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Preface

This Special Issue Reprint, curated under the name “Current advance in oxytocin research”,

brings together recent advances exploring the roles of oxytocin in the etiology of obesity, skeletal

muscle disorders, polycystic ovary syndrome, Prader–Willi syndrome, the reaction to stress and

autism spectrum disorder. The aim of this collection is to deepen our understanding of the

physiological effects of oxytocin, beyond its role in pregnancy and lactation, and its role in several

diseases. The contributions herein—from basic research to translational applications—are intended to

support both early-career and established researchers, clinicians, and neurobiologists working in the

intersecting fields of basic science and translational research. As a Guest Editor, I was also motivated

to compile this focused issue in light of the special anniversary for oxytocin this year, in 2025, as it

has been 70 years since oxytocin’s discovery in 1955. The discovery of the pituitary neurohormone

oxytocin led to the Nobel Prize in Chemistry in 1955 being awarded to Vincent du Vigneaud. This

represented the culmination of a research programme dating back to 1895, when Professors Oliver

and Schafer reported that a substance extracted from the pituitary gland elevates blood pressure when

intravenously injected into dogs. Professor Dale later reported on a neurohypophysial substance that

triggers uterine contraction, stimulates lactation and functions as an antidiuretic. In 1950, the amino

acid sequences of vasopressin and oxytocin were determined, and both peptides were chemically

synthesised. This characterisation led to the Nobel Prize being awarded to Vincent du Vigneaud. I

extend my sincere appreciation to the contributing authors of this Special Issue for their high-quality

submissions, to the peer reviewers for their valuable input, and to the editorial staff at Current Issues

in Molecular Biology for their professional support throughout the process.

Claudia Camerino

Guest Editor
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Editorial

Editorial for Special Issue “Current Advances in
Oxytocin Research”

Claudia Camerino 1,2

1 Department of Precision and Regenerative Medicine, School of Medicine, University of Bari Aldo Moro,
P.za G. Cesare 11, 70100 Bari, Italy; ccamerino@libero.it

2 Department of Physiology and Pharmacology “V. Erspamer”, Sapienza University of Rome, P.le Aldo Moro 5,
00185 Rome, Italy

Very few hormones and neurotransmitters are as fascinating as oxytocin. The discov-
ery of oxytocin dates back to 1955, when Professor Vincent du Vigneaud was awarded
the Nobel Prize in Chemistry for sequencing oxytocin [1]. This achievement marked the
culmination of a long line of research initiated in 1895. For the following 50 years or
so, oxytocin was primarily studied for its role in uterine contractility and milk ejection
during lactation. However, in the early 2000s, its physiological functions were reconsid-
ered. Researchers discovered that oxytocin also plays a role in glucose metabolism and
obesity. Notably, a lack of oxytocin was found to contribute to the onset of obesity and
metabolic syndrome, even with no changes in food intake [2,3]. Since then, thousands of
studies have explored the wide range of beneficial physiological effects associated with
oxytocin. The oxytocin receptor, a G-protein coupled receptor, has been shown to exhibit
sexual dimorphisms, indicating that its role is not exclusive to the female gender and, by
extension, not limited to uterine contraction. But what is the real physiological identity of
oxytocin? The answer begins with the early evidence showing that oxytocin is involved
in thermoregulation [4–6] and muscle contraction [7,8]. Indeed, like many hypothalamic
hormones, oxytocin regulates thermogenesis, food intake, and reproduction—three funda-
mental processes essential to life. Oxytocin plays a distinctive role in regulating muscle
contraction and thermoregulation. This collection of articles was conceived to provide
readers with a comprehensive overview of the physiological functions of oxytocin in both
health and disease. A total of eight articles are featured in this Special Issue, including
two original research articles that explore the novel physiological functions of oxytocin.
One study found that the hindbrain administration of oxytocin reduced body weight and
energy intake, while stimulating the temperature of interscapular brown adipose tissue
in male mice, in which obesity had been induced through diet. In contrast, in female
rats fed a high-fat diet, the increase in thermogenesis and weight loss elicited by oxytocin
occurred independently of the sympathetic innervation to brown adipose tissue. Moreover,
in an in vitro model of oxygen-glucose deprivation, oxytocin was found to confer a degree
of neuroprotection, specifically in cases of severe lesions in hippocampal neurons after
7 days in vitro. This findings offer new therapeutic possibilities for the prevention of
perinatal asphyxia and hypoxic-ischemic encephalopathy. The remaining six articles in
this Special Issue are reviews. Three of them discuss the role of oxytocin in Prader–Willi
syndrome and autism spectrum disorder, highlighting the importance of oxytocin’s phar-
macological properties for the treatment of several diseases, including obesity, Prader–Willi
syndrome, and autism spectrum disorder [9–11]. The fourth review article examines the
role of oxytocin in mesodermal stem cell-derived lineages. The fifth review investigates the
presence of possible alterations in oxytocin levels in polycystic ovary syndrome, noting

Curr. Issues Mol. Biol. 2025, 47, 363 https://doi.org/10.3390/cimb47050363
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that serum oxytocin levels are reported to be lower in affected individuals. Finally, the sixth
review article introduces the innovative concept of hormesis and the role of oxytocin and
vasopressin in the physiological adaptation to stressor events. In conclusion, it was most
gratifying to receive such enthusiastic responses from all the contributors, who submitted
excellent work in both basic and translational research, as well as from the reviewers and
the editorial team. The completion of this collection paves the way for new opportunities
and collaborations. It was an honour to serve as Guest Editor, and I extend my sincere
congratulations to all the contributors for finalizing this collection of articles, published in
commemoration of 70th anniversary of oxytocin’s discovery (1955–2025).

Conflicts of Interest: The author declares no conflict of interest.
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Article

Sympathetic Innervation of Interscapular Brown Adipose Tissue
Is Not a Predominant Mediator of Oxytocin-Induced Brown
Adipose Tissue Thermogenesis in Female High Fat Diet-Fed Rats

Andrew D. Dodson 1, Adam J. Herbertson 1, Mackenzie K. Honeycutt 1, Ron Vered 1, Jared D. Slattery 1,

Matvey Goldberg 1, Edison Tsui 1, Tami Wolden-Hanson 1, James L. Graham 2, Tomasz A. Wietecha 3,4,

Kevin D. O’Brien 4,5, Peter J. Havel 2,6, Carl L. Sikkema 1,7, Elaine R. Peskind 1,7, Thomas O. Mundinger 3,

Gerald J. Taborsky, Jr. 1,3 and James E. Blevins 1,3,*

1 VA Puget Sound Health Care System, Office of Research and Development Medical Research Service,
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jared.slattery@va.gov (J.D.S.); matveyg@uw.edu (M.G.); edisontsui2000@gmail.com (E.T.);
tami.woldenhanson@gmail.com (T.W.-H.); sikkema@uw.edu (C.L.S.); peskind@uw.edu (E.R.P.);
taborsky@uw.edu (G.J.T.J.)

2 Department of Nutrition, University of California, Davis, CA 95616, USA; jlgraham@ucdavis.edu (J.L.G.);
pjhavel@ucdavis.edu (P.J.H.)

3 Division of Metabolism, Endocrinology and Nutrition, Department of Medicine, University of Washington
School of Medicine, Seattle, WA 98195, USA; wietechatomasz@gmail.com (T.A.W.);
mundin714@gmail.com (T.O.M.)

4 UW Medicine Diabetes Institute, University of Washington School of Medicine, Seattle, WA 98109, USA;
cardiac@cardiology.washington.edu

5 Division of Cardiology, Department of Medicine, University of Washington School of Medicine,
Seattle, WA 98195, USA

6 Department of Molecular Biosciences, School of Veterinary Medicine, University of California,
Davis, CA 95616, USA

7 Department of Psychiatry and Behavioral Sciences, University of Washington School of Medicine,
Seattle, WA 98195, USA

* Correspondence: jeblevin@uw.edu

Abstract: Recent studies have indicated that hindbrain [fourth ventricle (4V)] administration of the
neurohypophyseal hormone, oxytocin (OT), reduces body weight, energy intake and stimulates
interscapular brown adipose tissue temperature (TIBAT) in male diet-induced obese (DIO) rats. What
remains unclear is whether chronic hindbrain (4V) OT can impact body weight in female high
fat diet-fed (HFD) rodents and whether this involves activation of brown adipose tissue (BAT).
We hypothesized that OT-elicited stimulation of sympathetic nervous system (SNS) activation of
interscapular brown adipose tissue (IBAT) contributes to its ability to activate BAT and reduce body
weight in female high HFD-fed rats. To test this hypothesis, we determined the effect of disrupting
SNS activation of IBAT on OT-elicited stimulation of TIBAT and reduction of body weight in DIO rats.
We first measured the impact of bilateral surgical SNS denervation to IBAT on the ability of acute
4V OT (0.5, 1, and 5 μg ≈ 0.5, 0.99, and 4.96 nmol) to stimulate TIBAT in female HFD-fed rats. We
found that the high dose of 4V OT (5 μg ≈ 4.96 nmol) stimulated TIBAT similarly between sham rats
and denervated rats (p = NS). We subsequently measured the effect of bilateral surgical denervation
of IBAT on the effect of chronic 4V OT (16 nmol/day ≈ 16.1 μg/day) or vehicle infusion to reduce
body weight, adiposity and energy intake in female HFD-fed rats (N = 7–8/group). Chronic 4V OT
reduced body weight gain (sham: −18.0 ± 4.9 g; denervation: −15.9 ± 3.7 g) and adiposity (sham:
−13.9 ± 3.7 g; denervation: −13.6 ± 2.4 g) relative to vehicle treatment (p < 0.05) and these effects
were similar between groups (p = NS). These effects were attributed, in part, to reduced energy intake
evident during weeks 2 (p < 0.05) and 3 (p < 0.05). To test whether these results translate to other
female rodent species, we also examined the effect of chronic 4V infusion of OT on body weight
and adiposity in two strains of female HFD-fed mice. Similar to what we found in the HFD-fed
rat model, we also found that chronic 4V OT (16 nmol/day) infusion resulted in reduced body
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weight gain, adiposity and energy intake in female DIO C57BL/6J and DBA/2J mice (p < 0.05 vs.
vehicle). Together, these findings suggest that (1) sympathetic innervation of IBAT is not necessary for
OT-elicited increases in BAT thermogenesis and weight loss in female HFD-fed rats and (2) the effects
of OT to reduce weight gain and adiposity translate to other female mouse models of diet-induced
obesity (DIO).

Keywords: obesity; brown adipose tissue; oxytocin; female rodents

1. Introduction

The neuropeptide, oxytocin (OT), has been largely associated with eliciting prosocial
(i.e., pair bonds and increased trust) [1,2] and reproductive behavior (i.e., uterine con-
traction, milk ejection reflex) [3,4], but the role of OT in the regulation of body weight,
particularly in female rodents [5–8], is not entirely clear. Recent studies have shown that
acute intracerebroventricular (ICV) OT administration reduces food intake in female single-
minded 1 (SIM1) haploinsufficient mice [9] and female rats [10]. However, few long-term
treatment studies exploring the mechanism (s) by which chronic central nervous system
(CNS) administration of OT reduces body weight and adiposity in female rodents have
been reported.

Although suppression of food intake is thought to contribute, at least in part, to the
effects of hindbrain (fourth ventricle (4V)) OT-elicited weight loss in male rodents, the
findings from pair-feeding studies from male rodents suggest that OT-elicited reductions
of food intake cannot fully explain OT elicited weight loss [11–13]. In addition to OT’s well
established effects on food intake, previous studies in rodents and nonhuman primates
have shown that OT may also evoke weight loss, in part, by stimulating energy expenditure
(EE) [14–17] and lipolysis [12,14,18]. While it is clear that brown adipose tissue thermogen-
esis (BAT) plays an important role in the regulation of EE (see [19,20] for review), less is
known about whether OT’s effects on EE result from (1) non-shivering BAT thermogene-
sis, (2) spontaneous physical activity-induced thermogenesis [21], (3) non-shivering and
shivering thermogenesis in skeletal muscle [22,23] and/or through the anabolic effects of
OT on muscle [24,25], (5) white adipose tissue thermogenesis or (6) hormonal mediators
(e.g., fibroblast growth factor-21 [26], irisin [27], leptin [28], thyroid hormone [29] or se-
cretin [30,31] (see [32,33] for review). We and others have found that acute injections of OT
into either the forebrain (third (3V)) or hindbrain (4V) elevate interscapular BAT tempera-
ture (TIBAT) (surrogate measure of BAT thermogenesis) [34,35] and/or core temperature [36]
in male rats or mice. Furthermore, the onset of OT-elicited weight loss coincides with OT-
elicited elevations of TIBAT in male diet-induced obese (DIO) rats [34]. In addition, an
earlier study found that chemogenetic excitation of hypothalamic paraventricular nucleus
(PVN) OT neurons increases both subcutaneous BAT temperature and EE in Oxytocin-Ires
Cre mice [37]. In addition, a recent study reported that chronic subcutaneous infusion of OT
increases core temperature, IBAT thermogenic gene expression and differentiation of BAT
in vitro in male DIO mice [38]. On the other hand, genetic knockdown or pharmacological
blockade of OT signaling reduces cold-induced BAT thermogenesis [39–42], decreases
EE [16,17,39,43] and promotes obesity [17,43–45] in mice. We recently determined the
impact of bilateral surgical sympathetic nervous system (SNS) denervation to IBAT on
the ability of chronic hindbrain (4V) OT infusion to reduce body weight and adiposity in
male DIO mice. We found that chronic 4V OT produced similar reductions of body weight
and adiposity between groups suggesting that SNS innervation of IBAT is not required
for OT to reduce body weight and adiposity in male DIO mice [35]. This finding raised
the question as to whether OT stimulates IBAT thermogenesis and evokes weight loss
through a mechanism that requires increased SNS outflow to IBAT in female high fat diet
(HFD)-fed rats and whether the effect of OT on BAT thermogenesis may involve hindbrain
oxytocin receptors (OTR). Here, we aimed to determine the role of SNS outflow to IBAT in
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contributing to the effect of chronic hindbrain (4V) OT to stimulate BAT thermogenesis and
evoke weight loss in a female HFD-fed rat model.

Based on our previous findings that linked 4V OT to increases in BAT thermogenesis
in male DIO rats, we hypothesized that OT-induced stimulation of SNS outflow to IBAT
contributes to its ability to stimulate non-shivering BAT thermogenesis and evoke weight
loss in female HFD-fed rats. To assess if SNS innervation of BAT is required for OT to
stimulate non-shivering thermogenesis in IBAT (as surrogate measure of energy expendi-
ture), we determined the effects of acute 4V injections of OT (0.5, 1, and 5 μg) on TIBAT in
female HFD-fed rats following bilateral surgical SNS denervation to IBAT. To determine
whether SNS innervation of IBAT is required for OT to elicit weight loss, we measured
the ability of chronic 4V OT (16 nmol/day over 29 days) to decrease body weight and
adiposity in female HFD-fed rats following bilateral surgical or sham denervation of IBAT.
We subsequently determined if these effects were associated with a reduction of adipocyte
size and energy intake. To test whether the effects of chronic 4V OT to reduce body weight
and adiposity could translate to other female rodent models of diet-induced obesity (DIO),
we also examined the effect of chronic 4V infusion of OT on body weight and adiposity
in two different strains of female HFD-fed mice (C57BL/6J and DBA/2J). Our findings
suggest that (1) sympathetic innervation of IBAT is not necessary for OT-elicited increases
in BAT thermogenesis and weight loss in female HFD-fed rats and (2) the effects of OT to
elicit weight loss translate to other mouse models of diet-induced obesity (DIO).

2. Materials and Methods

2.1. Animals

Adult female Long-Evans rats and C57BL/6J (strain 000664) and DBA/2J (strain
000671) mice were initially obtained from Envigo [Indianapolis, IN (rats)] or [The Jackson
Laboratory; Bar Harbor, ME (mice)] and maintained for at least 4 months on a HFD prior
to study onset. All animals were housed individually in Plexiglas cages in a temperature-
controlled room (22 ± 2 ◦C) under a 12:12-h light-dark cycle. All rats and mice were
maintained on a 6 a.m. (lights on)/6 p.m. (lights off) light cycle. Rats and mice had ad
libitum access to water and a HFD providing 60% kcal from fat [Research Diets, D12492
(rats) or D12492i (mice), New Brunswick, NJ, USA]. The research protocols were approved
both by the Institutional Animal Care and Use Committee of the Veterans Affairs Puget
Sound Health Care System (VAPSHCS) and the University of Washington in accordance
with NIH Guidelines for the Care and Use of Animals.

2.2. Drug Preparation

The beta-3 adrenergic receptor (β3-AR) agonist, CL 316243 (Tocris/Bio-Techne Corpo-
ration, Minneapolis, MN), was solubilized in sterile water on each day of each experiment
(Study 1). OT acetate salt (Bachem Americas, Inc., Torrance, CA, USA) was solubilized
in sterile water on each day of each study (Study 2). For Studies, 3–5, OT acetate salt
(Bachem Americas, Inc., Torrance, CA, USA) was dissolved in sterile water and subse-
quently added to Alzet® minipumps (model 2004; DURECT Corporation, Cupertino, CA,
USA) and primed in sterile vehicle (0.9% saline) at 37 ◦C for approximately 40 h.

2.3. SNS Denervation Procedure

The procedure for SNS denervation of IBAT has been described previously [35]. Briefly,
a dissecting microscope (Leica M60/M80; Leica Microsystems, Buffalo Grove, IL, USA)
was used for the denervation/sham surgeries. Rats were treated pre-operatively with the
analgesic ketoprofen (2 mg/kg; Fort Dodge Animal Health, Overland Park, KS, USA) prior
to the completion of the denervation or sham procedure. This IBAT denervation procedure
was combined with transponder implantations for studies that involved IBAT temperature
measurements in response to acute (Studies 1–2) IP or 4V administration. Animals were
allowed to recover for approximately 5–7 days prior to implantation of 4V cannulas.
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2.4. 4V Cannulations for Acute Injections in Rats

The procedure for 4V cannulations for acute injections in rats has been described
previously [34,46]. Briefly, rats were implanted with a cannula (P1 Technologies, Roanoke,
VA, USA) that was directed towards the 4V [47–49]. Rats were initially anesthetized with
isoflurane and subsequently positioned on a stereotaxic device [Digital Lab Standard
Stereotaxic, Rat, (Item 51900), Stoelting Co., Wood Dale, IL, USA] with the incisor bar
fixed at 3.3 mm below the interaural line. A 26-gauge cannula (P1 Technologies) was
stereotaxically implanted into the 4V [−3.5 mm caudal to the interaural line; 1.4 mm lateral
to the midline, and 6.2 mm ventral to the skull surface [50] and fastened to the surface
of the skull with dental acrylic and stainless-steel screws. Rats were treated with the
analgesic ketoprofen (2 mg/kg; Fort Dodge Animal Health) and the antibiotic enrofloxacin
(5 mg/kg; Bayer Healthcare LLC., Animal Health Division, Shawnee Mission, KS, USA)
at the completion of the 4V cannulations. Animals were allowed to recover for at least
10 days prior to study onset.

2.5. 4V Cannulations for Chronic Infusions in Rats

The procedure for 4V cannulations for chronic infusions in rats has been described
previously [34,46]. Briefly, rats were implanted with a cannula within the 4V with a side port
that was connected to an osmotic minipump (model 2004, DURECT Corporation) [34,46,51].
Rats were initially anesthetized with isoflurane anesthesia and subsequently placed in
a stereotaxic device [Digital Lab Standard Stereotaxic, Rat, (Item 51900), Stoelting Co.]
with the incisor bar fixed at 3.3 mm below the interaural line. A 30-gauge cannula (P1
Technologies) was stereotaxically directed into the 4V [−3.5 mm caudal to the interaural
line; 1.4 mm lateral to the midline, and 7.2 mm ventral to the skull surface [50]] and secured
to the surface of the skull with stainless steel screws and dental acrylic. Rats were given the
analgesic ketoprofen (2 mg/kg; Fort Dodge Animal Health) and the antibiotic enrofloxacin
(5 mg/kg; Bayer Healthcare LLC., Animal Health Division, Shawnee Mission, KS, USA) at
the completion of the 4V cannulations and were allowed to recover at least 10 days prior to
implantation of osmotic minipumps.

2.6. 4V Cannulations for Chronic Infusions in Female C57BL/6J and DBA/2J Mice

The procedure for 4V cannulations for chronic infusions in mice has been described
previously [52]. Mice were implanted with a cannula within the 4V with a side port
that was connected to an osmotic minipump (model 2004, DURECT Corporation) as
previously described [52]. Mice were initially anesthetized with isoflurane anesthesia
and subsequently positioned on a stereotaxic device [Digital Just for Mouse Stereotaxic,
(Item 51730D), Stoelting Co.] with the incisor bar positioned 4.5 mm below the interaural
line. A 30-gauge cannula (P1 Technologies) was stereotaxically positioned into the 4V
of either female C57BL/6J or DBA/2J mice (−5.9 mm caudal to bregma; 0.4 mm lateral
to the midline, and 3.7 mm ventral to the skull surface) [53] and secured to the surface
of the skull with dental cement and stainless steel screws. Mice were treated with the
analgesic ketoprofen (5 mg/kg; Fort Dodge Animal Health) and the antibiotic enrofloxacin
(5 mg/kg; Bayer Healthcare LLC., Animal Health Division Shawnee Mission, KS, USA)
at the completion of the 4V cannulations and were allowed to recover for at least 10 days
prior to implantation of osmotic minipumps.

2.7. Implantation of Temperature Transponders Underneath IBAT

The procedure for temperature transponder implantations underneath IBAT in rats
and mice has been described previously [35,52,54]. Animals were initially anesthetized
with isoflurane and had the dorsal surface along the upper midline of the back shaved
and the area was scrubbed with 70% ethanol followed by betadine swabs. A one-inch
incision was made at the midline of the interscapular area. The temperature transponder
(14 mm long/2 mm wide) (HTEC IPTT-300; Bio Medic Data Systems, Inc., Seaford, DE,
USA) was implanted underneath the left IBAT pad as previously described [34,35,52,54–56]
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and secured in place by suturing it to the brown fat pad with sterile silk suture. The
interscapular incision was closed with Nylon sutures (5-0), which were removed in awake
animals 10–14 days after surgery. Rats or mice were treated pre-operatively with the
analgesic ketoprofen [rats: 2 mg/kg; mice: 5 mg/kg (Fort Dodge Animal Health)] prior to
the completion of the temperature transponder implantation procedure.

