989;68(1): 
75-78.

351. Stock S, Karlsson R, von Schoultz B. Serum profiles of oxytocin 
during oral contraceptive treatment. Gynecol Endocrinol. 
1994;8(2):121-126.

352. Uvnas-Moberg K, Sjogren C, Westlin L, Andersson PO, Stock S. 
Plasma levels of gastrin, somatostatin, VIP, insulin and oxytocin 
during the menstrual cycle in women (with and without oral con
traceptives). Acta Obstet Gynecol Scand. 1989;68(2):165-169.

353. Amico JA, Seif SM, Robinson AG. Oxytocin in human plasma: 
correlation with neurophysin and stimulation with estrogen. J 
Clin Endocrinol Metab. 1981;52(5):988-993.

354. Sailer CO, Winzeler B, Urwyler SA, et al. Oxytocin levels in re
sponse to pituitary provocation tests in healthy volunteers. Eur J 
Endocrinol. 2021;185(3):355-364.

355. Ludwig M, Callahan MF, Neumann I, Landgraf R, Morris M. 
Systemic osmotic stimulation increases vasopressin and oxytocin 
release within the supraoptic nucleus. J Neuroendocrinol. 
1994;6(4):369-373.

356. Neumann I, Ludwig M, Engelmann M, Pittman QJ, Landgraf R. 
Simultaneous microdialysis in blood and brain: oxytocin and 
vasopressin release in response to central and peripheral osmotic 
stimulation and suckling in the rat. Neuroendocrinology. 
1993;58(6):637-645.

357. Williams TD, Abel DC, King CM, Jelley RY, Lightman SL. 
Vasopressin and oxytocin responses to acute and chronic osmotic 
stimuli in man. J Endocrinol. 1986;108(1):163-168.

358. Lauand F, Ruginsk SG, Rodrigues HL, et al. Glucocorticoid 
modulation of atrial natriuretic peptide, oxytocin, vasopressin 
and Fos expression in response to osmotic, angiotensinergic and 
cholinergic stimulation. Neuroscience. 2007;147(1):247-257.

Endocrine Reviews, 2025, Vol. 46, No. 4                                                                                                                                                        545
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026



359. Bealer SL, Crowley WR. Angiotensin II-induced release of oxyto
cin: interaction with norepinephrine and role in lactation. Regul 
Pept. 2003;111(1-3):41-46.

360. Chiodera P, Volpi R, Caiazza A, Giuliani N, Magotti MG, Coiro 
V. Arginine vasopressin and oxytocin responses to angiotensin II 
are mediated by AT1 receptor subtype in normal men. 
Metabolism. 1998;47(8):893-896.

361. Srinivasa S, Aulinas A, O’Malley T, et al. Oxytocin response to 
controlled dietary sodium and angiotensin II among healthy indi
viduals. Am J Physiol Endocrinol Metab. 2018;315(4): 
E671-E675.

362. McCann MJ, Verbalis JG, Stricker EM. Licl and CCK inhibit gas
tric emptying and feeding and stimulate OT secretion in rats. Am J 
Physiol. 1989;256(2):R463-R468.

363. Verbalis JG, McCann MJ, McHale CM, Stricker EM. Oxytocin 
secretion in response to cholecystokinin and food: differentiation 
of nausea from satiety. Science. 1986;232(4756):1417-1419.

364. Miaskiewicz SL, Stricker EM, Verbalis JG. Neurohypophyseal se
cretion in response to cholecystokinin but not meal-induced gas
tric distention in humans. J Clin Endocrinol Metab. 1989;68(4): 
837-843.

365. Ohlsson B, Forsling ML, Rehfeld JF, Sjolund K. Cholecystokinin 
stimulation leads to increased oxytocin secretion in women. Eur 
J Surg. 2002;168(2):114-118.

366. Higo S, Honda S, Iijima N, Ozawa H. Mapping of kisspeptin re
ceptor mRNA in the whole rat brain and its co-localisation with 
oxytocin in the paraventricular nucleus. J Neuroendocrinol. 
2016;28(4):1-8.

367. Seymour AJ, Scott V, Augustine RA, Bouwer GT, Campbell RE, 
Brown CH. Development of an excitatory kisspeptin projection 
to the oxytocin system in late pregnancy. J Physiol. 2017; 
595(3):825-838.

368. Narayanaswamy S, Jayasena CN, Ng N, et al. Subcutaneous infu
sion of kisspeptin-54 stimulates gonadotrophin release in women 
and the response correlates with basal oestradiol levels. Clin 
Endocrinol (Oxf). 2016;84(6):939-945.