2.8. Acute IP or 4V Injections and Measurements of TIBAT

On an experimental day, 4-h fasted animals received either IP (CL 316243 or sterile
water vehicle; 0.1 mL/kg injection volume) or 4V injections (OT or saline vehicle; 1 μL
injection volume) during the early part of the light cycle. Injections were completed in a
crossover design over approximately 7-day (CL 316243) or 48-h (OT) intervals such that
each animal served as its own control. Animals remained fasted for an additional 4 h
(Study 3–4) during the course of the TIBAT measurements. A handheld reader (DAS-8007-
IUS Reader System; Bio Medic Data Systems, Inc.) was used to collect measurements of
TIBAT. Rats underwent all treatments in a randomized order separated by at least 48-h (OT)
or 7–8 days (CL 316243) between treatments.

2.9. Body Composition

The procedure for measuring body composition in mice and rats has been described
previously [35,54]. Briefly, determinations of lean body mass and fat mass were made
on un-anesthetized mice and rats by quantitative magnetic resonance using an EchoMRI
4-in-1-700TM instrument (Echo Medical Systems, Houston, TX, USA) at the VAPSHCS
Rodent Metabolic Phenotyping Core. Measurements were taken prior to 4V cannulations
and/or minipump implantations as well as at the end of the infusion period.

2.10. Tissue Collection for Norepinephrine (NE) Content Measurements

Rats were euthanized by rapid conscious decapitation at 8 weeks (Study 1–2) or
7–12 weeks (Study 3) post-sham or denervation procedure. Trunk blood and tissues (IBAT,
EWAT, IWAT, liver and/or pancreas) were collected from 4-h fasted rats. Tissue was rapidly
removed, wrapped in foil and frozen in liquid N2. Samples were stored frozen at −80 ◦C
until analysis. Note that rapid conscious decapitation was used in place of anesthesia
when collecting tissue for NE content as anesthesia can cause the release of NE from SNS
terminals within the tissue [57].

2.11. NE Content Measurements (Biochemical Confirmation of IBAT Denervation Procedure)

The procedure for measuring NE content has been described previously [58]. Specif-
ically, NE content was measured in IBAT, EWAT, IWAT, liver and/or pancreas using
previously established techniques [35,58]. Successful denervation was noted by ≥60%
reduction in IBAT NE content as previously noted [35,59]. Experimental animals that did
not meet this criterion were excluded from the data analysis.

2.12. Study Protocols
2.12.1. Study 1: Determine if Surgical Denervation of IBAT Changes the Ability of the β-3R
Agonist, CL 316243, to Increase TIBAT in DIO Rats

Rats (N = 13 at study onset) from Study 2 were used in these studies. Rats were fed ad
libitum and maintained on HFD for approximately 4.5 months prior to underdoing sham or
SNS denervation procedures and implantation of temperature transponders underneath
the left IBAT depot. Animals were subsequently implanted with 4V cannulas approxi-
mately 1 week following sham/denervation procedures and implantation of temperature
transponders. Rats were allowed to recover for at least 2 weeks during which time they
were adapted to a daily 4-h fast, handling and mock injections. On an experimental day,
4-h fasted rats received Cl 316243 (0.1 or 1 mg/kg) or vehicle (sterile water) during the
early part of the light cycle in a crossover design at approximately 7-day intervals such
that each animal served as its own control (approximately 1–3 weeks post-sham or dener-
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vation procedures). TIBAT was measured at baseline (−2 h; 9:00 a.m.), immediately prior
to IP injections (0 h; 9:45–10:00 a.m.), and at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3, 4, and 24-h
post-injection (10:00 a.m.). Food intake and body weight were measured daily. Daily food
intake was determined by measuring the difference in weight of the high fat diet pre- vs.
post-intervention of a 24-h period and converting grams/day to units of energy intake/day
(kcal/day; 5.24 kcal/gram [60]). This dose range was based on doses of CL 316243 found
to be effective at reducing food intake and weight gain in rats [52,61]. Animals were eutha-
nized by rapid conscious decapitation at 13 weeks post-sham or denervation procedure.

2.12.2. Study 2: Determine the Extent to Which OT-Induced Activation of Sympathetic
Outflow to IBAT Contributes to Its Ability to Increase TIBAT in DIO Rats

Rats (N = 16 at study onset) from Study 1 were used in these studies. On an ex-
perimental day, 4-h fasted rats received OT (1 or 5 μg/μL) or vehicle during the early
part of the light cycle in order to maximize the effects of OT [17,52] during a time when
circulating NE levels [62] and IBAT catecholamine levels are lower [63]. Injections were
completed in a crossover design at approximately 48-h to 72-h intervals such that each
animal served as its own control (approximately 4-weeks post-sham or denervation proce-
dures). TIBAT was measured at baseline (−2 h; 9:00 a.m.), immediately prior to 4V injections
(0 h; 9:45–10:00 a.m.), and at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, 3, 4, and 24-h post-injection
(10:00 a.m.). Food intake and body weight were measured daily. This dose range was based
on doses of 4V OT found to be effective at stimulating TIBAT in male DIO rats in previous
studies [34].

In addition, we examined the impact of a lower dose of OT (0.5 μg/μL) in an identical
manner following the completion of the initial studies in Study 2.

2.12.3. Study 3A: Determine the Extent to Which OT-Induced Activation of Sympathetic
Outflow to IBAT Contributes to Its Ability to Reduce Weight Gain in Female HFD-Fed Rats

Rats (N = 30 at study onset) were used for these studies. Animals were fed ad libitum
and maintained on HFD for approximately 5.25 months prior to receiving implantations of
temperature transponders underneath IBAT, 4V cannulas and subcutaneous minipumps to
infuse vehicle or OT (16 nmol/day) over 29 days as previously described [34]. This dose
was selected based on a dose of 4V OT found to be effective at reducing body weight in male
DIO rats [34]. Daily food intake and body weight were also tracked for 29 days. Animals
were euthanized by rapid conscious decapitation at 7 weeks post-sham or denervation
procedure. Trunk blood and tissues [IBAT, epididymal white adipose tissue (EWAT),
inguinal white adipose tissue (IWAT), liver and pancreas)] were collected from 4-h fasted
rats and tissues were subsequently analyzed for IBAT NE content to confirm success of
denervation procedure relative to sham operated animals and other tissues (EWAT, IWAT,
liver and pancreas).

2.12.4. Study 3B: Determine the Extent to Which 4V OT Impacts Thermogenic Gene
Expression in IBAT and IWAT in Female HFD-Fed Rats

Rats from Study 3A were used for these studies. All rats received chronic infusions
of 4V vehicle or OT (16 nmol/day) and were euthanized by rapid conscious decapitation
following a 4-h fast.

2.12.5. Study 4A: Determine the Effects of Chronic 4V OT Treatment on Body Weight,
Adiposity and Energy Intake in Female HFD-Fed C57BL/6J Mice

Female mice (N = 20 at study onset) were fed ad libitum and maintained on HFD
for approximately 4.5 months prior to being implanted with temperature transponders
underneath IBAT. Mice were allowed up to 1-week post-op recovery prior to receiving 4V
cannulas. Mice were allowed up to 2 weeks post-op recovery prior to being implanted
with minipumps as previously described [34]. TIBAT was measured daily at baseline (−2 h;
9:00 a.m.) and immediately prior to access to food (10:00 a.m.). Daily food intake, body
weight and TIBAT were tracked for 28 days.
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2.12.6. Study 4B: Determine the Effects of Chronic 4V OT Treatment on Body Weight,
Adiposity and Energy Intake in Female DIO DBA2J Mice

Female mice (N = 20 at study onset) were used for these studies. Animals were fed ad
libitum and maintained on HFD for approximately 4.5 months prior to being implanted
with temperature transponders underneath IBAT. Mice were allowed up to 2 weeks post-
op recovery prior to receiving 4V cannulas. Mice were allowed up to 4 weeks post-op
recovery prior to being implanted with minipumps as previously described [34]. TIBAT
was measured daily at baseline (−2 h; 9:00 a.m.) and immediately prior to access to food
(10:00 a.m.). Daily food intake, body weight and TIBAT were tracked for 28 days.

2.12.7. Study 5: Determine the Effects of Chronic Systemic OT Treatment
(16 and 50 nmol/day) on Body Weight, Adiposity and Energy Intake in Female DIO
DBA/2J Mice

Female mice (N = 22 mice at study onset) were fed ad libitum and maintained on HFD
for approximately 4.5 months prior to being implanted with temperature transponders
underneath IBAT. Mice were allowed up to 4 weeks post-op recovery prior to being
implanted with subcutaneous (SC) minipumps as previously described [34]. TIBAT was
measured daily at baseline (−2 h; 9:00 a.m.) and immediately prior to access to food
(10:00 a.m.). Daily food intake, body weight and TIBAT were tracked for 27 days.

2.13. Blood Collection

Trunk blood (Study 1–2) or blood from cardiac stick (Study 3–5) was collected from
4-h fasted rats or mice within a 2-h window towards the beginning of the light cycle
(10:00 a.m.–12:00 p.m.) as previously described in DIO CD®IGS and Long-Evans rats and
C57BL/6J mice [34,48]. Treatment groups were counterbalanced at time of euthanasia to
avoid time of day bias. Blood samples [up to 1 mL (mice) or 3 mL (rats)] were collected from
trunk or via cardiac puncture in chilled K2 EDTA Microtainer Tubes (Becton-Dickinson,
Franklin Lakes, NJ, USA). Whole blood was centrifuged at 6000 rpm for 1.5-min at 4 ◦C;
plasma was removed, aliquoted and stored at −80 ◦C for subsequent analysis.

2.14. Plasma Hormone Measurements

Plasma leptin and insulin were measured using electrochemiluminescence detection
[Meso Scale Discovery (MSD®), Rockville, MD, USA] using established procedures [34,64].
Intra-assay coefficient of variation (CV) for leptin was 2.8% and 2.4% for rat and mouse,
respectively. Intra-assay CV for insulin was 2.7% and 2.4% for rat and mouse, respectively.
The range of detectability for the leptin assay is 0.07–51.9 ng/mL and 0.069–50 ng/mL for
insulin. Plasma glucagon (Mercodia, Winston Salem, NC, USA), fibroblast growth factor-21
(FGF-21) (R&D Systems, Minneapolis, MN, USA) and irisin (AdipoGen, San Diego, CA,
USA) levels were determined by ELISA. The intra-assay CV for glucagon was 1.6% and
1.9% for rat and mouse, respectively, and the range of detection was 2–182 pmol/L. The
intra-assay CV for FGF-21 was 2.7% and 2.3% for rat and mouse, respectively. The intra-
assay CV for irisin was 6.9% for mouse (not obtained for rat). The ranges of detectability
were 31.3–2000 pg/mL (FGF-21) and 0.078–5 μg/mL (irisin). Plasma adiponectin was also
measured using ELISA (Alpco, Salem, NH, USA) using established procedures [34,64].
Intra-assay CV for adiponectin was 1.7% and 1.6% for rat and mouse, respectively. The
range of detectability for the adiponectin assay is 0.25–10 ng/mL (rat) and 0.025–1 ng/mL
(mice). The data were normalized to historical values using a pooled plasma quality control
sample that was assayed in each plate.

2.15. Blood Glucose and Lipid Measurements

Blood was collected for glucose measurements by tail vein nick in 4-h fasted rats
and measured with a glucometer using the AlphaTRAK 2 blood glucose monitoring
system (Abbott Laboratories, Abbott Park, IL, USA) [34,65]. Total cholesterol (TC) [Fisher
Diagnostics (Middletown, VA, USA)] and free fatty acids (FFAs) [Wako Chemicals USA,
Inc., Richmond, VA, USA)] were measured using an enzymatic-based kits. Intra-assay CVs
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for TC were 3.5% and 3.4% for rat and mouse, respectively. Intra-assay CV for FFA were
1.4% and 2.5% for rat and mouse, respectively. These assay procedures have been validated
for rodents [66].

2.16. Adipose Tissue Processing for Adipocyte Size

Adipose tissue depots were collected at the end of the infusion period in DIO rats
from Study 3B (EWAT). EWAT was processed as previously described [35,46,52,54]. EWAT
was dissected and placed in 4% paraformaldehyde-PBS for 24 h and then placed in 70%
ethanol (EtOH) prior to paraffin embedding. Sections (5 μm) sampled were obtained using
a rotary microtome, slide-mounted using a floatation water bath (37 ◦C), and baked for
30 min at 60 ◦C to give approximately 15–16 slides/fat depot with two sections/slide.

2.17. Adipocyte Size Analysis

Adipocyte size analysis was performed as previously described [35,46,52,54]. Analysis
was completed on deparaffinized and digitized EWAT sections. The average cell area from
two randomized photomicrographs was determined using the built-in particle counting
method of ImageJ software (https://imagej.net/ij/, assessed date 30 September 2024)
(National Institutes of Health, Bethesda, MD, USA). Slides were visualized using bright
field on an Olympus BX51 microscope (Olympus Corporation of the Americas; Center
Valley, PA, USA) and photographed using a Canon EOS 5D SR DSLR (Canon U.S.A., Inc.,
Melville, NY, USA) camera at ×10 magnification. Values for each tissue within a treatment
were averaged to obtain the mean of the treatment group.

2.18. Tissue Collection for Quantitative Real-Time PCR (qPCR)

Tissue (IBAT and IWAT) was collected from a subset of 4-h (Study 3B). IBAT and IWAT
were collected within a 2-h window towards the start of the light cycle (10:00 a.m.–12:00 p.m.)
as previously described in DIO CD®IGS/Long-Evans rats and C57BL/6J mice [34,48,52].
Tissue was rapidly removed, wrapped in foil and frozen in liquid N2. Samples were stored
frozen at −80 ◦C until analysis.

2.19. qPCR

RNA extracted from samples of IBAT and IWAT (Study 3B) were analyzed using the
RNeasy Lipid Mini Kit (Qiagen Sciences Inc., Germantown, MD, USA) followed by reverse
transcription into cDNA using a high-capacity cDNA archive kit (Applied Biosystems,
Foster City, CA, USA). Quantitative analysis for relative levels of mRNA in the RNA
extracts was measured in duplicate by qPCR on an Applied Biosystems 7500 Real-Time
PCR system (Thermo Fisher Scientific, Waltham, MA, USA) and normalized to the cy-
cle threshold value of Nono mRNA in each sample. The TaqMan® probes used in the
study were Thermo Fisher Scientific Gene Expression Assay probes. The probe for rat
Nono (Rn01418995_g1), uncoupling protein-1 (UCP-1) (Ucp1; catalog no. Rn00562126_m1),
β1-adrenergic receptor (β1-AR) (Adrb1; catalog no. Rn00824536_s1), β3-adrenergic recep-
tor (β3-AR) (Adrb3; catalog no. Rn01478698_g1), type 2 deiodinase (D2) (Dio2; catalog
no. Rn00581867_m1), PR domain containing 16 (Prdm16; catalog no. Rn01516224_m1),
G-protein coupled receptor 120 (Gpr120; catalog no. Rn01759772_m1), cell death-inducing
DNA fragmentation factor alpha-like effector A (Cidea; catalog no. Rn04181355_m1), and
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (Ppargc1a; catalog
no. Rn00580241_m1) were acquired from Thermo Fisher Scientific. Relative amounts of
target mRNA were determined using the Comparative CT or 2−ΔΔCT method [67] following
adjustment for the housekeeping gene, Nono. Specific mRNA levels of all genes of interest
were normalized to the cycle threshold value of Nono mRNA in each sample and expressed
as changes normalized to controls (vehicle/sham treatment).
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2.20. Statistical Analyses

All results are expressed as means ± SE. Comparisons between multiple groups
involving between-subjects designs were made using one-way ANOVA as appropriate,
followed by a post-hoc Fisher’s least significant difference test. Comparisons involving
within-subjects designs were made using a one-way repeated-measures ANOVA followed
by a post-hoc Fisher’s least significant difference test. Analyses were performed using the
statistical program SYSTAT (https://grafiti.com/systat/, accessed date 30 September 2024)
(Systat Software, Point Richmond, CA, USA). Differences were considered significant at
p < 0.05, 2-tailed. Non-statistical trends (0.05 < p < 0.1) have been included in the analysis
where appropriate.

3. Results

3.1. Study 1: Determine if Surgical Denervation of IBAT Changes the Ability of the β3-AR
Agonist, CL 316243, to Increase TIBAT in Female HFD-Fed Rats

Our objective was to extend recently published results in a mouse model [35] and
verify there was no functional impairment in the ability of IBAT to respond to direct β3-AR
stimulation as a result of the denervation procedure relative to female sham operated
rats. As expected, female HFD-fed rats were borderline obese as confirmed by both body
weight (336.8 ± 7.8 g) and adiposity (99.0 ± 6.7 g fat mass; 28.9 ± 1.3% body fat) after
being maintained on the HFD for approximately 4 months prior undergoing sham/IBAT
denervation surgeries.

All IBAT tissues from Study 1/Study 2 animals were analyzed for IBAT NE content
and only 1 out of 5 animals was removed on account of having a failed IBAT denervation
procedure. Surgical IBAT denervation resulted in a 76.9 ± 2.7% reduction of IBAT NE
content relative to sham-operated control rats [(F(1,10) = 18.975, p = 0.001). Similar to what
we reported in a mouse model [35], NE content was unaltered in IWAT, EWAT, liver or
pancreas in IBAT denervated rats relative to sham-operated rats (p = NS). As expected [35],
there was no significant difference in body weight between female sham-operated and
IBAT denervated rats at the conclusion of the study (p = NS).

In sham-operated rats, CL 316243 (1 mg/kg) stimulated TIBAT throughout the post-
injection measurement period (0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 3 and 4-h post-injection). In
addition, the lower dose of CL 316243 (0.1 mg/kg) also elevated TIBAT throughout the post-
injection measurement period (0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 3 and 4-h post-injection)
(p < 0.05; Figure 1A).

Figure 1. Cont.
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Figure 1. (A–D) Effect of systemic β3-AR agonist (CL 316243) administration (0.1 and 1 mg/kg)

on IBAT temperature (TIBAT), energy intake and body weight post-sham or IBAT denervation

in female HFD-fed rats. Rats were maintained on HFD (60% kcal from fat; N = 4–8/group) for
approximately 4.5 months prior to undergoing a sham or bilateral surgical IBAT denervation and
implantation of temperature transponders underneath IBAT. Animals were subsequently adapted to
a 4-h fast prior to receiving IP injections of CL 316243 (0.1 or 1 mg/kg, IP) or vehicle (sterile water)
where each animal received each treatment at approximately 7-day intervals. (A,B) Effect of CL
316243 on TIBAT in (A) sham operated or (B) IBAT denervated DIO rats; (C) Effect of CL 316243 on
change in energy intake in sham or IBAT denervated DIO rats; (D) Effect of CL 316243 on change in
body weight in sham or IBAT denervated DIO rats. Data are expressed as mean ± SEM. * p < 0.05 CL
316243 vs. vehicle.

Likewise, in IBAT denervated animals, CL 316243 (1 mg/kg) also stimulated TIBAT
at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 3 and 4-h post-injection. CL 316243 (0.1 mg/kg) also
stimulated TIBAT at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 3 and 4-h post-injection (p < 0.05;
Figure 1B).

Notably, there was no significant difference in the ability of CL 316243 to (0.1 or
1 mg/kg) stimulate TIBAT when averaged over the 1-h or 4-h post-injection period between
sham and IBAT denervated animals (p = NS).

Collectively, these findings indicate that IBAT denervation did not result in a functional
change in the effectiveness of CL 316243 to increase BAT thermogenesis relative to sham-
operated animals.

3.1.1. Energy Intake

In sham-operated rats, CL 316243 decreased daily energy intake at both the low
(0.1 mg/kg) and high dose (1 mg/kg) by 42.3 and 51.4% (p < 0.05). Likewise, in IBAT den-
ervated animals, CL 316243 also decreased daily energy intake at both the low (0.1 mg/kg)
and high (1 mg/kg) doses (p < 0.05) by 46.2 and 50.4%, respectively (Figure 1C).

3.1.2. Body Weight

CL 316243 had no effect on either body weight or body weight gain in either sham or
IBAT denervated rats (p = NS; Figure 1D). CL 316243 tended to reduce body weight gain at
the high dose (1 mg/kg) in the sham-operated group but this did not reach significance
(p = 0.111).

Similar to what we observed on TIBAT, there was no significant difference in the ability
of CL 316243 (0.1 or 1 mg/kg) to reduce energy intake between sham and IBAT denervated
rats (p = NS).

Collectively, these results indicate that IBAT denervation did not result in a func-
tional change in the effectiveness of CL 316243 to reduce energy intake relative to sham-
operated animals.
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3.2. Study 2: Determine the Extent to Which OT-Induced Activation of Sympathetic Outflow to
IBAT Contributes to Its Ability to Increase TIBAT in Female HFD-Fed Rats

Following confirmation that there was no functional defect in the effectiveness of IBAT
to respond to CL 316243-elicited stimulation of β3-AR (Study 1), the objective here was to
examine whether OT-induced stimulation of TIBAT requires intact SNS innervation of IBAT.
Three of the sixteen rats available at study onset were euthanized during the course of the
study and were excluded from the data analysis.

In sham-operated rats, OT (5 μg) stimulated TIBAT throughout the post-injection
measurement period (0.75, 1, 1.25, 1.5, 1.75, and 2-h post-injection) (p < 0.05). In addition,
the lower dose (1 μg) also stimulated TIBAT throughout the post-injection measurement
period (0.5, 0.75, 1, 1.25, and 1.5-h post-injection) (p < 0.05; Figure 2A).

Figure 2. (A,B) Effect of acute 4V OT administration (1 and 5 μg) on TIBAT post-sham or IBAT den-

ervation in female HFD-fed rats. Rats were maintained on HFD (60% kcal from fat; N = 4–8/group)
for approximately 4.5 months prior to undergoing a sham or bilateral surgical IBAT denervation
and implantation of temperature transponders underneath IBAT. Rats were subsequently implanted
with 4V cannulas and allowed to recover for 2 weeks prior to receiving acute 4V injections of OT or
vehicle. Animals were subsequently adapted to a 4-h fast prior to receiving acute 4V injections of OT
or vehicle (A,B) Effect of acute 4V OT on TIBAT in (A) sham operated or (B) IBAT denervated DIO
rats. Data are expressed as mean ± SEM. * p < 0.05, † 0.05 < p < 0.1 OT vs. vehicle.

Likewise, in IBAT denervated animals, OT (5 μg) stimulated TIBAT throughout the
post-injection measurement period (1.25, 1.5, 1.75, and 2-h post-injection) (p < 0.05) and
also tended to increase TIBAT at 0.75, and 1-h post-injection (0.05 < p < 0.1). The low dose
(1 μg) increased TIBAT at both 1.75 and 4-h post-injection (0.05 < p < 0.1; Figure 2B).

Notably, there was no significant change in the ability of 4V OT (5 μg) to increase TIBAT
when averaged over the 4-h post-injection period between sham and IBAT denervated
animals (p = NS).

There were, however, seizures, barrel-rolling and unexpected deaths that occurred in
three out of the sixteen rats (1 sham, 2 denervated) shortly after 4V administration of OT
at the high dose (5 μg). Rinaman also reported that acute ICV administration of a higher
dose (10 μg) also resulted in seizure-like activity and barrel-rolling in a subset of adult male
Sprague-Dawley rats [68]. These findings raise the possibility that females may be more
sensitive to the effects of acute injections of 4V OT compared to what we have observed
previously at similar doses in males in the absence of such effects [34,46]. Thus, following
the completion of these studies, we also examined the effectiveness of a lower dose of 4V
OT (0.5 μg/μL) on TIBAT in an identical manner.

13



Curr. Issues Mol. Biol. 2024, 46

In sham-operated animals, 4V administration of OT (0.5 μg/μL) increased TIBAT at
1.25-h post-injection (p < 0.05; Figure 3A) and it also appeared to increase TIBAT during the
post-injection period (0.5, 0.75, and 1-h post-injection) (0.05 < p < 0.1; Figure 3A). Acute
4V administration of OT also tended to decrease TIBAT at 2-h post-injection (0.05 < p < 0.1;
Figure 3A).

Figure 3. (A,B) Effect of acute 4V OT administration (0.5 μg) on TIBAT post-sham or IBAT dener-

vation in female HFD-fed rats. Rats were maintained on HFD (60% kcal from fat; N = 4–8/group)
for approximately 4.5 months prior to undergoing a sham or bilateral surgical IBAT denervation
and implantation of temperature transponders underneath IBAT. Rats were subsequently implanted
with 4V cannulas and allowed to recover for 2 weeks prior to receiving acute 4V injections of OT or
vehicle. Animals were subsequently adapted to a 4-h fast prior to receiving acute 4V injections of OT
or vehicle (A,B) Effect of acute 4V OT on TIBAT in (A) sham operated or (B) IBAT denervated DIO
rats. Data are expressed as mean ± SEM. * p < 0.05, † 0.05 < p < 0.1 OT vs. vehicle.

In IBAT denervated animals, 4V OT (0.5 μg/μL) administration increased TIBAT
throughout the post-injection period (1.25, 1.5, and 4-h post-injection) (p < 0.05; Figure 3B).
Acute 4V OT administration also tended to increase TIBAT at both 0.75 (p = 0.050) and
1.75-h (p = 0.053) post-injection (Figure 3B). Acute 4V OT also stimulated TIBAT at 24-h
post-injection (p < 0.05).

Notably, there was no significant change in the ability of 4V OT (0.5 μg) to stimulate
TIBAT when averaged over the 1-h post-injection or at 1.25-h post-injection between sham
and denervated rats (p = NS).

Collectively, these results indicate that IBAT denervation did not result in a functional
change in the effectiveness of 4V OT administration to stimulate BAT thermogenesis in
between denervated rats and sham-operated animals.

Plasma Hormone Concentrations

Here, we determined the effects of acute 4V OT (5 μg/μL) on plasma hormones in
sham HFD-fed rats (Table 1). Samples from the denervated HFD-fed rats were excluded
due to the lack of samples/group for valid comparisons (N = 1–2/group). There were
no significant differences in any of the plasma measurements between vehicle and 4V
OT-treated rats in the sham-operated groups.
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Table 1. Plasma measurements following acute injections of 4V OT (5 μg/μL) or vehicle in female
sham and IBAT denervated DIO rats. Data are expressed as mean ± SEM. (N = 3–4/group).

4V Treatment Vehicle OT

Sham Sham

Leptin (ng/mL) 22.2 ± 6.0 a 20.7 ± 5.7 a

Insulin (ng/mL) 2.6 ± 1.3 a 2.4 ± 0.7 a

Glucagon (pmol/L) 6.0 ± 0.3 a 18.1 ± 8.9 a

FGF-21 (pg/mL) 218.3 ± 71.3 a 392.6 ± 172.6 a

Irisin (mg/mL) 3.1 ± 0.7 a 4.6 ± 0.9 a

Adiponectin (mg/mL) 6.9 ± 0.7 a 8.3 ± 0.8 a

Blood Glucose (mg/dL) 149.3 ± 3.5 a 138 ± 6.8 a

FFA (mEq/L) 0.4 ± 0.1 a 0.6 ± 0.1 a

Total Cholesterol (mg/dL) 88.3 ± 12.4 a 85.0 ± 8.8 a

Blood was collected by tail vein nick (blood glucose) or from the trunk following a 6-h fast. Different letters denote
significant differences between treatments. Shared letters are not significantly different from one another.

3.3. Study 3A: Determine the Extent to Which OT-Induced Activation of Sympathetic Outflow to
IBAT Contributes to Its Ability to Impact Body Weight in Female HFD-Fed Rats

The objective of Study 3A was to determine whether OT-evoked weight loss re-
quires intact SNS outflow to IBAT. Initially, female rats were lean as defined by body
weight (230 ± 2.1 g). As was the case with Study 1, HFD-fed rats were borderline obese
as determined by both body weight (380 ± 8.3 g) and adiposity (126.4 ± 6.4 g fat mass;
32.8 ± 1.0% adiposity) after having been maintened on the HFD for at least 4.5 months
prior to sham/denervation procedures.

Note that a subset of rats from Study 3 have been analyzed (9 out of 15) for IBAT NE
content and all had successful IBAT denervation procedures. All 15 animals were included
in the subsequent analyses. IBAT NE content was decreased by 83.1 ± 3.0% in a subset
of denervated (9 out of 15) rats relative to a subset of sham-operated control rats (11 out
of 15) [(F(1,18) = 64.663, p = 0.000)]. On the other hand, NE content was unchanged in
other tissues, including IWAT, EWAT, liver or pancreas in denervated rats relative to sham
rats (p = NS). As expected [35], there was no significant change in body weight between
female sham-operated and IBAT denervated rats at the start of the study prior to minipump
implantation (p = NS).

Chronic 4V administration of vehicle resulted in a 4.5 ± 1.2% weight gain compared
to vehicle pre-treatment [(F(1,6) = 14.125, p = 0.009)] in female sham-operated rats. In
contrast, chronic 4V OT treatment resulted in a 5.5 ± 1.3% reduction of body weight
compared to 4V OT pre-treatment [(F(1,7) = 8.169, p = 0.024)] (Figure 4A). Chronic 4V OT
treatment also decreased weight gain throughout the 29-day infusion period, specifically
over treatment days 9–29 (p < 0.05; Figure 4B). At the conclusion of the study (infusion
day 29), OT had decreased body weight by −18 ± 5.0 g in comparison with vehicle-treated
rats (15.0 ± 3.8 g; p < 0.05). Chronic 4V OT treatment also decreased relative fat mass
(pre- vs. post-intervention) (Figure 4C; p < 0.05), fat mass and relative lean mass (pre- vs.
post-intervention) but had no impact on total lean body mass (p = NS). These effects that
were associated with a modest decrease in energy intake that was apparent over treatment
weeks 2 and 3 (Figure 4D; p < 0.05).

Chronic 4V vehicle treatment resulted in 8.9 ± 1.2% weight gain relative to vehicle
pre-treatment in female IBAT denervated rats [(F(1,6) = 65.633, p = 0.000)]. In addition,
4V OT treatment also resulted in a 4.1 ± 1.0% reduction of body weight relative to 4V OT
pre-treatment [(F(1,7) = 13.723, p = 0.008)]. (Figure 4A). Chronic 4V OT also reduced weight
gain throughout the 29-day infusion period, specifically over treatment days 3–29 (p < 0.05;
Figure 4B). At the conclusion of the study (infusion day 29), OT had decreased body weight
by −15.9 ± 3.7 g in comparison with vehicle-treated rats (30 ± 2.9 g; p < 0.05). Chronic
4V OT treatment also decreased relative fat mass (pre- vs. post-intervention) (Figure 4C;
p < 0.05) and fat mass (p < 0.05) but had no impact on total lean body mass (p = NS). These
effects that were associated with a modest decrease in energy intake that was apparent
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during treatment weeks 2 and 3 (Figure 4D; p < 0.05). Chronic 4V OT treatment also tended
to decrease energy intake during week 1 (p = 0.052) and 4 (p = 0.075) of the infusion period.
There was also no significant effect of chronic 4V OT to increase kaolin intake over the
course of the treatment period (p = NS).

Figure 4. (A–D) Effect of chronic 4V OT infusions (16 nmol/day) on body weight, adiposity and

energy intake post-sham or IBAT denervation in female HFD-fed rats. (A) Rats were maintained
on HFD (60% kcal from fat; N = 7–8/group) for approximately 4.75–5.25 months prior to undergoing
a sham or bilateral surgical IBAT denervation. Rats were subsequently implanted with 4V cannulas
and allowed to recover for 2 weeks prior to being implanted with subcutaneous minipumps that
were subsequently attached to the 4V cannula. (A) Effect of chronic 4V OT or vehicle on body weight
in sham operated or IBAT denervated DIO rats; (B) Effect of chronic 4V OT or vehicle on body weight
change in sham operated or IBAT denervated DIO rats; (C) Effect of chronic 4V OT or vehicle on
adiposity in sham operated or IBAT denervated DIO rats; (D) Effect of chronic 4V OT or vehicle
on adiposity in sham operated or IBAT denervated DIO rats. Data are expressed as mean ± SEM.
* p < 0.05, † 0.05 < p < 0.1 OT vs. vehicle.
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Notably, there was no change in the ability of chronic 4V OT treatment to decrease
body weight, energy intake, and relative fat mass (pre- vs. post-intervention) or fat mass
between female sham-operated and IBAT denervated rats (p = NS).

TIBAT

Similar to what we have previously reported following chronic third ventricular
(3V) [34] and 4V [52] treatment in male rats, chronic 4V administration of OT appeared to
increase TIBAT (at onset of light cycle) relative to vehicle treatment in female sham-operated
rats. This was evident when the data were averaged over week 2 of the infusion period
(Table 2A; p = 0.081) and throughout the infusion period in ad libitum fed rats on days 6
(p = 0.068), 12 (p < 0.05) and 21 (p < 0.05).

Table 2. Changes in TIBAT following 4V infusions of OT or vehicle in female sham or IBAT denervated
DIO rats. (A), Changes in TIBAT following 4V infusions of OT or vehicle in ad libitum fed female
sham or IBAT denervated DIO rats; (B), Changes in TIBAT following 4V infusions of OT or vehicle in
4-h fasted female sham or IBAT denervated DIO rats. (C) Changes in TIBAT following 4V infusions
of OT or vehicle in ad libitum fed female HFD-fed IBAT denervated rats. (D) Changes in TIBAT
following 4V infusions of OT or vehicle in 4-h fasted female HFD-fed IBAT denervated rats. Data are
expressed as mean ± SEM. * p < 0.05 OT, † 0.05 < p < 0.1 OT vs. vehicle (N = 7–8/group).

Table 2A Changes in TIBAT following 4V infusions of OT or vehicle in ad libitum fed
female HFD-fed sham rats

4V Week 1 Week 2 Week 3 Week4

SHAM Temp (◦C) Temp (◦C) Temp (◦C) Temp (◦C)

Vehicle 37.5 ± 0.3 37.5 ± 0.3 37.7 ± 0.3 37.5 ± 0.3
OT 37.9 ± 0.2 38.0 ± 0.2 † 38.0 ± 0.1 37.9 ± 0.2

Table 2B Changes in TIBAT following 4V infusions of OT or vehicle in 4-h fasted
fasted female HFD-fed sham rats

4V Week 1 Week 2 Week 3 Week4

SHAM Temp (◦C) Temp (◦C) Temp (◦C) Temp (◦C)

Vehicle 37.7 ± 0.3 37.8 ± 0.2 37.6 ± 0.2 37.7 ± 0.3
OT 38.2 ± 0.2 † 37.56 ± 0.3 37.5 ± 0.3 37.7 ± 0.1

Table 2C Changes in TIBAT following 4V infusions of OT or vehicle in ad libitum fed
female HFD-fed IBAT denervated rats

4V Week 1 Week 2 Week 3 Week4

DENERVATION Temp (◦C) Temp (◦C) Temp (◦C) Temp (◦C)

Vehicle 37.4 ± 0.1 37.3 ± 0.2 37.3 ± 0.1 37.1 ± 0.3
OT 37.6 ± 0.2 37.5 ± 0.1 37.9 ± 0.2 † 37.8 ± 0.2 *

Table 2D Changes in TIBAT following 4V infusions of OT or vehicle in 4-h fasted
female HFD-fed IBAT denervated rats

4V Week 1 Week 2 Week 3 Week4

DENERVATION Temp (◦C) Temp (◦C) Temp (◦C) Temp (◦C)

Vehicle 38.1 ± 0.1 37.4 ± 0.3 37.7 ± 0.2 37.9 ± 0.2
OT 38.0 ± 0.1 37.5 ± 0.2 37.6 ± 0.2 37.6 ± 0.3

In order to minimize the confound of diet-induced thermogenesis, we collected TIBAT
from the same sham operated rats following a 4-h fast. Chronic 4V OT elevated TIBAT when
the data were averaged over week 1 of the infusion period (Table 2B; p = 0.066) and on
infusion days 3 (p < 0.05), 5 (p < 0.05), and 7 (p < 0.05).

In addition, chronic 4V administration of OT also appeared to stimulate TIBAT in
denervated rats when the data were averaged over weeks 3 (Table 2C; p = 0.054) and 4
(Table 2C; p < 0.05) and throughout the infusion period on days 15 (p < 0.05), 18 (p = 0.063),
20 (p = 0.057), 21 (p = 0.050), 23 (p < 0.05), 24 (p < 0.05) and 26 (p < 0.05). In contrast, chronic
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4V OT failed to elicit a change in TIBAT in IBAT denervated rats that underwent a 4-h fast
(Table 2D; p = NS).

Based on these findings as a whole, we conclude that SNS innervation of IBAT does
not appear to be a predominant contributor of OT-elicited reduction of weight gain and
adiposity in female HFD-fed rats.

3.4. Study 3B: Determine the Extent to Which 4V OT Impacts Thermogenic Gene Expression in
IBAT and IWAT in Female HFD-Fed Rats

The objective of this study was to determine whether chronic 4V OT treatment stimu-
lates thermogenic gene expression in IBAT and EWAT from female sham-operated rats.

3.4.1. IBAT

We found that chronic 4V OT treatment elicited a near significant increase in β3-AR
mRNA expression (Adrb3; p = 0.063) and a near significant reduction of Dio2 mRNA
expression (p = 0.077; Table 3A).

Table 3. (A,B). Changes in IBAT and IWAT gene expression following 4V infusions of OT or vehicle in
female sham or IBAT denervated DIO rats. (A), Changes in IBAT mRNA expression 4V infusions of
OT or vehicle in female sham or IBAT denervated DIO rats; (B), Changes in IWAT mRNA expression
4V infusions of OT or vehicle in female sham or IBAT denervated DIO rats. Shared letters are not
significantly different from one another. Data are expressed as mean ± SEM (N = 7–8/group).

Table 3A. Changes in IBAT mRNA Expression Following Chronic 4V Infusions of OT or
Vehicle in Female HFD-Fed Rats

4V Treatment Vehicle OT
Sham Sham

IBAT

Adrb1 1.0 ± 0.4 a 1.5 ± 0.4 a

Adrb3 1.0 ± 0.3 a 1.9 ± 0.3 a

Ucp1 1.0 ± 0.3 a 1.2 ± 0.2 a

Cidea 1.0 ± 0.3 a 1.3 ± 0.3 a

Dio2 1.0 ± 0.4 a 0.3 ± 0.2 a

Gpr120 1.0 ± 0.5 a 1.2 ± 0.4 a

Prdm16 1.0 ± 0.3 a 1.2 ± 0.2 a

Ppargc1a 1.0 ± 0.3 a 1.2 ± 0.2 a

Table 3B. Changes in IWAT mRNA Expression Following Chronic 4V Infusions of OT or
Vehicle in Female HFD-Fed Rats

4V Treatment Vehicle OT
Sham Sham

IWAT

Adrb1 1.0 ± 0.2 a 2.7 ± 0.6 b

Adrb3 1.0 ± 0.4 a 2.0 ± 0.5 a

Ucp1 1.0 ± 0.3 a 0.5 ± 0.1 a

Cidea 1.0 ± 0.2 a 2.8 ± 0.5 b

DIio2 1.0 ± 0.3 a 1.0 ± 0.2 a

Gpr120 1.0 ± 0.3 a 2.0 ± 0.4 a

Prdm16 1.0 ± 0.1 a 1.6 ± 0.3 a

Ppargc1a 1.0 ± 0.2 a 0.9 ± 0.1 a

IBAT was collected following a 4-h fast. Different letters denote significant differences between treatments. Shared
letters are not significantly different from one another. N = 7–8/group. IWAT was collected following a 4-h fast.
Different letters denote significant differences between treatments. Shared letters are not significantly different
from one another.

3.4.2. IWAT

4V OT treatment was associated with a significant increase of the thermogenic markers,
beta 1 adrenergic receptor (β1-AR) (Adrb1; p < 0.05; Table 3B) and Cidea (p < 0.05) mRNA
expression. 4V OT treatment also elicited a near significant increase in Gpr120 mRNA
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expression (p = 0.060) as well as a near significant reduction of Dio2 mRNA expression
(p = 0.097) in IWAT from sham-operated rats.

Together, these findings raise the possibility that different thermogenic markers in
IBAT and IWAT may contribute, in part, to the ability of chronic 4V OT to reduce body
weight and adiposity in sham-operated rats.

3.5. Study 4A: Determine the Effects of Chronic 4V OT Treatment (16 nmol/day) on Body Weight,
Adiposity and Energy Intake in Female DIO C57BL/6J Mice

The objective of this study was to determine the susceptibility of female C57BL/6J mice
to DIO and whether the effects of chronic hindbrain (4V) administration to reduce body
weight and adiposity could translate to another female rodent model (female C57BL/6J
mice). Initially, female C57BL/6J mice were lean as determined by both body weight
(17.4 ± 0.3 g) and adiposity (2.2 ± 0.2 g fat mass; 12.7 ± 0.8% adiposity). HFD-fed C57BL/6J
mice became borderline DIO as demonstrated by both body weight (31.2 ± 1.4 g) and
adiposity (11.7 ± 1.2 g fat mass; 36 ± 2.2% adiposity) after maintenance on the HFD for at
least 4.5 months prior to being IBAT temperature transponder and minipump implantations
as described earlier. By design, there was no significant difference in initial body weight
or adiposity between vehicle and OT treatment groups prior to minipump implantation
(p = NS). Three of the twenty mice available at study onset were euthanized during the
course of the study and were excluded from the data analysis (including one whose head
cap had become detached).

Chronic 4V vehicle treatment in female C57BL/6J mice resulted in modest amount of
weight relative to vehicle pre-treatment (p = 0.114). While chronic 4V OT treatment failed to
evoke weight loss (p = NS; Figure 5A), it reduced weight gain on treatment day 8 (p < 0.05)
and it also tended to reduce weight gain on treatment days 5, 7, 9–12, and 23 (0.05 < p < 0.1;
Figure 5B). These effects were associated with a reduction of relative fat mass (pre- vs.
post-intervention) (Figure 5C; p < 0.05). Chronic 4V OT treatment also tended to reduce
total lean mass (p = 0.131) but had no effect on relative lean mass (pre- vs. post-intervention)
or total lean mass (p = NS). These effects were not associated with significant reductions
in energy intake (Figure 5D; p = NS) or increased kaolin consumption (p = NS) during the
course of the treatment period.

Figure 5. Cont.
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Figure 5. (A–D) Effect of chronic 4V OT infusions (16 nmol/day) on body weight, adiposity and

energy intake in female HFD-fed C57BL/6J mice. (A) Mice were maintained on HFD (60% kcal from
fat; N = 7–10/group) for approximately 4.5 months prior to implantation of temperature transponders
underneath IBAT. Mice were subsequently implanted with 4V cannulas and allowed to recover for
2 weeks prior to being implanted with subcutaneous minipumps that were subsequently attached to
the 4V cannula. (A) Effect of chronic 4V OT or vehicle on body weight in female C57BL/6J mice rats;
(B) Effect of chronic 4V OT or vehicle on body weight change in female C57BL/6J mice; (C) Effect of
chronic 4V OT or vehicle on adiposity in female C57BL/6J mice; (D) Effect of chronic 4V OT or vehicle
on adiposity in female C57BL/6J mice. Data are expressed as mean ± SEM. * p < 0.05, † 0.05 < p < 0.1
OT vs. vehicle.