369. Juszczak M, Boczek-Leszczyk E. Hypothalamic gonadotropin- 
releasing hormone receptor activation stimulates oxytocin release 
from the rat hypothalamo-neurohypophysial system while mela
tonin inhibits this process. Brain Res Bull. 2010;81(1):185-190.

370. Scott V, Brown CH. Kisspeptin activation of supraoptic nucleus 
neurons in vivo. Endocrinology. 2011;152(10):3862-3870.

371. Galbiati F, Plessow F, Plummer L,  et al. Sex-dependent increases 
in oxytocin levels in response to intravenous kisspeptin in humans. 
Eur J Endocrinol. 2025. https://doi.org/10.1093/ejendo/lvaf001

372. Forsling ML. Neurohypophysial hormones and circadian rhythm. 
Ann N Y Acad Sci. 1993;689(1):382-395.

373. Seckl JR, Lightman SL. Diurnal rhythm of vasopressin but not of 
oxytocin in the cerebrospinal fluid of the goat: lack of association 
with plasma cortisol rhythm. J Endocrinol. 1987;114(3):477-482.

374. Mens WB, Andringa-Bakker EA, Van Wimersma Greidanus TB. 
Changes in cerebrospinal fluid levels of vasopressin and oxytocin 
of the rat during various light-dark regimes. Neurosci Lett. 
1982;34(1):51-56.

375. Perlow MJ, Reppert SM, Artman HA, Fisher DA, Self SM, 
Robinson AG. Oxytocin, vasopressin, and estrogen-stimulated 
neurophysin: daily patterns of concentration in cerebrospinal flu
id. Science. 1982;216(4553):1416-1418.

376. Amico JA, Janosky JE, Challinor SM, Cameron JL. Effect of na
loxone administration upon the diurnal concentrations of oxyto
cin in the cerebrospinal fluid of rhesus and cynomolgus monkeys. 
Horm Res. 1992;38(3-4):171-176.

377. Artman HG, Reppert SM, Perlow MJ, Swaminathan S, Oddie TH, 
Fisher DA. Characterization of the daily oxytocin rhythm in pri
mate cerebrospinal fluid. J Neurosci. 1982;2(5):598-603.

378. Amico JA, Tenicela R, Johnston J, Robinson AG. A time- 
dependent peak of oxytocin exists in cerebrospinal fluid but not 
in plasma of humans. J Clin Endocrinol Metab. 1983;57(5): 
947-951.

379. Amico JA, Tenicela R, Robinson AG. Neurohypophysial hor
mones in cerebrospinal fluid of adults: absence of arginine vasoto
cin and of a diurnal rhythm of arginine vasopressin. J Clin 
Endocrinol Metab. 1985;61(4):794-798.

380. Landgraf R, Hacker R, Buhl H. Plasma vasopressin and oxytocin 
in response to exercise and during a day-night cycle in man. 
Endokrinologie. 1982;79(2):281-291.

381. Forsling ML, Montgomery H, Halpin D, Windle RJ, Treacher DF. 
Daily patterns of secretion of neurohypophysial hormones in man: 
effect of age. Exp Physiol. 1998;83(3):409-418.

382. Moberg K U, Ekstrom-Bergstrom A, Buckley S, et al. Maternal 
plasma levels of oxytocin during breastfeeding-A systematic re
view. PLoS One. 2020;15(8):e0235806.

383. Fuchs AR, Romero R, Keefe D, Parra M, Oyarzun E, Behnke E. 
Oxytocin secretion and human parturition: pulse frequency and 
duration increase during spontaneous labor in women. Am J 
Obstet Gynecol. 1991;165(5):1515-1523.

384. Challinor SM, Winters SJ, Amico JA. Pattern of oxytocin concen
trations in the peripheral blood of healthy women and men: effect 
of the menstrual cycle and short-term fasting. Endocr Res. 
1994;20(2):117-125.

385. Fabian M, Forsling ML, Jones JJ, Pryor JS. The clearance and anti
diuretic potency of neurohypophysial hormones in man, and their 
plasma binding and stability. J Physiol. 1969;204(3):653-668.

386. Baskaran C, Plessow F, Silva L, et al. Oxytocin secretion is pulsa
tile in men and is related to social-emotional functioning. 
Psychoneuroendocrinology. 2017;85:28-34.

387. Osilla EV, Sharma S. Oxytocin. StatPearls; 2024.
388. Horta M, Kaylor K, Feifel D, Ebner NC. Chronic oxytocin adminis

tration as a tool for investigation and treatment: a cross-disciplinary 
systematic review. Neurosci Biobehav Rev. 2020;108:1-23.