3.5.1. TIBAT

In contrast to the effects of observed following chronic 4V infusions of OT (16 nmol/day)
in male [54] and female DIO rats, we found that chronic 4V infusions of OT at the same
dose (16 nmol/day) in female C57BL/6J mice largely had no effect significant effects on
TIBAT in ad libitum fed mice when the data were averaged over weeks 1, 2, 3 and 4 of the
infusion period (p = NS).

While largely similar results were obtained following a 4-h fast over weeks 1–3
(p = NS), there was a tendency for chronic 4V OT to reduce TIBAT over week 4 (p = 0.076) in
4-h fasted mice. Specifically, chronic 4V OT reduced TIBAT on infusion days 17, 20, and 25
(p < 0.05) and tended to reduce TIBAT on infusion days 13, 23, and 24 (0.05 < p < 0.1).

3.5.2. Plasma Hormone Concentrations

Here, we determined the effects of chronic 4V OT (16 nmol/day) on plasma hormones
in female C57BL/6J mice (Table 4). We did not find any significant differences in any of
the plasma measurements in female C57BL/6J mice that received chronic 4V infusions of
vehicle or OT.
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Table 4. Plasma measurements following chronic 4V infusions of OT (16 nmol/day) or vehicle in
female HFD-fed C57BL/6J mice. Data are expressed as mean ± SEM (N = 7–10/group).

4V Treatment Vehicle OT

Leptin (ng/mL) 10.0 ± 1.3 a 6.7 ± 1.3 a

Insulin (ng/mL) 0.5 ± 0.1 a 0.3 ± 0.04 a

Glucagon (pmol/L) 23.3 ± 3.7 a 34.1 ± 13.2 a

FGF-21 (pg/mL) 467.5 ± 129.7 a 513.6 ± 179.6 a

Irisin (mg/mL) 4.1 ± 0.2 a 3.9 ± 0.2 a

Adiponectin (mg/mL) 19.3 ± 1.0 a 20.1 ± 1.8 a

Blood Glucose (mg/dL) 155 ± 2.7 a 152.6 ± 8.5 a

FFA (mEq/L) 0.13 ± 0.01 a 0.11 ± 0.01 a

Total Cholesterol (mg/dL) 105.9 ± 2.9 a 95.3 ± 9.5 a

Blood was collected by tail vein nick (blood glucose) or from the trunk following a 6-h fast. Different letters denote
significant differences between treatments. Shared letters are not significantly different from one another.

3.6. Study 4B: Determine the Effects of Chronic 4V OT Treatment (16 nmol/day) on Body Weight,
Adiposity and Energy Intake in Female DIO DBA/2J Mice

The objective of this study was to determine the susceptibility of female DMA/2J
mice to DIO and whether the effects of chronic hindbrain (4V) administration to reduce
body weight and adiposity could translate to another rodent model (female DBA/2J mice).
This particular strain of female mice was previously found to be susceptible to becoming
DIO [69,70]. Initially, female DBA/2J mice were lean as determined by both body weight
(20.3 ± 0.3 g) and adiposity (3.4 ± 0.3 g fat mass; 16.8 ± 1.1% adiposity). DBA/2J mice
became DIO as determined by both body weight (35.8 ± 0.9 g) and adiposity (15.1 ± 0.8 g
fat mass; 41.9 ± 1.2% adiposity) after maintenance on the HFD for at least 4.5 months
prior to IBAT temperature transponder and minipump implantations as described earlier.
There was no significant difference in initial body weight or adiposity between vehicle and
OT treatment groups prior to minipump implantation (p = NS). Four of the twenty mice
available at study onset were euthanized during the course of the study and were excluded
from the data analysis (including two whose head caps had become detached).

Unexpectedly, chronic 4V vehicle resulted in 6.4 ± 2.0% weight loss relative to chronic
4V vehicle pre-treatment [(F(1,7) = 12.781, p = 0.009)] whereas chronic 4V OT reduced body
weight by 11.9 ± 2.1% relative to chronic 4V OT pre-treatment [(F(1,6) = 24.802, p = 0.003)]
(Figure 6A). Furthermore, chronic 4V OT treatment reduced weight gain on treatment days
8–10, 12–13, and 15 (p < 0.05) and it also tended to reduce weight gain on treatment days 4,
5 (p = 0.050), 6–7, 11, 14, 19–21, and 23–25 (0.05 < p < 0.1; Figure 6B). Chronic 4V OT also
tended to reduce relative fat mass (pre- vs. post-intervention) (Figure 6C; 0.05 < p < 0.1) and
total fat mass (p < 0.05) but had no effect on adipocyte size or relative lean mass (pre- vs.
post-intervention) or total lean mass (p = NS). These effects were associated with a modest
reduction of energy intake that was apparent during weeks 1 and 2 of the treatment period
(Figure 6D; p < 0.05). There was no effect of chronic 4V OT to increase kaolin consumption
during the treatment period (p = NS).

Figure 6. Cont.
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Figure 6. (A–D) Effect of chronic 4V OT infusions (16 nmol/day) on body weight, adiposity and

energy intake in female HFD-fed DBA/2J mice. (A) Mice were maintained on HFD (60% kcal from
fat; N = 7–8/group) for approximately 4.5 months prior to implantation of temperature transponders
underneath IBAT. Mice were subsequently implanted with 4V cannulas and allowed to recover for
2 weeks prior to being implanted with subcutaneous minipumps that were subsequently attached
to the 4V cannula. (A) Effect of chronic 4V OT or vehicle on body weight in female DBA/2J mice;
(B) Effect of chronic 4V OT or vehicle on body weight change in female DBA/2J mice; (C) Effect of
chronic 4V OT or vehicle on adiposity in female DBA/2J mice; (D) Effect of chronic 4V OT or vehicle
on adiposity in female DBA/2J mice. Data are expressed as mean ± SEM. * p < 0.05, † 0.05 < p < 0.1
OT vs. vehicle.

3.6.1. TIBAT

Chronic 4V infusions of OT (16 nmol/day) had no significant effect on TIBAT in ad
libitum fed mice when the data were averaged over weeks 1, 2, 3 and 4 (p = NS).

While similar results were obtained following a 4-h fast over weeks 1–4 (p = NS),
chronic 4V OT reduced TIBAT on infusion day 8 (p < 0.05) and tended to reduce TIBAT on
infusion day 26 (0.05 < p < 0.1).

3.6.2. Plasma Hormone Concentrations

Here, we determined the effects of chronic SC OT (16 and 50 nmol/day) on plasma
hormones in female DBA/2J mice (Table 5). We did not find any significant differences in
any of the plasma measurements in female DBA/2J mice that received chronic 4V infusions
of vehicle or OT.
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Table 5. Plasma Measurements Following 4V Infusions of OT or Vehicle in Female HFD-Fed
DBA/2J Mice.

4V Treatment Vehicle OT

Leptin (ng/mL) 5.1 ± 1.4 a 3.1 ± 0.5 a

Insulin (ng/mL) 2.6 ± 0.4 a 1.4 ± 0.2 b

Glucagon (pmol/L) 46.1 ± 11.2 a 46.9 ± 8.7 a

FGF-21 (pg/mL) 1419.1 ± 251.3 a 1297.8 ± 282 a

Irisin (mg/mL) 5.0 ± 0.2 a 4.2 ± 0.3 a

Adiponectin (mg/mL) 8.1 ± 0.2 a 8.4 ± 0.3 a

Blood Glucose (mg/dL) 140 ± 4.3 a 145.4 ± 4.2 a

FFA (mEq/L) 0.2 ± 0.02 a 0.3 ± 0.1 a

Total Cholesterol (mg/dL) 96.4 ± 4.1 a 103.4 ± 5.2 a

Blood was collected by tail vein nick (blood glucose) or from the trunk following a 6-h fast. Different letters denote
significant differences between treatments. Shared letters are not significantly different from one another. Data
are expressed as mean ± SEM (N = 7–8/group).

3.7. Study 5: Determine the Effects of Chronic Systemic OT Treatment (16 and 50 nmol/day) on
Body Weight, Adiposity and Energy Intake in Female DIO DBA/2J Mice

The objective of this study was to extend previous findings from Study 4B and deter-
mine whether SC infusion of a centrally effective dose of OT (16 nmol/day) can decrease
both body weight and adiposity in female DIO DBA/2J mice (same strain used in Study 4B).
DBA/2J mice became DIO as determined by the increased body weight (32.2 ± 0.9 g) and
adiposity (12.7 ± 0.7 g fat mass; 38.7 ± 1.2% adiposity) after being maintained on the HFD
for at least 4.5 months prior to IBAT temperature transponder implantations. By design,
there was no significant difference in body weight or adiposity between vehicle and OT
treatment groups at the start of the study prior to minipump implantation (p = NS).

In contrast to chronic 4V OT treatment in female DBA/2J mice (Study 4B), chronic
SC OT treatment did not result in a significant reduction of body weight (Figure 7A). SC
OT treatment (16 nmol/day) reduced weight gain on treatment days 2–3 (p < 0.05) and
tended to reduce weight gain on treatment day 1 (p = 0.138; Figure 7B). The higher dose
(50 nmol/day) also reduced weight gain on treatment days 1–3 and tended to increase
body weight gain on treatment days 4 (p = 0.055), 5 (p = 0.106), 7 (p = 0.077), 8 (p = 0.051) and
9 (p = 0.092) (Figure 7B). There was no effect of SC OT at either dose on relative fat mass or
lean mass (pre- vs. post-intervention) (Figure 7C). OT (50 nmol/day) produced a transient
reduction of energy intake during week 2 (Figure 7D; p < 0.05) but OT failed to impact
energy intake at any other time. There was also no effect of chronic SC OT to significant
increase kaolin consumption during weeks 2–4 of the treatment period (p = NS) but a slight
reduction of kaolin intake during week 1 in response to the higher dose 50 nmol/day
(p = 0.016).

Figure 7. Cont.
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Figure 7. (A–D) Effect of chronic systemic OT infusions (16 and 50 nmol/day) on body weight,
adiposity and energy intake in female HFD-fed DBA/2J mice. (A) Mice were maintained on HFD
(60% kcal from fat; N = 7–8/group) for approximately 4.5 months prior to implantation of temperature
transponders underneath IBAT. Mice were subsequently implanted with 4V cannulas and allowed to
recover for 2 weeks prior to being implanted with SC minipumps that were subsequently attached
to the 4V cannula. (A) Effect of chronic 4V OT or vehicle on body weight in female DBA/2J mice;
(B) Effect of chronic 4V OT or vehicle on body weight change in female DBA/2J mice; (C) Effect of
chronic 4V OT or vehicle on adiposity in female DBA/2J mice; (D) Effect of chronic 4V OT or vehicle
on adiposity in female DBA/2J mice. Data are expressed as mean ± SEM. * p < 0.05, † 0.05 < p < 0.1
OT vs. vehicle.

3.7.1. TIBAT

In contrast to what we found following chronic 4V administration, chronic SC admin-
istration of OT (16 and 50 nmol/day) reduced TIBAT relative to vehicle in ad libitum fed
mice when the TIBAT data were averaged over weeks 3 and 4 (Table 6A; p < 0.05) of the
infusion period. Similar results were obtained from the same mice following a 4-h fast over
the same period (Table 6B; p < 0.05).
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Table 6. Changes in TIBAT following chronic systemic infusions of OT (16 and 50 nmol/day) or
vehicle in female DBA/2J mice. A, Changes in TIBAT following chronic systemic infusions of OT (16
and 50 nmol/day) or vehicle in ad libitum fed female DBA/2J mice; B, Changes in TIBAT following
chronic systemic infusions of OT (16 and 50 nmol/day) or vehicle in 4-h fasted female DBA/2J mice.
Shared letters are not significantly different from one another. Data are expressed as mean ± SEM.
* p < 0.05 OT, vs. vehicle (N = 7–8/group).

Table 6A Changes in TIBAT following SC infusions of OT or vehicle in ad libitum fed
female DIO DBA/2J mice

SC Week 1 Week 2 Week 3 Week4

Temp (◦C) Temp (◦C) Temp (◦C) Temp (◦C)

Vehicle 37.5 ± 0.2 37.1 ± 0.2 37.0 ± 0.1 37.2 ± 0.1
OT (16 nmol/day) 37.2 ± 0.2 36.7 ± 0.2 36.5 ± 0.2 * 36.4 ± 0.2 *
OT (50 nmol/day) 37.2 ± 0.2 36.7 ± 0.1 36.4 ± 0.2 * 36.5 ± 0.2 *

Table 6B Changes in TIBAT following SC infusions of OT or vehicle in 4-h fasted
female DIO DBA/2J mice

SC Week 1 Week 2 Week 3 Week4

Temp (◦C) Temp (◦C) Temp (◦C) Temp (◦C)

Vehicle 37.3 ± 0.2 37.1 ± 0.2 37.2 ± 0.1 37.3 ± 0.1
OT (16 nmol/day) 37.1 ± 0.1 36.8 ± 0.2 36.6 ± 0.1 * 36.6 ± 0.2 *
OT (50 nmol/day) 37.2 ± 0.2 36.9 ± 0.2 36.7 ± 0.2 * 36.6 ± 0.2 *

In addition to the findings in DIO female DBA/2J mice, we found that there appeared
to be a very modest effect of chronic systemic OT (16 nmol/day) to reduce TIBAT in 4-h
fasted male DIO (C57Bl/6J) mice on infusion day 9 (p < 0.05) and tended to reduce TIBAT on
days 10 (0.05 < p < 0.1), 14 (0.05 < p < 0.1), and 21 (p = 0.05) (unpublished findings). Likewise,
OT (50 nmol/day) tended to reduce TIBAT in 4-h fasted C57Bl/6J mice on infusion day 4
(p < 0.05) and tended to reduce TIBAT on infusion day 21 (0.05 < p < 0.1). In contrast, we
found that OT (100 nmol/day) tended to increase TIBAT on infusion day 13 (0.05 < p < 0.1),
but this was only evident in ad libitum fed C57Bl/6J mice but not in 4-h fasted mice.

3.7.2. Plasma Hormone Concentrations

Here, we examined the effects of chronic systemic OT (16 and 50 nmol/day) on plasma
hormones in female DBA/2J mice (Table 7). Chronic SC OT (16 nmol/day) treatment
was associated with a significant increase in plasma glucagon in female DBA/2J mice.
Chronic SC OT treatment also tended to increase total cholesterol at the low (16 nmol/day;
p = 0.057) and high dose (50 nmol/day; p = 0.062). In addition, chronic SC Ot at the high
dose (50 nmol/day) also tended to produce an increase in plasma leptin (p = 0.092). and
FGF-21 (p = 0.051).

Table 7. Plasma measurements following chronic systemic infusions of OT (16 and 50 nmol/day)
or vehicle in female HFD-fed DBA/2J mice. Data are expressed as mean ± SEM. Different letters
denote significant differences between treatments. Shared letters are not significantly different from
one another (N = 7/group).

SC Treatment Vehicle OT (16 nmol/day) OT (50 nmol/day)

Leptin (ng/mL) 5.6 ± 1.1 a 7.2 ± 1.1 a 8.6 ± 1.3 a

Insulin (ng/mL) 6.3 ± 1.1 a 8.1 ± 0.4 a 9.5 ± 2.2 a

Glucagon (pmol/L) 12.2 ± 2.2 a 21.0 ± 2.2 b 14.2 ± 3.3 ab

FGF-21 (pg/mL) 1158.6 ± 112 a 1505.2 ± 174.1 a 1577.1 ± 131.6 a

Irisin (mg/mL) 3.7 ± 0.2 a 4.0 ± 0.3 a 3.8 ± 0.5 a

Adiponectin (mg/mL) 8.6 ± 0.4 a 9.5 ± 0.5 a 8.1 ± 0.6 a

Blood Glucose (mg/dL) 159.58 ± 5.7 a 153.6 ± 5.2 a 151.4 ± 4.0 a

FFA (mEq/L) 0.2 ± 0.02 a 0.2 ± 0.02 a 0.2 ± 0.03 a

Total Cholesterol (mg/dL) 98.5 ± 2.8 a 112.4 ± 4.0 a 112.0 ± 6.7 a
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4. Discussion

The objectives of the current set of studies were to (1) establish whether sympathetic
innervation of IBAT is required for 4V (hindbrain) administration of OT to stimulate
BAT thermogenesis and decrease body weight and adiposity in female HFD-fed rats and
(2) establish whether the ability of hindbrain (4V) infusion of OT to elicit weight loss
translates to other rodent species. To accomplish these goals, we examined the effect of
disrupting SNS activation of IBAT on OT-induced stimulation of TIBAT and reduction of
body weight in HFD-fed rats. We initially determined the impact of bilateral surgical
SNS denervation to IBAT on the ability of acute 4V OT (0.5, 1, and 5 μg) to stimulate
TIBAT in female HFD-fed rats. We found that the high dose of 4V OT (5 μg) stimulated
TIBAT similarly between sham rats and denervated rats. We subsequently determined if
OT-elicited reductions of body weight and adiposity require intact SNS outflow to IBAT.
To accomplish this, we determined the effect of bilateral surgical or sham denervation of
IBAT on the ability of chronic 4V OT (16 nmol/day) or vehicle administration to reduce
body weight, adiposity and food intake in female HFD-fed rats. Chronic 4V OT reduced
body weight gain (sham: −18.0 ± 4.9 g; denervation: −15.9 ± 3.7 g) and adiposity (sham:
−13.9 ± 3.7 g; denervation: −13.6 ± 2.4 g) relative to vehicle treatment and these effects
were similar between groups. These effects were attributed, in part, to reduced energy
intake evident during weeks 2 and 3. To test whether the effects of 4V OT to elicit weight
loss translate to other female rodent species, we also examined the effect of chronic 4V
infusion of OT on body weight in two separate strains of female HFD-fed mice. Similar to
what we found in the HFD-fed rat model, we also found that chronic 4V OT (16 nmol/day)
infusion resulted in reduced body weight gain, adiposity and/or energy intake in female
HFD-fed C57BL/6J and DBA/2J mice. Together, these findings suggest that (1) sympathetic
innervation of IBAT is not necessary for OT-elicited increases in BAT thermogenesis and
weight loss in female HFD-fed rats and (2) the effects of OT to reduce weight gain and
adiposity translate to other female mouse models of diet-induced obesity (DIO).

We have now determined that chronic 4V OT-elicited reduction of body weight loss
does not require SNS innervation of IBAT in multiple animal models (female HFD-fed
rats and male DIO mice) [35]. These data suggest that 4V administration of OT increases
BAT thermogenesis and evokes weight loss through a mechanism that does not require
SNS innervation of IBAT in male and female rodent models. As mentioned in [35], we
have not addressed what mechanism might be required for hindbrain (4V) OT to stimulate
BAT thermogenesis if not through SNS innervation of IBAT. We have largely ruled out the
possibility that, in mice, 4V OT might be leaking into the periphery to act at peripheral
OTRs by showing that systemic administration of OT, at a centrally effective dose was
unable to replicate the effects of hindbrain (4V) OT to reduce body weight and stimulate
BAT thermogenesis in DIO mice [35]. One mechanism that we did not address in this body
of work is whether 4V OT-elicited activation of hindbrain and/or spinal cord OTRs might
elicit the release of epinephrine from the adrenal medulla and activate BAT thermogenesis
through direct activation of β-adrenergic receptors. However, we recently determined
that systemic administration of the β3-AR antagonist, SR 59230A, failed to block the
effects of acute 4V OT to increase TIBAT (unpublished findings) in male DIO Long-Evans
rats, suggesting that signaling through the β3-AR is not required for OT-elicited BAT
thermogenesis. Other potential mediators of 4V-OT elicited BAT thermogenesis include
other beta-receptor subtypes, namely the β1-AR and β2-AR, both of which are expressed
in IBAT in both mice [71] and rats [72,73]. While we did not find a significant increase in
β1-AR mRNA expression in response to 4V OT in IBAT in this study, we did see an increase
in β1-AR mRNA expression in IWAT (see discussion below). It is well appreciated that
the β1-AR is important in the control of thermogenesis in rodents [74,75] but the β2-AR
may be more important in the control of thermogenesis in humans than rodents [76–78].
Furthermore, β1-AR and β2-AR have nearly equal affinity for L-epinephrine in Chinese
hamster ovary cells [79] and epinephrine administration to brown adipocytes stimulates
fatty acids and respiration [80]. However, only 1% of parvocellular or magnocellular PVN
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OT neurons have poly-synaptic projections to the adrenal gland [81], despite the hindbrain
and spinal cord being relay sites in outgoing poly-synaptic projections to the adrenal
gland [81,82]. Future studies should address whether adrenal demedulation impairs the
ability of hindbrain (4V) OT to stimulate BAT thermogenesis and elicit weight loss in
DIO rodents.

Our finding that 4V OT treatment elicited an increase in both β1-AR and Cidea mRNA
expression in IWAT raises the possibility that WAT browning or beiging may also contribute,
in part, to the metabolic effects of 4V OT in female rodents. Beige depots within WAT may
account for up to 5% of total UCP-1 [83,84]. It is possible that hindbrain OTRs could also be
a component of descending projections that originate in the PVN and are important in the
regulation of SNS outflow to IWAT [85]. In fact, there are well established poly-synaptic
circuits that link parvocellular PVN OT neurons to IWAT [86,87]. Thus, OT neurons within
the parvocellular PVN are anatomically situated to control WAT thermogenesis. One
outstanding question is whether these effects are mediated by parvocellular PVN OT
neurons that project directly to the hindbrain (nucleus tractus solitarius [88,89]) and/or
spinal cord [89]. Further studies that determine the extent to which 4V OT treatment
(1) elicits more functional changes in IWAT thermogenesis (increased temperature of
IWAT) [85,90] and (2) reduces body weight and adiposity in animals following IWAT
denervation will be helpful in assessing the role of WAT in contributing to the effects of 4V
OT to reduce body weight and adiposity.

We acknowledge the possibility that the effects of 4V OT on BAT thermogenesis in
female rats could be due, in part, to increased activity-induced thermogenesis [21] as well as
skeletal muscle thermogenesis [22,23]. While we did not assess the effects of 4V OT on non-
shivering and shivering thermogenesis in skeletal muscle [22,23] in this study, we recently
determined that acute 4V administration of OT (5 μg) stimulated TIBAT, core temperature
and gross motor activity in male DIO rats (unpublished observations). However, we found
that 4V OT-associated elevations of TIBAT and core temperature occurred before significant
increases in gross motor activity suggesting that changes in gross motor activity are not
likely tied to the changes in TIBAT and core temperature that preceded changes in activity.
Our findings are similar to what others have reported following ICV (0.5 μg) [91] and
ventromedial hypothalamic administration (1 nmol ≈ 1.0072 μg) [15]. Taken together, acute
CNS administration of OT can increase activity in rodents, but, based on our unpublished
findings, these activity related increases do not appear to contribute to the effects of 4V OT
on BAT thermogenesis in male DIO rats. It remains to be determined if this holds true in
female HFD-fed rats.

One limitation to this study is that we did not account for the contribution of other BAT
depots in contributing to the ability of 4V OT to stimulate BAT thermogenesis and reduce
body weight in IBAT denervated rats. We chose to make IBAT the focus of our studies given
that it contains up to 45% of total UCP-1 [92] and represents ≥70% of total BAT mass [93].
In addition, this particular depot is the best characterized of BAT depots [94]. However,
other BAT depots [axillary (subscapular), cervical, mediastinal and perirenal depots] show
cold-induced elevations of UCP-1 [83]. In particular, the axillary (subscapular), cervical,
periaortic and perirenal BAT depots [19,84] may provide up to 50% of total UCP-1 mRNA.
Fischer reported that the axillary (subscapular) depot, also showed a significant 2-fold
increase of total UCP-1 (UCP-1/scBAT) in response to HFD (diet-induced thermogenesis)
in IBAT denervated mice [92]. There also appeared to be an increase of axillary UCP-1
in response to HFD in sham mice but it was not significant and there were no significant
differences in UCP-1 between sham vs. denervation groups in response to HFD [92].
Moreover, Nugyen reported that is potential crosstalk between SNS circuits that innervate
IBAT and WAT [85]. Nguyen found that there is increased NE turnover and IWAT UCP-1
mRNA expression in hamsters following SNS denervation of IBAT [85]. It will be helpful
to selectively denervate other BAT and WAT depots in order to determine whether these
depots may contribute, in part, to the effects of 4V OT to reduce body weight gain in
female rodents.
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While a recent study reported that systemic infusions of OT (100 nmol/day) result
in an elevation of core temperature and increased IBAT gene expression in male HFD-fed
mice (C57BL6/J) [38], we found that systemic infusion (16 and 50 nmol/day) resulted
in a reduction of TIBAT temperature in female DBA/2J mice. Similarly, we found that
acute peripheral administration of OT (5 and 10 μg/μL) elicited an initial reduction of
TIBAT prior to a subsequent elevation of TIBAT [35]. Furthermore, others have found that
systemic injections of higher doses (1 mg/kg) have also resulted in hypothermic effects [95],
which is thought to be mediated, in part, by activation of arginine vasopressin receptor 1A
(AVPR1A) [96]. It is possible that differences between our study and Yuan’s study are due,
in part, to strain, sex, age, length of time that the mice were maintained on the HFD prior
to study onset (8 weeks rather than 18 weeks in our study) and/or time of day that the core
temperature vs. TIBAT measurements were taken. Being able to include measurements of
core temperature and TIBAT from the same animal will help enable more direct comparisons
with other studies.

Based on recent findings [10], it is possible that differences in estrus cycle might have
impaired the effectiveness of OT to reduce food intake during the measurement period. The
authors found that there was an impaired ability of ICV OT to reduce food intake during the
pro-estrus stage of the estrus cycle, during which time there is an increase in estrogen [10].
Despite this, we still found an effect of 4V OT to reduce weight gain suggesting that other
mechanisms (i.e., lipolysis, energy expenditure) may also contribute to 4V OT-elicited
changes in body weight in female rodents. Future studies, however, should take into
account estrus cycle when measuring energy intake in response to OT treatment.

Our findings showing that chronic 4V administration of OT reduced energy intake in
female DIO DBA/2J mice recapitulated the effects an earlier study that found following
chronic systemic administration in female DIO C57BL/6J mice [97]. However, we failed
to find an effect of chronic 4V OT to reduce food intake in female DIO C57BL/6J mice. In
addition, we found that systemic OT (16 or 50 nmol/day) produced transient reductions
of body weight gain in female DIO DBA/2J mice at doses that the authors (≈27.6 and
55.1 nmol/day) found to reduce body weight in female DIO C57BL/6J mice [97]. However,
the authors in that study used a different strain of mice (C57BL/6J) that were younger
(18 weeks vs. 31 weeks at onset of minipump infusions in our study), heavier (34.20 g
vs. 31.2 ± 1.4 g in our study) and had been on the HFD diet for a shorter period of time
(12 weeks vs. 24 weeks at onset of minipump infusions in our study). Thus, there are
several differences between studies that might account for the contradictory effects.

In conclusion, our findings indicate that there is no significant difference in the effec-
tiveness of the β3-AR agonist, CL 316243, to stimulate IBAT in female IBAT denervated
rats relative to female sham-operated rats with intact SNS innervation of IBAT. In addi-
tion, we found that acute 4V administration of OT at both the low (0.5 μg) and high dose
(5 μg) resulted in similar increases in TIBAT at in female sham and IBAT denervated rats.
Furthermore, we also found that there was no difference in the effectiveness of chronic 4V
OT (16 nmol/day) to reduce body weight gain and adiposity in female sham and IBAT
denervated rats. Consistent with what we found in the HFD-fed rat model, we found
that chronic 4V OT (16 nmol/day) treatment reduced body weight gain, adiposity and/or
energy intake in female DIO C57BL/6J and DBA/2J mice relative to chronic 4V vehicle
treatment in control mice. Together, these findings suggest that (1) sympathetic innervation
of IBAT is not required for OT to increase BAT thermogenesis and reduce body weight in
female HFD-fed rats and (2) chronic hindbrain (4V) administration of OT reduces weight
gain and adiposity in two different strains of female HFD-fed mice.
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Abstract: Perinatal asphyxia (PA) and hypoxic-ischemic encephalopathy can result in severe, long-
lasting neurological deficits. In vitro models, such as oxygen–glucose deprivation (OGD), are used
experimentally to investigate neuronal response to metabolic stress. However, multiple variables can
affect the severity level of OGD/PA and may confound any measured treatment effect. Oxytocin (OXT)
has emerged as a potential neuroprotective agent against the deleterious effects of PA. Previous studies
have demonstrated OXT’s potential to enhance neuronal survival in immature hippocampal cultures
exposed to OGD, possibly by modulating gamma-aminobutyric acid-A receptor activity. Moreover,
OXT’s precise impact on developing hippocampal neurons under different severities of OGD/PA
remains uncertain. In this study, we investigated the effects of OXT (0.1 μM and 1 μM) on 7-day-old
primary rat hippocampal cultures subjected to 2 h OGD/sham normoxic conditions. Cell culture
viability was determined using the resazurin assay. Our results indicate that the efficacy of 1 μM OXT
treatment varied according to the severity of the OGD-induced lesion, exhibiting a protective effect
(p = 0.022) only when cellular viability dropped below 49.41% in non-treated OGD cultures compared to
normoxic ones. Furthermore, administration of 0.1 μM OXT did not yield significant effects, irrespective
of lesion severity (p > 0.05). These findings suggest that 1 μM OXT treatment during OGD confers
neuroprotection exclusively in severe lesions in hippocampal neurons after 7 days in vitro. Further
research is warranted to elucidate the mechanisms involved in OXT-mediated neuroprotection.

Keywords: perinatal asphyxia; hypoxic-ischemic encephalopathy; oxytocin; oxygen–glucose deprivation;
hippocampal cell cultures; GABA

1. Introduction

During the peripartum phase, the fetus is at risk of perinatal asphyxia (PA), which is
associated with elevated mortality and morbidity rates in infants. PA can culminate in severe
systemic and neurological manifestations, with neonatal hypoxic-ischemic encephalopathy
(HIE) notably impacting the vulnerable and hypoxia-prone developing brain [1]. Hence, there
is a pressing necessity to find new therapeutic modalities for addressing this pathology.

Oxytocin (OXT) is a hypothalamic neurohormone that is secreted by the posterior
pituitary gland and has an important role in promoting birth, lactation, and mother-infant
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bonding [2–4]. During pregnancy and labor, OXT is secreted in pulses, which increase in
frequency, duration, and amplitude throughout labor, leading to a 3–4 times increase in
the OXT plasma levels at birth [5]. Importantly, OXT crosses the placenta and the neonatal
blood-brain barrier [6], reaching effective concentrations in the neonatal central nervous
system during labor [7]. Intrapartum OXT exposure deficiency has been correlated with
the extent of neonatal brain injury, suggesting that OXT is a promising therapeutic avenue
in HIE [8]. Increasing evidence underscores the central role of the maternal neurohormone
OXT in facilitating neuroprotection against brain damage induced by PA. OXT may protect
fetal neurons through the regulation of microglial activation [9,10] and modulation of
brain excitability, facilitating an excitatory-to-inhibitory gamma-aminobutyric acid (GABA)
switch [6,11–13] during childbirth.

GABA exerts a pivotal role in the central nervous system, being the major inhibitory
neurotransmitter in the adult mammalian brain [14]. GABAA receptors (GABAARs) are
chloride (Cl−) channels that hyperpolarize mature neurons, counterbalancing excitatory
input [15]. However, during the fetal period, GABA elicits a depolarizing response as a con-
sequence of the high intracellular Cl− concentration expressed in immature neurons [16,17],
transiently providing the major excitatory input [18,19].

The modulation of GABA-mediated inhibition is crucial for neuronal development
and function, with intracellular Cl− concentration playing an essential role [20]. During
early development, the Na-K-Cl cotransporter 1 (NKCC1) predominates, leading to Cl−
accumulation and excitatory GABAergic signaling [21]. However, as the K-Cl cotransporter
2 (KCC2) expression increases before birth, there is a reduction in intracellular Cl− levels,
facilitating an inhibitory GABAergic switch in mature neurons [6,22]. OXT influences Cl−
homeostasis by stimulating KCC2 phosphorylation, enhancing its activity, and promoting
Cl− extrusion [23,24]. This modulation, mediated by OXT receptors (OXTRs), contributes
to the GABA switch during neuronal development [6,23]. Nonetheless, OXT’s effects
are temporally restricted, showing efficacy only during early postnatal stages [23]. Addi-
tionally, disruption of OXTR expression leads to disturbances in KCC2 upregulation and
delays in the GABA switch, underscoring the significance of OXT in neuronal maturation
and function [23].

In vitro experiments have extensively utilized oxygen–glucose deprivation (OGD) to
study ischemic neuronal damage in both cell cultures and acute tissue slices [25]. OGD
studies usually assess the cellular viability of the neurons immediately after the exposure
or after a post-OGD reperfusion-like period to report the injury severity [26,27]. The
post-OGD cellular viability results are difficult to compare between studies, given the
variations in the exposure’s actual duration and hypoxia level and the use of different cell
viability assays. Thus, it is important to carefully evaluate the severity of the lesion when
interpreting findings from OGD studies.

We have previously reported that modulation of Cl− transport by OXT has a neuro-
protective effect when administered to early-stage hippocampal cultures at 2 days in vitro
(DIV) during OGD [11], as well as perinatally in vivo [28]. However, OXT’s potential neu-
roprotective effect on neuronal cultures at later stages of maturation remains uncertain. As
described above, immature and maturing neurons differ significantly in their intracellular
Cl− concentration and subsequent reaction to fast GABAergic neurotransmission, with
OXT exerting its neuroprotective effect during the first 5 DIV [23]. Therefore, it stands to
reason that OXT could have a different effect on cellular viability after OGD at DIV7 when
compared to DIV2 neurons. This could be of translational significance since rodents at
postnatal days 7–10 represent an equivalent developmental stage to term infants [29].

Thus, in the present study, we aim to investigate the effect of OXT at different con-
centrations on the viability of DIV7 rat hippocampal cell cultures subjected to OGD and
reoxygenation and how this effect changes with lesion severity.
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2. Materials and Methods

2.1. Primary Cultures of Rat Hippocampal Neurons

All animal procedures were carried out on Wistar rats, with the approval of the
local ethics committee for animal research following the European Communities Council
Directive 2010/63/EU on the protection of animals used for scientific purposes. Primary
hippocampal cell cultures were prepared from postnatal day zero (P0) Wistar rat pups
using a previously described protocol [11,30,31].

The hippocampi were isolated from the meninges and vascular plexuses under a
dissecting microscope. Next, the dissociated cells were obtained by mechanical tritura-
tion and a 20 min incubation in papain (Worthington, 3.8 U/mL, Lakewood, CA, USA)
for further enzymatic dissociation. The resulting cell suspension was kept in a culture
medium (CM) containing Neurobasal-A (Gibco, Thermo Fischer Scientific, Waltham, MA,
USA) supplemented with B-27 (Invitrogen, Cat. No. 17504044, Carlsbad, CA, USA),
l-glutamine (HyClone, 0.5 mM, Washington, DC, USA), and antibiotic-antimycotic (Invit-
rogen, Cat. No. 15240062). The cells were then plated on poly-D-lysine-coated (Sigma-
Aldrich, 70,000–150,000 kDa, 100 μg/mL, Burlington, MA, USA) 24-well plates at a cell
density of 150,000 cells/well. Cultures were maintained at 37 ◦C in a 5% CO2, humidified
atmosphere. Following a 5-day incubation period, half of the CM volume in each well (250
μL) was removed and replaced with 400 μL freshly prepared CM.

This protocol enables the cultivation of relatively pure hippocampal cultures charac-
terized by a glial cell population of less than 5%, as documented in previous studies [32,33].

2.2. Exposure to Oxygen–Glucose Deprivation

OGD was performed at DIV7 as previously described [31,34]. We employed hippocam-
pal cultures at DIV7 as this age corresponds to the developmental stage typically studied in
rodent models of HIE [35,36]. These models traditionally use rodents aged between post-
natal days 7 and 10, which approximate the developmental stage of term human infants,
historically established through postmortem brain weight measurements [37].

CM was removed from the wells and replaced with a deoxygenated experimental
medium without glucose (EM-G), consisting of Neurobasal-A lacking both glucose and
sodium pyruvate (Invitrogen), supplemented with HEPES (Sigma-Aldrich, 10 mM) and l-
glutamine (HyClone, 0.5 mM). The plates were then promptly moved to a modular chamber
(Billups-Rothenberg, San Diego, CA, USA), which was perfused with 100% N2 for 10 min,
then hermetically sealed and kept in an incubator at 37 ◦C for 2 h. Control cultures were kept
in an experimental medium consisting of Neurobasal-A with 25 mM glucose (EM + G) and
sham normoxic conditions for 2 h. The experimental design is illustrated in Figure 1.

Figure 1. (A) Experimental design; (B) phase-contrast microscopy of cell cultures at DIV0, DIV5, and DIV7,
400× magnification. DIV—days in vitro; OGD—Oxygen–Glucose Deprivation; O2—oxygen; N2—nitrogen.
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2.3. Treatment with Oxytocin

OXT treatments were applied during the 2 h exposure to OGD/sham normoxic
conditions. Consistent with literature precedents, the DIV7 hippocampal cultures were
treated with two different OXT concentrations previously employed in studies: 0.1 μM [23,
38] and 1 μM [39,40]. Prior investigations have demonstrated a dose-dependent effect of
OXT, with efficacy observed starting at 0.1 μM and reaching its peak at 1 μM [36].

2.4. Assessment of Cellular Metabolism and Viability

Post-exposure, the reoxygenated cell cultures were incubated at 37 ◦C and 5% CO2
for a 3-h time frame in a resazurin-containing medium to investigate their metabolic via-
bility. Resazurin (Sigma-Aldrich) is a cell-permeable redox indicator that is irreversibly
reduced in the mitochondria of viable cells to resorufin [11,31]. Thus, for the resazurin
assay, EM-/+G was replaced with fresh assessment medium containing Neurobasal-
A without phenol red (Gibco, Thermo Fischer Scientific), supplemented with HEPES
(10 mM), l-glutamine (HyClone, 0.5 mM), and resazurin (Sigma-Aldrich, 100 μM). Re-
sorufin fluorescence intensity was read at baseline and after a 3-h reoxygenation period
at 535 nm excitation and 595 nm emission using a multimode detector (DTX880, Beckman
Coulter, Brea, CA, USA).

2.5. Data Analysis

Data analysis and figures were rendered using GraphPad Prism 7.00 (GraphPad
Software Inc. 9.3.0). The cellular viability for each condition was calculated as percent-
ages compared to control values (normoxia + no treatment condition), considered 100%.
The statistical unit was the number of culture plates tested per condition (n). All vari-
ables were tested for normality of distribution using the Shapiro–Wilk test, and central
tendencies are reported as mean ± standard deviation (SD) unless otherwise stated. For
normoxic data, statistical significance was evaluated using ordinary one-way ANOVA
with a main factor of treatment (no treatment, 0.1 μM OXT, 1 μM OXT). For OGD data,
statistical significance was evaluated using linear regression and paired t-tests. The
significance threshold was set at α = 0.05.

3. Results

3.1. Oxytocin Did Not Affect the Viability of DIV7 Hippocampal Cell Cultures under
Normoxic Conditions

The effect of OXT treatment on DIV7 hippocampal cell cultures under normoxic
conditions was measured using ordinary one-way ANOVA with a main factor of treatment
(no treatment, 0.1 μM OXT, 1 μM OXT). The effect of OXT treatment on the DIV7 cell
cultures was not statistically significant (F(2, 23) = 1.289, p = 0.294; Table 1).

Table 1. Mean cellular viability of DIV7 hippocampal neurons after OXT treatment under normoxic conditions.

Mean Viability SD Number of Plates Total Number of Wells
p Value

Paired t-Test

Non-treated normoxia 100% 0 17 30

0.1 μM OXT 101.0% 5.532% 7 28 0.605

1 μM OXT 104.3% 0.870% 2 7 0.341

DIV—days in vitro; SD—standard deviation; OXT—oxytocin.

3.2. Cellular Viability after 2 h of OGD Followed a Normal Distribution

The Shapiro–Wilk test was used to check for normal distribution of cellular viability
following 2 h of OGD exposure with no treatment. The viabilities were normally distributed
(p = 0.823, mean = 49.98%, SD = 12.72%, n = 21; Figure 2).
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Figure 2. Cellular viability after 2 h of oxygen–glucose deprivation (OGD) follows a normal distribu-
tion. (A) Histogram of cellular viability (% of normoxic control condition) after 2 h of OGD exposure;
(B) quantile–quantile plot.

3.3. Oxytocin’s Effect on Cellular Viability Changed with OGD Severity

For each plate exposed to OGD, we calculated the mean viability of non-treated OGD
wells (NT-OGD) and the mean viability of the corresponding OXT-treated wells. We then
calculated the percentage change in viability in OXT-treated wells compared to the non-
treated ones as (OXT-NT)/NT. We can thus report plate-wise the effect of OXT treatment
with respect to the OGD severity of the NT-wells. When cellular viability is higher in
OXT-treated wells than in non-treated wells, this percentage change has a positive value,
which would indicate neuroprotection; when cellular viability is lower in OXT-treated wells
than in non-treated wells, this percentage change would have a negative value (Figure 3A).

Figure 3. Oxytocin’s effect on cellular viability in relation to non-treated OGD viability, as measured
by means of resazurin assay. (A) Schematic of data analysis and graphical representation of results.
(B) Segmented regression of change in viability due to OXT treatment in non-treated cells in OGD
and normoxic conditions: left—0.1 μM OXT, right—1 μM OXT. OGD—Oxygen–Glucose Deprivation;
OXT—oxytocin.
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We analyzed the relationship between the percentage of change in viability due to
OXT treatment and OGD severity using linear regression and correlation analysis. The
change in viability after 1 μM OXT treatment was negatively correlated with OGD severity
(pslope = 0.0393, R2 = 0.606, n = 7 culture plates with 38 wells). The change in viability after
0.1 μM OXT treatment was not correlated with OGD severity (pslope = 0.206, R2 = 0.128,
n = 14 culture plates with 41 wells).

The linear regression line intersected the abscissa at an OGD viability of 49.41%. Based on
this breakpoint of 49.41% viability, segmented regression was further performed for both OXT
concentrations in OGD and normoxic conditions (Figure 3B). For OGD viabilities <49.41%,
1 μM OXT was associated with increases in the viability of cells exposed to OGD, showing
a neuroprotective effect. For OGD viabilities >49.41%, 1 μM OXT was not associated with a
significant effect (Figure 3B). For OGD viabilities <49.41%, 0.1 μM OXT tends to increase the
viability of cells, with no further impact for OGD viabilities >49.41% (Figure 3B).

3.4. Administration of 1 μM Oxytocin Increased the Viability of DIV7 Hippocampal Neurons
Exposed to Severe OGD but Not of Those Exposed to Moderate OGD

As described above, we used linear regression to characterize the relationship
between OXT-induced changes in viability and OGD severity. The linear regression line
intersected the abscissa at an NT-OGD viability of 49.41%.

This cutoff was used to separate culture plates into two categories of OGD strength.
Plates with mean viability of NT-OGD wells <49.41% were considered to have suffered
a severe post-OGD lesion, while plates with mean viability of NT-OGD wells >49.41%
were considered to have suffered a moderate post-OGD lesion.

For each plate exposed to OGD, we calculated the mean viability of NT-OGD wells
and the mean viability of 1 μM OXT-treated wells (Figure 4A). The effect of 1 μM
OXT treatment on DIV7 hippocampal cell cultures was compared to the viability of the
corresponding NT-OGD using separate paired t-tests for moderate and severe OGD.

After a severe lesion, 1 μM OXT treatment significantly increased the viability
of DIV7 hippocampal cell cultures (mean difference = 7.88%, 95% CI = [2.19; 13.57],
p = 0.021). However, it had no effect on the viability of cultures exposed to moderate
OGD (mean difference = 5.93%, 95% CI = [−8.99; 20.84], p = 0.286) (Figure 4B, Table 2).

Table 2. Mean cellular viability of DIV7 hippocampal neurons exposed to OGD with or without
1 μM OXT.