389. Yao S, Chen Y, Zhuang Q, et al. Sniffing oxytocin: nose to brain or 
nose to blood? Mol Psychiatry. 2023;28(7):3083-3091.

390. Leng G, Ludwig M. Intranasal oxytocin: myths and delusions. 
Biol Psychiatry. 2016;79(3):243-250.

391. Walum H, Waldman ID, Young LJ. Statistical and methodological 
considerations for the interpretation of intranasal oxytocin stud
ies. Biol Psychiatry. 2016;79(3):251-257.

392. Quintana DS, Lischke A, Grace S, Scheele D, Ma Y, Becker B. 
Advances in the field of intranasal oxytocin research: lessons 
learned and future directions for clinical research. Mol 
Psychiatry. 2021;26(1):80-91.

393. Hu H, Verbalis JG. Oxytocin and body weight homeostasis— 
Wrong hypothesis or wrong methodology? NEJM Evid. 
2024;3(5):EVIDe2400072.

394. Rung JM, Horta M, Tammi EM, et al. Safety and tolerability of 
chronic intranasal oxytocin in older men: results from a random
ized controlled trial. Psychopharmacology (Berl). 2021;238(9): 
2405-2418.

395. MacDonald E, Dadds MR, Brennan JL, Williams K, Levy F, Cauchi 
AJ. A review of safety, side-effects and subjective reactions to intra
nasal oxytocin in human research. Psychoneuroendocrinology. 
2011;36(8):1114-1126.

396. Giovanna G, Damiani S, Fusar-Poli L, et al. Intranasal oxytocin as a 
potential therapeutic strategy in post-traumatic stress disorder: a 
systematic review. Psychoneuroendocrinology. 2020;115:104605.

397. Cai Q, Feng L, Yap KZ. Systematic review and meta-analysis of 
reported adverse events of long-term intranasal oxytocin treat
ment for autism spectrum disorder. Psychiatry Clin Neurosci. 
2018;72(3):140-151.

398. Petersson M, Hulting AL, Uvnas-Moberg K. Oxytocin causes a 
sustained decrease in plasma levels of corticosterone in rats. 
Neurosci Lett. 1999;264(1-3):41-44.

399. Page SR, Ang VT, Jackson R, White A, Nussey SS, Jenkins JS. The 
effect of oxytocin infusion on adenohypophyseal function in man. 
Clin Endocrinol (Oxf). 1990;32(3):307-314.

400. Legros JJ. Inhibitory effect of oxytocin on corticotrope function in 
humans: are vasopressin and oxytocin ying-yang neurohormones? 
Psychoneuroendocrinology. 2001;26(7):649-655.

546                                                                                                                                                         Endocrine Reviews, 2025, Vol. 46, No. 4
D

ow
nloaded from

 academ
ic.oup.com

/edrv/article/46/4/518/8030228 by guest on 16 O
ctober 2026

https://doi.org/10.1093/ejendo/lvaf001


401. Striepens N, Kendrick KM, Hanking V, et al. Elevated cerebro
spinal fluid and blood concentrations of oxytocin following its in
tranasal administration in humans. Sci Rep. 2013;3(1):3440.

402. Kirkpatrick MG, Francis SM, Lee R, de Wit H, Jacob S. Plasma 
oxytocin concentrations following MDMA or intranasal oxytocin 
in humans. Psychoneuroendocrinology. 2014;46:23-31.

403. Iwasaki Y, Maejima Y, Suyama S, et al. Peripheral oxytocin acti
vates vagal afferent neurons to suppress feeding in normal and 
leptin-resistant mice: a route for ameliorating hyperphagia and 
obesity. Am J Physiol Regul Integr Compar Physiol. 2015;308(5): 
R360-R369.

404. Brierley DI, Holt MK, Singh A, et al. Central and peripheral 
GLP-1 systems independently suppress eating. Nat Metab. 
2021;3(2):258-273.

405. Iwasaki Y, Kumari P, Wang L, Hidema S, Nishimori K, Yada T. 
Relay of peripheral oxytocin to central oxytocin neurons via vagal 
afferents for regulating feeding. Biochem Biophys Res Commun. 
2019;519(3):553-558.

406. Dal Monte O, Noble PL, Turchi J, Cummins A, Averbeck BB. CSF 
and blood oxytocin concentration changes following intranasal 
delivery in macaque. PLoS One. 2014;9(8):e103677.

407. Yeomans DC, Hanson LR, Carson DS, et al. Nasal oxytocin for 
the treatment of psychiatric disorders and pain: achieving mean
ingful brain concentrations. Transl Psychiatry. 2021;11(1):388.
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