Mean Cellular
Viability

SD
Number of

Plates
Total Number

of Wells
p Value

Paired t-Test

Moderate
OGD

No treatment 55.39% 4.2% 3 19

1 μM OXT 48.58% 12.15% 3 15 0.286

Severe OGD
No treatment 38.17% 4.25% 4 21

1 μM OXT 46.05% 1.78% 4 23 0.021

DIV—days in vitro; SD—standard deviation; OXT—oxytocin; OGD—oxygen–glucose deprivation.
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Figure 4. One μM of oxytocin increases the viability of cultures exposed to severe OGD but not
of those exposed to moderate OGD. Schematic of data analysis and graphical representation of re-
sults (A). Viability of plates exposed to moderate and severe OGD, with or without OXT treatment (B).
Individual data points are the mean cellular viability per culture plate. * p < 0.05. OGD—Oxygen–
Glucose Deprivation; OXT—oxytocin.

3.5. Administration of 0.1 μM Oxytocin Had No Significant Effect on the Viability of Cultures
Exposed to OGD, Regardless of OGD Severity

For each plate exposed to OGD, we calculated the mean viability of NT-OGD wells
and the mean viability of 0.1 μM OXT-treated wells (Figure 5A). The effect of 0.1 μM
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OXT treatment on DIV7 hippocampal cell cultures was compared to the viability of the
corresponding NT-OGD using separate paired t-tests for moderate and severe OGD.

Figure 5. Oxytocin (0.1 μM) has no effect on the viability of cultures exposed to OGD, regardless of
OGD severity. Schematic of data analysis and graphical representation of results (A). Viability of
plates exposed to moderate and severe OGD, with or without OXT treatment (B). Individual data
points are the mean cellular viability per culture plate. OXT—oxytocin; OGD—Oxygen–Glucose
Deprivation; OXT—oxytocin.

At 0.1 μM, OXT treatment did not significantly change the viability of DIV7 hippocampal
cell cultures exposed to moderate OGD (mean difference = 0.30%, 95% CI = [−4.732; 5.324],
p = 0.893). For severe OGD lesions, there was a trend towards neuroprotection, which
failed to reach statistical significance (mean difference = 4.50%, 95% CI = [−0.054; 9.061],
p = 0.051; Figure 5B, Table 3).
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Table 3. Mean cellular viability of DIV7 hippocampal neurons exposed to OGD with or without
0.1 μM OXT.

Mean Cellular
Viability

SD
Number of

Plates
Total Number

of Wells
p Value

Paired t-Test

Moderate
OGD

No treatment 60.89% 9.85% 8 27

0.1 μM OXT 61.18% 12.57% 8 22 0.893

Severe OGD
No treatment 40.64% 8.31% 6 22

0.1 μM OXT 45.13% 8.8% 6 26 0.051

DIV—days in vitro; SD—standard deviation; OXT—oxytocin; OGD—oxygen–glucose deprivation.

4. Discussion

Here, we investigated the effect of OXT on DIV7 hippocampal neurons following
OGD and how this effect depends on OGD severity, considering that GABAARs have
shifted to inhibitory effects in most neurons at this stage. The pathophysiology of brain
ischemia is incompletely understood, aggravated in the developing brain by the high rate
of simultaneous developmental changes. The energy deficit during ischemia influences the
activity of ion pumps and results in electrolyte imbalances, which can, in turn, affect the
activity of receptor channels, such as GABAA channels [41].

In this study, we focused on hippocampal cultures due to the hippocampus’ vulnera-
bility to hypoxia and its critical role in memory and learning, which are often impaired in
individuals experiencing PA [42]. DIV7 hippocampal cultures, associated with a physiologi-
cal excitatory-to-inhibitory shift in GABAergic signaling [43] and synapse formation [44,45],
represent a specific developmental window [46]. Previous studies show that neurogenesis
and synaptic integration in dissociated hippocampal cultures continue within 10 days
of cells in vitro [46]. This underscores the relevance of our model, as the DIV7 cultures
capture a critical period of early network formation and synaptic activity, aligning with
the developmental stage of term infants [36]. Additionally, while DIV7 cultures exhibit
single spikes and lower synaptic density compared to older stages, they still represent a
fundamental phase of network maturation [47]. Moreover, there is evidence of a hyperpo-
larizing effect of GABAAR from both DIV6 primary rat neuronal cells and hippocampal
slices from post-natal day 7 rats [36,39]. The preservation of this GABA switch across
various brain structures and species, spanning from frogs, turtles, and rats to birds and
likely extending to humans, indicates its evolutionary conservation and critical role in brain
development [29,48].

OXT plays an important role in orchestrating the developmental switch from excitatory
to inhibitory GABA signaling in the mammalian brain, but only within a limited temporal
window during the peripartum period [6]. While prior research has highlighted the
neuroprotective potential of OXT in immature hippocampal cell cultures [11], probably
attributed to its facilitation of the physiological GABA switch, its impact on neurons
exposed to OGD after this period remains uncertain. Notably, significant changes to Cl−
homeostasis have been reported to take place during the first week in vitro: KCC2 levels
are reported to increase 15 times and NKCC1 to decrease four times at DIV6 compared to
DIV1 [23], which is likely to impact the effect of OXT. Thus, this specific phase is crucial
for studying OXT’s effects on neuronal connectivity and function. By focusing on this
developmental stage, we provide valuable insights into OXT’s effects, which can be further
validated in more complex in vivo models.

Our results showed that OXT treatment did not significantly impact the viability
of DIV7 hippocampal cell cultures in control normoxic cultures. This is consistent with
previous literature: when administered after DIV5 in normoxic conditions, OXT treatment
did not lead to significant changes in chloride homeostasis in hippocampal neurons [23].

After 2-h OGD, we observed a wide range of values for mean cellular viability (be-
tween 25% and 75% of control viability), highlighting the variability in OGD vulnerability
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between cultures. This may be due to phenotypical differences in the pups or the method
itself, including slight differences in hypoxia levels. Similar variability is seen in the wider
OGD literature, perhaps due to non-standardized OGD and/or reperfusion durations, as
well as different viability assays [25]. For example, cellular viability can range from 50%
after a 30 min OGD [49] to approximately 60% after a 2 h OGD [50], with other studies
reporting 52% viability after a 90 min OGD [51] and as many as 70% pyknotic nuclei
reflecting apoptosis markers after a 4 h OGD exposure [52]. This variability may also
reflect the real-life complexity of ischemic conditions where unpredictability is also an
issue, emphasizing the need for careful consideration of sample size and standardized
reporting of cellular viability after OGD exposure. Nevertheless, these simplistic models
inadequately replicate the complex conditions observed in human scenarios.

Our study’s primary finding is that 1 μM OXT treatment during OGD had a significant
neuroprotective effect only in hippocampal cultures severely affected by OGD, where
neuron viability was less than 49.41%. In cultures with moderate lesions, where viability
was above 49.41%, OXT did not exhibit a significant protective effect.

These findings may offer insights regarding previous conflicting reports using an-
imals/neuronal cultures at different maturation stages and different severity lesions.
Kaneko et al. reported that administering 1 μM OXT in DIV3 rat hippocampal cell cultures
for 3 days before OGD led to a neuroprotective effect, but this effect was not observed
if OXT was administered during OGD at DIV6 [39]. They reported approximately 70%
cellular viability after OGD, a severity level categorized as moderate in our study, where
we did not find significant neuroprotection. Furthermore, Kaneko et al. used cultures
with 60% glial cells compared to our method’s <5% [53], suggesting that lesion severity
may depend on the specific type of tissue or cells utilized. The neuroprotective effect
of 1 μM OXT was also reported in an ischemia model consisting of exposure to OGD of
hippocampal slices from 7 to 10-day-old rat pups, resembling hypoxic-ischemic lesions [36].
In this study, OXT mitigated neuronal death in a dose-dependent manner and delayed the
anoxic depolarization in hippocampal CA1 neurons, likely by increasing GABA release
through OXTR activation, enhancing the local inhibitory effect [36]. However, this study
did not specify the precise viability of neurons.

Our findings are consistent with previous work showing that intranasal 1 μM OXT
has a neuroprotective effect when administered to postnatal day-6 rat pups following an
in vivo PA model [28]. Moreover, a clinical study linked the absence of intrapartum OXT
exposure with the severity of neonatal brain injury, underscoring the OXT’s crucial role in
severe PA outcomes [8].

Our current results align with reports suggesting that after OGD-induced ischemic
lesions, neurons could return to a functionally immature phenotype, characterized by
higher intracellular Cl− concentrations and a subsequent decrease in GABAergic inhibi-
tion [54–57]. In both ischemic and traumatic injuries in the adult brain, GABA can return
to a functionally immature phenotype [58,59]. This shift is driven by changes in the ex-
pression and activity of cation/chloride co-transporters. Specifically, KCC2 mRNA and
protein levels are down-regulated within the first hours following ischemia [55,56,60], while
NKCC1 activity increases through phosphorylation during 2 h reoxygenation [61]. This
subsequently leads to an increased intracellular Cl− concentration [57], which may result in
reduced Cl− influx through GABAAR and decreased GABAergic inhibition [55,62]. As the
severity of the injury increases, KCC2 is more strongly downregulated [56], and GABAergic
inhibition appears to decrease, being eventually suppressed in anoxic conditions [63]. The
severity of the ischemic injury seems, therefore, to play an important role in the magnitude
of GABAergic dysregulation. Moreover, given that these alterations occur within minutes
to hours following the ischemic event, it is plausible that similar changes may also manifest
in our model, which assessed 2 h OGD and 3 h reoxygenation.

OXT’s role in Cl− homeostasis in immature neurons includes stimulating KCC2
phosphorylation and activity [39], and it might regain this effect in post-OGD functionally
immature neuronal phenotypes. By enhancing KCC2 activity in these neurons, OXT
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would contribute to correcting the post-ischemic chloride imbalance and, therefore, exert a
neuroprotective effect.

We report that 0.1 μM OXT did not have a statistically significant effect on DIV7
hippocampal cell cultures exposed to OGD, regardless of the severity of the lesion, though
we could observe a trend towards neuroprotection in the severe lesions. Previous studies
on immature neurons showed significant neuroprotective effects of 0.1 μM OXT on cell
cultures after OGD exposure, as well as important effects on neuronal development and
function [23,38]. This difference may arise from the type of neurons used in these studies.
It is likely that, even though 0.1 μM OXT has significant effects on immature neurons, the
concentration might be too low to elicit similar effects in neurons at this developmental
stage since we could notice a trend towards neuroprotection.

These study’s findings are important for clinical practice as they suggest that a treat-
ment effect may depend on the ischemic lesion’s severity. Therapeutic options in PA and
subsequent HIE are currently limited, and translating the results from animal studies to
clinical practice has proven extremely difficult. Despite advances in medical care, only
hypothermia has shown neuroprotective benefits for term neonates with HIE after PA [64].
However, there is little evidence on the efficacy of hypothermia in reducing mortality
and mitigating neurodevelopmental disability among infants with PA [65], creating a real
need to develop treatment solutions for neuroprotection in PA. Furthermore, based on
our present finding, it is advisable to categorize patients with PA according to the sever-
ity of their lesions, as some treatments may demonstrate efficacy specifically in cases of
severe injury.

Study Limitations and Future Perspectives

This study utilized in vitro hippocampal cell cultures, which do not fully recapitulate
the complexity of the in vivo brain environment. Recent evidence indicates significant
transcriptional disparities between primary hippocampal cultures and their in vivo tissue
counterparts. Additionally, focusing solely on the hippocampus does not account for other
brain areas affected by PA, where OXT is also known to influence neuronal activity.

The 2-h OGD model used here, while offering controlled conditions, does not fully mimic
the multifaceted pathophysiology of PA observed clinically. The resazurin reduction method
employed to assess cell metabolism has limitations, such as potential resazurin pool depletion
with high numbers of viable cells and the generation of non-fluorescent hydroresorufin, which
may lead to underestimating cell viability. We acknowledge the limitation of using a single
viability assessment method. Despite inherent variability between cell cultures and OGD
exposures, which could introduce confounding factors, our findings significantly advance the
understanding of neuroprotection in OGD/PA-associated lesions.

Future research should include neurons from other brain regions to provide a compre-
hensive view of OXT’s neuroprotective effects and uncover additional protective mechanisms
across various neural substrates. Incorporating cortical neurons, which are sensitive to hy-
poxia and modulated by OXT, could enhance the broader applicability of our findings. In vivo
models are crucial to assess OXT’s effectiveness in an intact nervous system, addressing
the limitations of our in vitro approach and exploring OXT delivery methods that minimize
maternal impact. This research will bridge the gap between basic neuroscience and clinical
applications, contributing to therapeutic strategies for neonatal care following PA.

5. Conclusions

In conclusion, this study provides insights into the neuroprotective role of OXT in
the context of OGD as a model of HIE. We find that 1 μM OXT treatment during 2 h OGD
exerts a neuroprotective effect on DIV7 hippocampal cell cultures only in case of a severe
OGD-induced lesion, a condition which can be accompanied by a change in the neuronal
phenotype into a functionally immature one. OXT treatment had no significant effect when
administered during moderate OGD exposure or in normoxic conditions. Our results
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suggest that OXT might activate neuroprotective mechanisms in the developing neurons at
DIV7 impacted by severe ischemia.

Our findings underscore the importance of carefully considering the developmental
stage of neurons and the severity of the ischemic insult in assessing the efficacy of OXT treat-
ment. Furthermore, our results from in vitro models may inform further in vivo research
investigating the underlying mechanisms of OXT-mediated neuroprotection and clinically
relevant studies optimizing therapeutic strategies for managing PA and subsequent HIE.
Ultimately, the identification of OXT as a potential therapeutic target from in vitro studies
holds promise for improving outcomes in neonates at risk of neurological injury due to PA,
offering hope for novel interventions in clinical practice.
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Abstract

The purpose of this article is to examine a previously unrecognized role for the vasopressin–
oxytocin (VP-OT) system in mammalian “stress-response hormesis.” The current review
adds hormesis to the long list of beneficial effects of OT. Hormesis, a biphasic adaptive
response to low-level stressors, is introduced here to contextualize the dynamic roles of oxy-
tocin and vasopressin. As with hormesis, the properties of the VP-OT system are context-,
time-, and dose-sensitive. Here we suggest that one key to understanding hormesis is the
fact that VP and OT and their receptors function as an integrated system. The VP-OT system
is capable of changing and adapting to challenges over time, including challenges necessary
for survival, reproduction and sociality. Prior research suggests that many beneficial effects
of OT are most apparent only following stressful experiences, possibly reflecting interac-
tions with VP, its receptors and other components of the hypothalamic–pituitary–adrenal
axis. The release of OT is documented following various kinds of hormetic experiences
such as birth, vigorous exercise, ischemic events and the ingestion of emetics, including
psychedelics. The phasic or cyclic modulation of VP and related “stress” hormones, ac-
companied or followed by the release of OT, creates conditions that conform to the core
principles of hormesis. This concept is reviewed here in the context of other hormones
including corticotropin releasing hormone (CRH) and urocortin, as well as cytokines. In
general, VP and classic “stress hormones” support an active response, helping to quickly
mobilize body systems. OT interacts with all of these, and may subsequently re-establish
homeostasis and precondition the organism to deal with future stressors. However, the
individual history of an organism, including epigenetic modifications of classical stress
hormones such as VP, can moderate the effects of OT. Oxytocin’s effects also help to ex-
plain the important role of sociality in mammalian resilience and longevity. A hormetic
perspective, focusing on a dynamic VP-OT system, offers new insights into emotional and
physical disorders, especially those associated with the management of chronic stress, and
helps us to understand the healing power of social behavior and perceived safety.

Keywords: oxytocin; vasopressin; stress; sociality; hormesis
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1. Purpose and Historical Background

In this narrative review, we hypothesize that a system involving interactions between
oxytocin (OT) and vasopressin (VP) plays a critical role in understanding the physiological
process termed “stress-response hormesis” [1]. VP and OT jointly encode environmental
experience in cellular memory and create mechanisms that can be leveraged to optimize
adaptation across many domains of human health. Although not previously recognized,
many of the functions attributed to VP-OT interactions are similar to those described
in hormesis.

1.1. Oxytocin and Vasopressin

Clinical research in the early 20th century recognized the capacity of extracts of the
pituitary gland to speed up labor or facilitate milk ejection. OT was chemically identified as
a polypeptide in the 1950s, an achievement recognized with a Nobel Prize [2]. However, as
recently as the 1980s, research papers continued to describe OT as a “female” reproductive
hormone with “no known function in males” [3]. The narrow characterization of OT as of
importance only in females and only relevant to reproduction was incomplete and almost
certainly slowed research on this remarkable molecule [4,5]. The pleiotropic functions of
OT are only now being recognized [6,7].

OT extends beyond social and reproductive functions, including the regulation of
food intake (reducing appetite via hypothalamic pathways), inducing muscle contraction
(notably during parturition and lactation), and influencing thermoregulation by activat-
ing brown adipose tissue and mediating cold stress responses [8] OT has been more
recently identified as an “anti-stress” hormone [9,10] with major consequences for health,
resilience [8] and longevity [11]. OT has anti-inflammatory properties and is involved
in regulating oxidative stress [12,13]. Furthermore, pathways dependent on OT facilitate
prosocial behaviors, creating a “social solution to the stress of life” [14]. However, OT acts
against the background of many other molecules, including VP, corticotropin-releasing
hormone (CRH), urocortin (UCN), and molecules of the immune system. The temporal ef-
fects of OT vary in this context. Although both oxytocin-like and vasopressin-like peptides
emerged from a shared ancestral gene early in vertebrate evolution, our current understand-
ing of their functional specialization is based largely on mammalian and rodent models.
While we use evolutionary terminology to highlight adaptive roles, we acknowledge that
direct functional evidence from lower vertebrates and invertebrates remains limited.

In this review, we focus on the relationship of OT with a more ancient neuropeptide,
vasopressin. VP and OT arose from a common ancestor [15]. These structurally similar
peptides exhibit dynamic cross-reactivity with each other’s receptors [16]. Together VP and
OT form a system with the capacity for adaptive and sequential changes, and with varying
consequences across time. OT may be particularly relevant in the context of chronic stress,
where it helps protect against endocrine dysregulation in conditions such as posttraumatic
stress disorder (PTSD). This may in part be due to OT’s capacity to sequentially counter the
actions of VP [4,17,18] and temper physiological overreactions to threat.

Under chronic versus acute conditions, the phenotype of these responses is different:
VP is associated with quick responses including mobilization and anxiety, while OT re-
sponds more slowly, and may be associated with calming, immobilization and restoration.
For example, the VP-OT system is especially important in social behavior and attach-
ment [19]. In social mammals, the presence of safe others is of particular relevance during
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stress-management and “sociostasis” [20]. We suggest here that when better understood,
VP- and OT-mediated interactions will offer novel strategies to harness the therapeutic
capacity of these neuropeptides.

1.2. Time Matters

In mammals under chronic stress, VP and OT molecules have divergent, interactive
and often sequential functions. In addition, the receptors for VP and OT, along with their
subcellular signaling mechanisms, are critical for enabling dynamic functional interactions
between these systems [21].

Across the lifespan, time also matters. There is abundant evidence that the VP-OT
system is adaptively calibrated by early life experiences [22,23]. Context also is critical in
regulating the VP-OT system [24]. The hormetic perspective described below also empha-
sizes the importance of time, development, feedback systems and context—all processes
within which VP and OT have been shown to have dynamically adaptive functions.

2. Hormesis

Hormesis as a process has been used to describe biphasic or cyclic responses to
challenge across species, ranging from single-cell organisms to vertebrates, including
humans [25,26]. For convenience, we are focusing our scope here on mammals. Although
hormetic functions are observed in a broad array of living organisms, we recognize the
specific endocrine systems described here may not generalize beyond mammals. However,
as initially described [1], cellular and subcellular processes that are shared across phyla may
offer unifying mechanisms that explain hormesis across levels of biological complexity.

2.1. The Role of Peptides in the Hormetic Hypothesis

Both VP and OT are released by various challenging or stressful experiences. This
pattern of simultaneous or sequential release could help to explain the poorly understood,
biphasic, and sometimes beneficial consequences of “stress,” especially if the challenge is
followed by a period of restoration. This process, sometimes known as “stress-response
hormesis”, has well-documented consequences for health, restoration and longevity [1,27].

VP and OT have independently been shown to play major roles in the regulation
of stress [6,28]. The current review focuses on the novel hypothesis that VP and OT also
are critical to “stress-response hormesis”. Here we suggest that, at least in mammals, the
benefits of hormesis may involve the sequential effects of VP followed by a compensatory
release of OT. To our knowledge, this hypothesis has not been experimentally tested in
the context of hormesis. We provide selected examples of hormesis in which interactions
among OT and VP may help to explain beneficial adaptations following intense challenges,
such as those observed in birth or exercise (Tables 1 and 2). We further suggest that the
investigation of the hormetic role of these peptides may identify previously unidentified
adaptive functions for both VP and OT, and deepen our understanding of their coordinated
activity as an integrated system.

2.2. Classical Definitions of Hormesis

Hormesis is a highly conserved, biphasic biological process characterized by stimula-
tory or beneficial effects following a challenge, and inhibitory or deleterious effects at high
doses or during prolonged exposure. Initially conceptualized within toxicology [29,30],
hormesis has since evolved into a unifying paradigm that intersects diverse fields such
as aging biology, neuroscience, immunology, metabolism, and exercise physiology [31]
(Table 2).
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Table 1. This table outlines key conceptual domains and unresolved research questions regarding the
roles of oxytocin (OT) and vasopressin (VP) in stress regulation. It organizes future directions across
four tiers—mechanistic foundations, neuroendocrine integration, adaptive stress responses (hormesis
and allostasis), and translational/clinical potential—highlighting essential gaps in knowledge from
molecular mechanisms to therapeutic applications.

Conceptual Domains Unresolved Research Questions

Mechanistic Foundations
• How do OT and VP exhibit biphasic, dose-dependent responses?
• What intracellular pathways are engaged under low vs. high stress?

Neuroendocrine Integration
• How do CRH, UCNs, VP, OT orchestrate the catabolic-anabolic shift?
• What is the temporal role of each peptide in initiating or resolving stress?

Hormesis and Allostasis
• How do VP and OT affect allostatic load vs. resilience?
• Can they promote parasympathetic re-engagement after acute stress?

Translational and Clinical Potential
• What is the optimal timing/dose for clinical use in PTSD, depression, aging?
• Are there risks of desensitization or dysregulation with chronic exposure?

Table 2. Translational applications of CACH in human healthspan and disease modulation. This table
illustrates the translational relevance of CACH across key human domains. It outlines how intermit-
tent, tolerable stressors engage catabolic signaling, followed by anabolic restoration and remodeling.
The net effect is enhanced systemic resilience, longevity, and performance, with implications for
preventive and therapeutic strategies in aging, cardiometabolic health, and psychiatry.

Domain Example Stressors/Interventions
Mechanisms Catabolic–Anabolic

Cycling
Key Outcomes Ref.

Aging & Geroscience

• Fasting
• Heat/cold exposure
• Exercise (e.g., resistance

or endurance)

• Catabolic: Autophagy, mitophagy,
SIRT1/FOXO

• Anabolic: Mitochondrial
biogenesis, mTORC1, IGF-1

• Cellular repair, proteostasis

• Extended healthspan
• Reduced frailty
• Improved

mitochondrial function
[32,33]

Cardiovascular Resilience

• High-Intensity Interval
Training (HIIT)

• Remote ischemic preconditioning
• Mild oxidative stress (e.g., ozone,

hypoxia exposure)

• Catabolic: ROS → Nrf2/HSPs,
shear stress signaling

• Anabolic: Angiogenesis,
endothelial nitric oxide production,
anti-inflammatory cytokines

• Improved vascular
function

• Reduced endothelial
senescence

• Autonomic balance

[32,34]

Neuropsychiatric Health

• Controlled emotional challenge
• Novelty and cognitive engagement
• Therapeutic stress

(e.g., exposure therapy)

• Catabolic: Acute HPA-axis
activation, monoaminergic shifts

• Anabolic: Synaptic remodeling,
BDNF, OT/VP modulation,
epigenetic plasticity

• Enhanced stress
resilience

• Reduced
depression/anxiety

• Cognitive flexibility

[33,35,36]

Hormesis is characterized by adaptive benefits arising from exposure to transient
stressors. This is a biphasic phenomenon, wherein stress induces cellular and systemic
mechanisms that feed forward to enhance resilience, repair, and longevity. Hormesis
has garnered increasing recognition as a unifying paradigm across multiple biological
disciplines [29,37,38].

In contrast to traditional views that regard stress as inherently deleterious, the hormetic
model proposes that organisms can be preconditioned by moderate stress exposures to
mount more effective responses to future challenges, thereby decreasing disease vulnerabil-
ity and promoting systemic robustness [39,40].

2.3. Ancient Peptides and Hormesis

We suggest here that at the core of the neuroendocrine orchestration of stress-related
hormetic adaptation are VP and OT, and their primary receptors. VP is the more primitive
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neuropeptide, believed to have evolved over 400 million years ago from vasotocin. OT-
like molecules existed for millennia [15]. However, in its current form, OT appeared in
conjunction with the evolution of mammals over 200 million years ago [15,29]. In mammals,
both VP and OT are primarily synthesized in the paraventricular and supraoptic nuclei
of the hypothalamus, although VP and OT usually appear in different cells [15,41]. These
peptides exert widespread effects through both central and peripheral pathways, and are
deeply implicated in modulating stress responsivity, social behavior, emotional processing,
immune regulation, and metabolic balance.

VP is classically associated with the initiation of acute stress responses, operating primar-
ily through the activation of the HPA axis. VP facilitates a suite of immediate survival-oriented
adaptations, including elevated arousal, enhanced vigilance, cardiovascular activation, fluid
retention, and mnemonic reinforcement [42,43]. While these responses are adaptive under
conditions of short-term stress, sustained or dysregulated VP signaling has been implicated in
pathological outcomes such as generalized anxiety, major depression, metabolic syndrome,
and social dysfunction [18,35,36]. This dualistic capacity positions VP as a dose- and context-
sensitive regulator. The controlled activation of VP supports the hormetic enhancement of
stress tolerance, but chronic overactivation can promote allostatic overload.

OT also may be released by challenges, but OT seems to work more slowly than
VP [20]. The functions of OT include the facilitation of the recovery and restorative phases
of reactions to stressful experiences [10]. OT can downregulate HPA axis activity, mitigate
inflammation, enhance immune surveillance, and promote parasympathetic reactivation.
In mammals, these mechanisms are essential for the resolution of acute stress and the
establishment of physiological homeostasis. Beyond its central neuromodulatory effects,
OT has demonstrated systemic benefits, including the maintenance of gut barrier integrity,
the modulation of gut microbiota, and the regulation of glucose and lipid metabolism,
positioning it as a key player in metabolic resilience and healthy aging [44–46]. Further-
more, OT contributes to cognitive flexibility, emotional regulation, and the formation of
prosocial bonds. OT, in conjunction with VP, maximizes the benefits of positive social
experiences [20]. Collectively, OT interactions with VP may serve as buffers against chronic
stress and even psychopathology [47,48].

Emerging research highlights a reciprocal and dynamic interaction between VP and
OT, whereby these neuropeptides mediate the shift from acute stress activation to adaptive
recovery. VP is temporally aligned with immediate threat detection and mobilization,
whereas OT operates during the subsequent recalibration phase, fostering synaptic plastic-
ity, tissue repair, and behavioral regulation. This biphasic neuropeptidergic modulation
exemplifies the core principles of hormesis, enabling organisms to respond with both rapid
adaptation and long-term resilience [46,49].

2.4. Hormesis: Conceptual Foundations
2.4.1. Oxidative Stress

At the cellular level, one of the most well-characterized manifestations of hormesis is the
oxidative stress response. Subtoxic exposure to reactive oxygen species (ROS) can initiate adap-
tive subcellular signaling cascades that upregulate antioxidant defenses [e.g., nuclear factor
erythroid 2-related factor 2 (Nrf2) activation], enhance DNA repair, and promote autophagy
and proteostasis, thereby increasing cellular longevity and functional resilience [32,34,50].
This concept extends into metabolic hormesis, as observed in caloric restriction, intermittent
fasting, and other forms of nutrient stress, which activate energy-sensing pathways such
as AMP-activated protein kinase (AMPK), Sirtuin 1 (SIRT1), and Peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α). These in turn induce mitochondrial
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biogenesis, improve oxidative phosphorylation efficiency, and reduce systemic inflammation,
which are hallmarks of delayed aging and metabolic flexibility [33,51–54] (Table 2).

2.4.2. HPA Axis Hormones and Hormesis

An essential upstream regulator of stress-induced hormesis is the CRH system, which
coordinates central and peripheral responses to homeostatic perturbation. CRH, a hypotha-
lamic neuropeptide released from parvocellular neurons in the paraventricular nucleus
(PVN), plays a critical role in orchestrating the initial activation of the HPA axis, thereby
facilitating energy mobilization, vigilance, and behavioral arousal in response to stressors.
This activation represents the early catabolic phase of the hormetic cycle, promoting sys-
temic readiness and cellular defense through glucocorticoid secretion and sympathetic
stimulation [55]. Recent advances expanded the CRH paradigm to include its peripheral
and centrally acting paralogs, the urocortins (UCN1, UCN2, and UCN3), which engage both
CRH receptor type 1 (CRHR1) and type 2 (CRHR2) with divergent physiological outcomes.

CRHR1 activation by CRH and UCN1 is typically associated with acute stress mobilization
and anxiety-like behavior, mirroring VP-mediated HPA axis activation and catabolic mobiliza-
tion [56,57]. Conversely, CRHR2, primarily activated by UCN2 and UCN3, has been shown
to promote stress recovery, cardiovascular stability, and anxiolytic effects by functioning as
a molecular mediator of the anabolic, restorative phase of the hormetic response [56]. These
receptor-specific dynamics recapitulate the broader catabolic–anabolic oscillation seen across
hormetic systems and align with the neuropeptide dichotomy observed in VP and OT signaling.

Moreover, urocortins (UCNs) act at both central and peripheral sites, including the
heart, gastrointestinal tract, and immune system, where they modulate inflammation,
oxidative stress, and metabolic regulation, features consistent with broader hormetic adap-
tation [58,59]. UCN2 and UCN3, in particular, have been implicated in enhancing cardio-
vascular resilience and attenuating stress-induced autonomic dysfunction, thereby serving
as potent endogenous hormetins in their own right. Their biphasic effects are tightly regu-
lated by tissue-specific receptor expression and feedback sensitivity, thus rendering them
highly responsive to stress intensity, duration, and context.

Importantly, the CRH-UCN system also interfaces with VP and OT pathways to
fine-tune behavioral and physiological outcomes. CRH and VP act synergistically at the
pituitary to enhance ACTH release, amplifying glucocorticoid output during acute stress,
while urocortin-driven CRHR2 activation counterbalances this effect by dampening HPA
axis activity and promoting parasympathetic recovery, mechanistically resembling OT-
mediated stress resolution [57,60]. These intersecting networks underscore a hierarchically
organized stress-adaptation system, wherein CRH family peptides initiate and regulate the
transition between the mobilization and restitution phases of hormesis.

The CRH-UCN axis represents a critical neuroendocrine interface between environ-
mental challenges and systemic adaptation. Its inclusion in the hormetic model enriches
our understanding of how organisms maintain stability, growth and restoration through
change, using precisely timed, receptor-specific neuropeptide signaling to convert stress
exposure into long-term physiological gains. Future research into selective CRHR2 agonists
or UCN mimetics may offer novel therapeutic avenues for enhancing resilience, particularly
in individuals with dysregulated HPA axis dynamics or impaired stress recovery.

Hormesis has particular relevance in the context of neuroprotection and cognitive re-
silience, where mild cognitive challenges and psychological stressors can stimulate neurogene-
sis, synaptic remodeling, and increased resistance to neurodegenerative processes. These forms
of behavioral hormesis engage molecular mechanisms such as brain-derived neurotrophic factor
(BDNF) upregulation, mitochondrial adaptation, and glutamatergic signaling balance [61,62].
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Importantly, stress resilience is not merely a function of exposure magnitude, but of precise
timing, context, and neuroendocrine feedback, features central to the hormetic framework.

Within this adaptive schema, neuropeptides such as VP and OT [10] have emerged
as critical regulators of systemic stress responses. VP predominantly facilitates catabolic
mobilization, acting via HPA axis activation, sympathetic upregulation, and vasoconstric-
tive pathways. In contrast, OT is associated with anabolic recovery, vagal activation, and
anti-inflammatory signaling [63,64]. Together, these neuropeptides mediate a bi-phasic
oscillation between challenge and recovery, positioning the components of the VP-OT
system as hormonal drivers of stress-response hormesis [65].

Integrating VP and OT into the broader framework of hormesis reveals a neuroen-
docrine model of adaptation, in which the strategic alternation between mobilization and
restitution shapes both physiological and behavioral outcomes. This paradigm has wide-
ranging implications, from cardiometabolic adaptation and neuropsychiatric resilience
to interventions in aging and neurodegenerative disease, particularly those that exploit
cyclic stress exposures, such as intermittent fasting, cold/heat stress, high-intensity interval
training, and controlled psychosocial engagement [47,66,67].

Hormesis is also closely linked to stress resilience and adaptation, particularly in the
nervous system. Exposure to mild psychological stress can enhance cognitive function
and emotional resilience, a phenomenon described as behavioral hormesis [46]. In this
context, neuropeptides such as VP and OT play a pivotal role in stress adaptation, helping
to regulate the balance between the challenge phase (VP-driven) and the recovery phase
(OT-driven) [47] Figure 1.

 

Figure 1. Hormesis represents the dynamic balance between catabolic stress activation and anabolic
recovery, orchestrating optimal physiological adaptation. During the catabolic phase, mediators such
as cortisol, CRH, VP, and CRHR1 signaling promote mobilization, inflammation, and energy release
necessary for immediate stress responses. In contrast, the anabolic recovery phase is governed by
OT, UCNs, and CRHR2 pathways, which facilitate tissue repair and exert anti-inflammatory effects.
Maintaining equilibrium between these opposing forces enables the organism to maximize resilience
and adaptability, highlighting hormesis as a critical framework for health optimization.
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By incorporating VP and OT into the hormetic framework, a novel perspective emerges
in which these neuropeptides contribute to stress-response hormesis by dynamically mod-
ulating physiological and behavioral adaptation processes Figure 1. The dynamic in-
volvement of VP and OT as dual-phase modulators expands this framework, offering a
translational lens through which to reframe therapeutic strategies in stress-related pathol-
ogy, age-associated decline, and chronic disease prevention.

3. Catabolic–Anabolic Cycling Hormesis Model: A Dynamic Framework
for Adaptive Health

The CACH model represents an emerging conceptual framework that extends
classical hormesis into a temporal and phase-dependent paradigm, wherein biologi-
cal systems alternate between stress-induced catabolic activation and compensatory
anabolic recovery. Unlike linear models of stress adaptation, CACH emphasizes the
rhythmic and cyclical nature of organismal resilience, anchoring the health-promoting
benefits of transient perturbations in their capacity to trigger restorative, regenerative,
and homeostatic processes.

3.1. Theoretical Foundations and Examples

At its core, CACH integrates the well-established biphasic dose–response curve of
hormesis with biological oscillation theory, proposing that optimal adaptation requires
not just the right magnitude of stimulus, but also precise timing, duration, and recovery
dynamics [66,68]. The catabolic phase initiates cellular stress responses, e.g., via ROS
signaling, AMP/ATP ratio sensing, or glucocorticoid mobilization, activating defense
pathways such as autophagy, mitochondrial uncoupling, and immune priming. This
is followed by an anabolic phase, where growth factors, anti-inflammatory mediators,
and mitochondrial biogenesis coordinate structural repair and functional recalibration.
The coordination between these opposing yet complementary forces allows for efficient
adaptation to environmental stressors without tipping into maladaptation or exhaustion
Table 3.

3.2. CRH, Urocortins, and the Neuroendocrine Modulation of CACH

CRH and UCNs play a foundational role in orchestrating the initiation, regulation,
and resolution of stress responses within the CACH framework. CRH acts as the principal
neuropeptide initiating the catabolic phase of stress adaptation. It stimulates ACTH release,
thereby activating the HPA axis and promoting systemic glucocorticoid release [55]. This
axis supports energy mobilization, immune vigilance, and increased arousal, all of which
align with early-phase hormetic stress activation.
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Table 3. Biphasic catabolic → anabolic cycles in key physiological systems. This table shows where
catabolic-to-anabolic cycling appears across whole-organism systems. It summarizes how diverse
biological systems engage in hormetic stress cycles, where an initial catabolic phase triggered by
challenge is followed by an anabolic phase of restoration and adaptation. They reflect the CACH
model, highlighting the evolutionary advantage of alternating between stress and recovery. Phase
specific molecular drivers of CACH. This table outlines the key molecular regulators that operate
during the catabolic and anabolic phases of hormesis. The listed signaling pathways function in a
phase-specific manner to coordinate energy use, cellular defense, and tissue regeneration, supporting
systemic resilience and adaptive plasticity under fluctuating stress conditions.

System Catabolic Phase (“Challenge”) Anabolic Phase (“Restoration”) Primary References

Skeletal muscle physiology

• Myofibrillar micro-trauma produced by
resistance exercise

• ↑ AMPK & ROS signaling; temporary
protein breakdown

• Fiber hypertrophy; satellite–cell fusion
• Mitochondrial biogenesis (↑

PGC-1α, mTORC1)
[53]

Metabolic regulation
• Lipolysis, ketogenesis, autophagy during

caloric restriction/intermittent fasting
• Activation of SIRT1, FOXO, glucocorticoids

• Re-feeding restores glycogen; ↑ insulin
sensitivity

• Protein and lipid synthesis via IGF-1 →
Akt → mTORC1

[51]

Cognitive performance/brain

• Controlled cognitive load or acute
psychological stress → HPA-axis and
catecholamine surge

• Transient synaptic destabilization

• Parasympathetic rebound; sleep-dependent
synaptic remodeling

• Neurogenesis and BDNF-mediated
circuit strengthening

[61]

Phase Key Signaling Nodes/Mediators Core Functions Primary References

Catabolic
(Energy-Mobilizing)

• AMPK, SIRT1, FOXO—energy conservation,
autophagy, antioxidant defense

• Glucocorticoids, catecholamines,
vasopressin—substrate mobilization,
cardiovascular tone

• Sub-toxic ROS → Nrf2, HSPs,
UCPs—stress-sensor activation,
mitochondrial uncoupling

Maintain vital function under challenge; initiate
cellular “clean-up” [51,53,69]

Anabolic (Recovery/Growth)

• mTORC1, IGF-1, Akt—protein synthesis,
mitochondrial biogenesis, membrane repair

• Oxytocin, IL-10, BDNF—anti-inflammatory
resolution, synaptic plasticity, tissue re-growth

Restore and enhance structure/function; build
resilience to future stressors [32,33,64]

However, the CRH system does not act in isolation. Its paralogs, the UCNs, modulate
stress responsiveness in a receptor- and phase-specific manner, aligning tightly with the
cyclical logic of CACH. UCN1 binds to both CRHR1 and CRHR2 and plays a role in
initiating the early stress response, while UCN2 and UCN3 exhibit preferential binding to
CRHR2, a receptor system associated with recovery, cardiovascular stability, and anxiolytic
signaling [56,70]. This receptor divergence reflects a mechanism for transitioning from
catabolic stress mobilization to an anabolic resolution, which is a hallmark of CACH’s
temporal organization.

CRHR2 activation, in particular, is implicated in parasympathetic rebound, cardiac
repair, immune rebalancing, and behavioral recovery, functions similar to OT’s role in the
anabolic phase [70]. UCNs, therefore, act as endogenous hormonal switches, complement-
ing VP and OT by refining the amplitude, duration, and systemic scope of stress-phase
transitions. These peptides are expressed not only in the brain but also in peripheral tissues
such as the heart, gut, and vasculature, where they modulate inflammatory tone, vascular
remodeling, and redox homeostasis [58,59].

Moreover, CRH and VP synergistically potentiate ACTH release during acute stress,
amplifying the mobilization of energy substrates and behavioral arousal [43]. This coop-
eration ensures that the catabolic phase is robustly activated during high-salience stress
exposures. In contrast, OT and CRHR2 agonism (via UCN2/3) serve to terminate the
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stress response, engaging vagal pathways and promoting anti-inflammatory, neurotrophic,
and tissue-regenerative processes [46]. The opposing yet coordinated actions of these
peptide systems provide molecular substantiation for the phase-specific dynamics of the
CACH model.

Taken together, the CRH–UCNs axis functions as an upstream timing mechanism,
activating early catabolic defenses and coordinating their resolution through receptor-
specific feedback loops. When viewed through the lens of the CACH framework, this
neuroendocrine system reinforces the cyclical nature of adaptive physiology, mediating
transitions between stress engagement and reparative recalibration. Integrating CRH and
UCNs alongside VP and OT enhances our understanding of the molecular choreography
underlying resilience, and provides a more nuanced platform for designing phase-targeted
interventions across diverse clinical domains.

4. Vasopressin and Oxytocin as Endocrine Drivers of CACH

In addition to CRH and UCNs, VP and OT play an important role in orchestrating
the catabolic–anabolic axis of stress adaptation. VP is predominantly active during the
catabolic stress phase, enhancing sympathetic tone, vasoconstriction, and HPA axis activity.
In contrast, OT becomes prominent during the anabolic recovery phase, supporting vagal
activation, anti-inflammatory signaling, endothelial repair, and mitochondrial stabiliza-
tion [63,65]. This bidirectional neuroendocrine rhythm aligns with autonomic cycling
(sympathetic vs. parasympathetic), and can be entrained or modulated via behavioral,
environmental, or pharmacologic stimuli.

5. Stress

Stress constitutes a multidimensional construct encompassing psychological, physio-
logical, and environmental challenges to an organism’s homeostasis. Within the framework
of hormesis, stress functions not solely as a pathological insult, but as a potentially salu-
togenic stimulus capable of inducing adaptive biological responses when administered
within an optimal dose–response window. The biphasic nature of the hormetic curve,
with beneficial effects at low-to-moderate intensities and deleterious consequences at high
exposures, underscores the critical importance of allostatic regulation, neuroendocrine
coordination, and intracellular signaling in mediating organismal resilience [71,72].

5.1. Neuroendocrine Architecture of the Stress Response

The stress response is orchestrated by the neuroendocrine system, prominently fea-
turing the HPA axis and what is sometimes described as the sympatho-adreno-medullary
(SAM) system. Upon perception of a stressor, the PVN of the hypothalamus is activated,
leading to the co-secretion of CRH and VP that act synergistically on corticotroph cells
in the anterior pituitary to promote ACTH synthesis and release, culminating in the
secretion from the adrenal cortex of glucocorticoids, primarily cortisol in humans and
corticosterone in rodents [55]. Concurrently, the stress-induced activation of the locus
coeruleus–norepinephrine (LC-NE) system and the adrenal medulla facilitates a rapid
catecholaminergic response, driving cardiovascular, metabolic, and attentional adaptations
necessary for immediate survival [73].

5.2. Vasopressin and Oxytocin in the Central Stress Network

Both VP and OT, synthesized predominantly by the magnocellular and parvocel-
lular neurons of the PVN and supraoptic nucleus (SON), modulate the stress response
through complex feedback and feedforward loops. VP, acting through V1b receptors in
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the anterior pituitary, enhances CRH-induced ACTH secretion, particularly during chronic
or repeated stress, thereby sustaining HPA axis activity and potentially contributing to
hypercortisolemia [46,55].

OT, acting through its G-protein coupled receptor expressed in limbic and hypothala-
mic circuits, exerts anxiolytic and stress-attenuating effects, partly by dampening amygdala
reactivity and modulating central autonomic output [74]. OT’s regulatory effects on the
autonomic nervous system can also contribute to long-term social bonding and adaptive re-
covery following stress [6,75–77]. VP and OT not only influence endocrine outputs but also
serve as neuromodulators, dynamically regulating synaptic plasticity, emotional processing,
and social cognition. Their sometimes antagonistic but functionally complementary effects
reveals a calibration of social and environmental adaptability, with VP facilitating vigilance
and defensive behaviors, and OT promoting affiliative bonding and the social buffering of
stress [35].

6. Hormetic Stress: Cellular Adaptation and Systems Resilience

The concept of hormetic stress challenges the traditional dichotomy of stress as either
“good” or “bad,” instead proposing a dose-dependent continuum wherein subtoxic expo-
sures to stressors (e.g., heat shock, hypoxia, oxidative stress, caloric restriction, physical
exercise, or psychosocial novelty) activate cellular defense pathways. These include the
Nrf2 antioxidant system, HSPs, AMPK, sirtuins (e.g., SIRT1), and autophagic machinery,
which collectively confer cytoprotection, neuroplasticity, and metabolic efficiency [71,78].

Stress-induced neuropeptides play integral roles in these hormetic adaptations. For
instance, VP has been implicated in energy homeostasis and osmoregulation, linking neu-
roendocrine stress responses to mitochondrial efficiency and metabolic hormesis [79]. OT,
conversely, has been shown to reduce ROS production and inflammation while enhancing
parasympathetic tone and social reinforcement learning, positioning it as a neuromodulator
of stress resilience and organismal recovery [6,80]. It was shown that OT evolved as a
molecular safeguard against oxidative stress, acting at both systemic and mitochondrial
levels to preserve cellular resilience [81].

6.1. Chronic Stress, Allostatic Load, and Pathophysiological Transition

When stress becomes chronic, cumulative, or dysregulated, the physiological benefits
of hormesis are replaced by allostatic load, the wear and tear resulting from the prolonged
activation of adaptive systems [82]. Under such conditions, VP expression is upregulated,
often independently of CRH, sustaining elevated HPA axis activity and glucocorticoid
output, which can lead to hippocampal atrophy, insulin resistance, immunosuppression,
and mood dysregulation [60,83]. Simultaneously, chronic stress blunts the oxytocinergic
system, impairing social functioning and increasing vulnerability to affective disorders
such as depression, anxiety, and PTSD [84]. These impairments may result from the
downregulation of oxytocinergic tone and social buffering mechanisms, which have been
described as critical mediators of resilience under adversity [48].

Notably, the differential epigenetic regulation of VP and OT genes in response to
early-life adversity or trauma further compounds stress susceptibility across the lifespan,
supporting a developmental programming model of stress neurobiology [84]. This under-
scores the clinical relevance of these neuropeptides not only in acute stress modulation,
but also in long-term neuropsychiatric trajectories. Although oxytocin supports healthy
aging processes, its concentration generally decreases with age due to its association with
reproductive function.
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6.2. Integration into the Hormetic Framework: Oxytocin and Vasopressin as Bidirectional
Modulators of Allostatic Flexibility

Integrating VP and OT into a hormetic model of stress physiology requires recognizing
their reciprocal roles in regulating allostatic flexibility, the organism’s capacity to mount,
modulate, and recover from neuroendocrine and behavioral responses across varying in-
tensities of environmental demands. Hormesis, characterized by a biphasic dose–response
pattern wherein moderate stress induces adaptive resilience while excessive stress elic-
its pathology, hinges on temporally coordinated activity across central and peripheral
signaling networks [85].

VP contributes primarily to the reactive phase of allostasis by potentiating HPA
axis activity. Via V1b receptor activation, VP synergizes with CRH to promote ACTH
secretion and downstream glucocorticoid release, thus enhancing metabolic readiness
and cardiovascular tone [86]. However, chronic VP signaling can be associated with
allostatic overload, contributing to neuroendocrine rigidity, glucocorticoid resistance, and
behavioral inflexibility, hallmarks of maladaptive stress reactivity seen in affective and
anxiety disorders [46].

Conversely, OT is preferentially engaged during the resolution and recovery phases of
the stress cycle. Central OT receptor (OTR) activation in limbic and hypothalamic circuits,
such as the amygdala and ventral hippocampus, attenuates CRH neuron activity, dampens
amygdalar hyperexcitability, and re-establishes parasympathetic dominance [46]. OT also
facilitates social buffering, reduces neuroinflammation, and enhances hippocampal plastic-
ity and neurogenesis, contributing to the restoration of homeodynamic equilibrium [46,87].

Together, VP and OT define a bidirectional regulatory axis that orchestrates both the
mobilization and resolution of stress responses. While VP facilitates immediate systemic
robustness during threat exposure, OT supports plasticity, affiliative behavior, and physio-
logical recalibration. The dysregulation of this axis, particularly VP overactivation coupled
with insufficient OT tone, has been implicated in the pathophysiology of post-traumatic
stress disorder (PTSD), depression, and social dysfunctions [46,88]. This bidirectional mod-
ulation supports the conceptualization of OT and VP as evolutionary complements [48],
balancing threat detection with social healing and neuroendocrine flexibility [89].

Therefore, the balance between VP and OT signaling constitutes a central mechanism
of neuroendocrine hormesis, modulating not only acute stress reactivity but also long-term
resilience and adaptive capacity. Recent findings suggest that therapeutic interventions
targeting this axis, such as intranasal OT, VP antagonists, or neuromodulation strategies,
may enhance psychological recovery, reduce stress-related morbidity, and mitigate cogni-
tive decline in aging populations [90]. However, individual differences in this system are
common, and in part may reflect the cumulative properties of hormesis across the lifespan.

6.3. Vasopressin and Oxytocin as Hormetic Modulators

Beyond VP and OT’s classical roles in osmoregulation and parturition, they function
as modulators of the stress response, exhibiting properties consistent with hormetic agents.
We have previously discussed the integrative roles of OT and VP in social attachment and
their capacity to modulate stress responses [91]. Their effects are highly context-dependent,
influenced by factors such as dosage, exposure duration, receptor subtype activation, and
the specific neural circuits involved. We have shown that the behavioral effects of OT and
VP vary depending on the perceived emotional context and individual history, reflecting
their complex roles in social behavior [89]. At optimal levels, VP and OT can promote
adaptive recovery and resilience; however, dysregulation, whether through excessive or
insufficient signaling, may lead to maladaptive outcomes.
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VP has been implicated in the modulation of social behaviors and stress responses.
For example, our prior research in prairie voles indicated that VP plays a crucial role in
social bonding and attachment, with its effects being modulated by early social experi-
ences [48]. Studies indicate that VP can influence aggression and social bonding, with
effects varying based on administration route and receptor interaction. In another example,
in socially isolated mice, VP administration dose-dependently inhibited heightened aggres-
sion, suggesting a nuanced role in social behavior modulation [57]. Conversely, chronic
elevated VP levels have been associated with increased stress reactivity and anxiety-like
behaviors, highlighting the importance of balanced VP signaling.

OT facilitates social bonding and reduces stress. Its administration has been shown to
decrease nonsocial risk-based decision-making, indicating a potential role in enhancing
prosocial behaviors [92]. OT’s actions are influenced by emotional context and individual
experiences, contributing to its role in social attachment and stress regulation [93]. How-
ever, the effects of OT are complex and can be influenced by factors such as sex, context,
and individual differences. For example, OT has been found to exert sex-specific effects
on social behaviors, with variations observed in aggression and pair bonding [94]. Addi-
tionally, excessive OT stimulation may lead to receptor desensitization or disrupt synaptic
homeostasis, underscoring the importance of dosage context and individual histories in its
therapeutic application.

The cellular interplay between VP and OT systems adds yet another layer of com-
plexity. Both peptides can bind to each other’s receptors, leading to potential crosstalk
and varied behavioral outcomes [89]. The interactions between OT and VP are crucial
for understanding their roles in social behaviors, as their effects can be paradoxical and
context-dependent. The activation of OTRs has been associated with both pro-social and,
in certain contexts, pro-aggressive behaviors, potentially mediated by endogenous OT. In
contrast, the administration of synthetic OT or VP has been reported to reduce aggression,
likely through the activation of vasopressin V1a receptors [95]. This apparent bidirectional
modulation underscores the importance of context, dosage, and receptor distribution, sug-
gesting that the behavioral effects of OT and VP depend on a finely tuned balance between
their signaling pathways.

In therapeutic contexts, understanding the hormetic properties of VP and OT is
essential. For example, the intranasal administration of OT has been explored as a potential
treatment for social deficits in neuropsychiatric disorders. The potential for targeting
OT and VP pathways for therapeutic interventions in social deficits is associated with
neuropsychiatric disorders, highlighting the importance of individualized approaches [48].
Outcomes of interventions, such as intranasal OT, are often variable, and factors such as
dosage, individual sensitivity, and the specific behavioral context play significant roles
in determining efficacy [96]. Similarly, VP receptor antagonists are being investigated for
their potential to mitigate stress-related disorders, but careful titration is necessary to avoid
disrupting essential physiological functions. In addition, because VP and its receptors
appear to be calibrated in early life by adversity or nurturing, the effects of manipulations
of the VP system may appear paradoxical. These unexpected or undesired outcomes
could possibly be explained by cross-talk between OT, VP and their receptors, as well as
differential sensitivity of these receptors.

Taken together, the current literature on VP and OT suggests that these are integral
components of the neuroendocrine system that exhibit hormetic properties, modulating
stress responses and social behaviors in a context-dependent manner. Their dualistic nature,
as facilitators of both adaptation and potential maladaptation, highlights the importance
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of precise regulation and the need for nuanced therapeutic approaches that consider
individual variability and environmental context.

6.4. Vasopressin’s Role in Neuroendocrine Plasticity

VP is increasingly recognized not only as a classical endocrine hormone involved in
fluid balance and vasoconstriction, but also as a central neuromodulator with profound
effects on neuroendocrine plasticity. Its ability to reshape neural circuits, tune stress
reactivity, and mediate behavioral outcomes reflects its integration into the dynamic,
hormetic architecture of the stress system. Within this framework, VP supports both
immediate adaptation to challenges and long-term recalibration of the HPA axis and limbic
processing through activity-dependent, epigenetic, and receptor-specific mechanisms.

6.4.1. Structural and Functional Plasticity of Vasopressin Neurons

VP is synthesized primarily by magnocellular neurons in the PVN and SON of the
hypothalamus, as well as parvocellular neurosecretory cells that co-release CRH. These
neurons exhibit notable structural plasticity in response to environmental stimuli such
as osmotic imbalance or stress exposure. For example, dendritic hypertrophy, increased
synaptic input, and glial remodeling have been observed in VP neurons during dehydration
and chronic stress, enhancing neurosecretory efficiency [97]. This plasticity supports the
concept of neuroendocrine metaplasticity, the long-term modulation of hormone release
dynamics based on prior experiences [98]. At the synaptic level, VP neuron excitability
is modulated by glutamatergic, GABAergic, nitric oxide, and astrocytic signaling, each
of which contributes to flexible hormonal output [99]. This responsiveness allows VP
networks to act as finely tuned transducers of internal and external signals, consistent with
hormetic regulation.

6.4.2. Epigenetic Regulation and Early-Life Programming

VP gene expression is subject to epigenetic modifications, which can program long-
lasting changes in stress physiology. As one example, early-life adversity, such as maternal
separation, leads to the hypomethylation of VP promoter/enhancer regions in the PVN,
resulting in the persistent upregulation of VP and heightened HPA axis reactivity in adult-
hood. These molecular changes are part of an adaptive developmental plasticity system
that may confer survival advantages in stressful environments but increase vulnerability to
anxiety or depressive disorders if environmental predictability is low [84]. VP-sensitive
circuits in the bed nucleus of the stria terminalis (BNST), central amygdala, and lateral sep-
tum also undergo experience-dependent changes in connectivity and receptor expression,
contributing to the modulation of aggression, fear, and social memory [100]. Developmen-
tal studies in prairie voles have provided compelling evidence that early-life manipulations
of VP pathways, including neonatal handling or pharmacological exposure, can program
long-lasting changes in VP receptor expression and aggression, reflecting a form of early-life
neuroendocrine imprinting that parallels epigenetic modulation [101].

6.4.3. Receptor-Specific Signaling and Behavioral Adaptation

VP acts on three G-protein-coupled receptors—V1aR, V1bR, and V2R—of which
V1aR and V1bR are predominantly expressed in the brain. The activation of V1aR in the
amygdala and septum facilitates territorial aggression, social memory, and pair bonding,
while V1bR activation in the anterior pituitary stimulates ACTH release and augments
HPA axis tone [35,102]. Recent optogenetic and chemogenetic studies have shown that the
temporal patterning of VP neuron activity in the extended amygdala can bidirectionally
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control anxiety-like behavior, suggesting that VP’s behavioral impact is tightly linked to
network dynamics and circuit state [95,103]. Consistent with these findings, it was shown
in prairie voles that developmental VP exposure can lead to increased adult aggression,
highlighting the enduring impact of receptor-mediated signaling during critical periods of
brain plasticity [104].

6.4.4. Integration of Vasopressin into Hormetic Stress Networks

VP’s role in hormetic adaptation lies in its capacity to prime the stress response system
under moderate stress while enabling structural remodeling for future responsiveness.
Subthreshold VP release can enhance neurotrophic signaling, glucose metabolism, and
attentional resources, thereby optimizing brain function under load [105]. However, when
VP signaling becomes chronic or dysregulated, particularly in the absence of counter-
regulatory oxytocinergic tone, it may contribute to allostatic overload, anxiety disorders, or
metabolic dysregulation [46,86]. These outcomes support the general hypothesis that OT
and VP act as neurochemical pivots between adaptive cooperation and defensive reactivity,
depending on environmental cues and internal states [89]. Thus, VP exemplifies a bidirec-
tional neuroendocrine effector, capable of mediating resilience or pathology depending on
dosage, timing, receptor specificity, and environmental context. Its capacity to regulate
plasticity at molecular, cellular, and network levels situates it as a central modulator within
the hormetic stress architecture.

6.5. Oxytocin’s Behavioral and Cellular Roles in Hormetic Regulation

OT is not simply as a “prosocial hormone” but also serves as a context-sensitive
regulator of homeostasis. The actions of OT align closely with several benefits attributed to
hormesis, and especially the adaptive calibration of biological systems in response to mild
or moderate challenges. We specifically hypothesize here that OT may play a pivotal role
in what has been called stress-response hormesis.

6.5.1. Context-Dependent Modulation of Stress and Behavior

OT’s effects on stress and social behavior are profoundly context-dependent, shaped by
internal state, early-life experiences, social environment, and OTR expression patterns [106].
Under moderate, predictable psychosocial stress, endogenous OT release facilitates social
engagement, affiliative behavior, and stress attenuation. These effects are supported by
evidence showing OT-induced amygdala deactivation and enhanced functional connectiv-
ity between the amygdala and prefrontal cortical regions, promoting top-down emotional
regulation [69,87].

Such outcomes are consistent with a hormetic interpretation—low to moderate adver-
sity stimulates adaptive neurobehavioral responses that increase the organism’s resilience
to future stressors [107]. However, in contexts involving unpredictable social threat or
early-life adversity, OT may actually enhance social vigilance, ingroup bias, or even anxio-
genesis. This outcome has been interpreted to indicate that OT’s principal role is to amplify
the salience of social stimuli rather than universally promote prosociality [108]. This dual
action reflects OT’s function as a salience modulator, calibrating behavioral responses in a
dose- and context-sensitive manner that is emblematic of hormetic signaling. Although
oxytocin has been associated with stress attenuation and recovery, it is not inherently a
calming hormone. Instead, OT release often follows stimulating challenges such as en-
durance exercise, parturition, cold exposure, fasting, or thermoregulatory stress, reflecting
its role as a dynamic modulator of adaptive responses rather than a simple stress buffer.
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6.5.2. Cellular Mechanisms of Oxytocin-Mediated Hormesis

At the cellular level, OT promotes neuroprotection, synaptic plasticity, and oxidative
resilience, hallmarks of cellular hormesis. OTRs are broadly expressed across the cen-
tral nervous system, immune tissues, and cardiovascular system, enabling OT to exert
cytoprotective and anti-inflammatory actions [46]. OT may have evolved as a molecular
mechanism for regulating oxidative stress and mitochondrial health, supporting its role
in cellular resilience and inflammation control [81]. In neurons, OT enhances mitochon-
drial efficiency, modulates intracellular calcium dynamics, and reduces oxidative stress
through the upregulation of antioxidant enzymes such as superoxide dismutase (SOD) and
glutathione peroxidase [109].

OT also facilitates hippocampal neurogenesis and synaptic remodeling, particularly
under conditions of intermittent stress exposure, via pathways that overlap with classic
hormetic mediators such as BDNF, MAPK/ERK, and PI3K/Akt signaling cascades [110].
These actions not only support cognitive flexibility and emotional regulation, but also
protect against neurodegenerative processes. Furthermore, OT suppresses NF-κB activation,
reducing pro-inflammatory gene expression and promoting immune tolerance under low-
grade immune challenges [110].

6.5.3. Social Hormesis: Affiliative Behavior as Adaptive Stressor

Recent theories have proposed the notion of social hormesis, whereby moderate social
demands, such as cooperation, novelty, or conflict resolution, act as adaptive stressors
that strengthen emotional and cognitive resilience [48,111]. OT plays a central role in this
process: its release in response to social touch, eye contact, and shared goal pursuit not only
enhances social bonding, but also initiates stress-buffering physiological cascades [109].
These mechanisms enable the organism to remain engaged in complex social environments
without succumbing to chronic stress. As our previous work [48] argues, OT-mediated
affiliative behaviors are evolutionarily conserved mechanisms of biobehavioral regulation,
wherein moderate social challenges enhance cooperative behavior, stress tolerance, and
long-term adaptive capacity. Oxytocin’s evolutionary role includes shifting behavioral
priorities from food intake toward reproductive behaviors and mate-seeking, which helps
explain its diverse behavioral effects.

Importantly, low-dose exogenous OT administration in clinical and experimental
contexts has been shown to reduce cortisol levels, increase parasympathetic tone, and
enhance threat appraisal accuracy, which are outcomes that reflect hormetic optimization
of the stress axis [96]. However, sustained or high-dose administration may lead to OTR
desensitization or network dysregulation, again underscoring the hormetic principle that
“more is not necessarily better”, and that timing, context, and dose are critical determinants
of function.

For instance, music-based social interactions such as group singing or rhythmic
coordination have been shown to stimulate oxytocinergic activity and enhance proso-
cial bonding [112], supporting the idea of “social hormesis” through shared sensory and
emotional experience.

OT exemplifies a bi-directional hormetic modulator, operating across behavioral and
cellular domains to optimize organismal function under moderate challenge. Its ability to
both buffer stress and amplify social salience, depending on the environmental and internal
context, makes it a precision regulator of adaptive capacity, with broad implications for
neuropsychiatric resilience, aging, and immuno-metabolic health.
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7. Therapeutical Implications and Translational Opportunities

Framing OT and VP within a hormetic framework repositions these peptides not
as binary stress mediators but as precision regulators of stress-response plasticity. Their
therapeutic utility lies in the capacity to modulate neuroendocrine tone, behavior, and
systemic function in a dose-, context-, and state-dependent manner.

7.1. Precision Neuropeptide Modulation

OT-based therapeutics, particularly intranasal administration, have demonstrated
promise in treating autism spectrum disorder (ASD), schizophrenia, borderline personal-
ity disorder, and social anxiety disorder, via modulation of social salience and affective
processing [90]. However, clinical heterogeneity remains a major challenge. Efficacy may
depend on OTR gene polymorphisms, attachment style, and early-life adversity, suggesting
the need for personalized interventions. Trials incorporating functional neuroimaging,
genetic markers, and hormetic biomarkers (e.g., stress reactivity profiles) could help stratify
individuals based on their position on the hormetic response curve [87,96]. This aligns
with the proposal that individual responsiveness to OT may depend on the developmental
calibration of receptor systems, which could serve as biomarkers for tailored intervention
strategies [48].

Similarly, V1bR antagonists have been investigated for the treatment of major depres-
sive disorder (MDD), generalized anxiety disorder, and alcohol dependence, owing to their
ability to attenuate hyperactive HPA axis signaling [113]. In contrast, perhaps selective
VP agonists could be advantageous under conditions of cognitive fatigue or circadian dis-
ruption, as VP promotes wakefulness, working memory, and social vigilance, particularly
when administered in short-term, hormetic dosing paradigms [46,105].

7.2. Hormetic Interventions and Lifestyle Medicine

Integrating neuropeptidergic modulation with lifestyle-based hormetic stressors offers
synergistic translational potential. Lifestyle interventions, such as exercise, intermittent
fasting, cold exposure, and cognitive novelty, are now recognized as controlled stressors
that engage hormetic pathways via mitochondrial, anti-inflammatory, and neuroplastic
mechanisms [61]. The following are examples.

Physical activity increases endogenous OT release, enhances hippocampal neurogene-
sis, and upregulates BDNF, suggesting a synergistic mechanism that could be optimized in
rehabilitation protocols for PTSD, MDD, and neurodegenerative conditions [87].

Mindfulness-based interventions, attachment therapy, and breathwork have demon-
strated effects on OT and VP regulation, recalibrating HPA axis tone and reducing allostatic
load, especially in populations with trauma exposure or early-life stress [114]. Such inter-
ventions may work in part by engaging conserved oxytocinergic circuits that evolved to
buffer oxidative and psychosocial stress, providing a physiological rationale for combining
behavioral and biochemical strategies [81].

8. CRH, Urocortins, and the Hormetic Stress Response—Setting the Stage
for Oxytocin and Vasopressin

While OT and VP are central to social, emotional, and metabolic adaptations to stress,
their functional integration within a hormetic model is best understood against the broader
landscape of the HPA axis. At the heart of this system lies the peptides, CRH and UCNs,
which act as frontline mediators of stress and adaptive recalibration.
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8.1. CRH as a Hormetic Initiator

Hormesis, characterized by a biphasic dose response, describes how exposure to
mild or moderate stress can activate adaptive processes, whereas excessive stress becomes
detrimental. The HPA axis, regulated primarily by CRH, is a central mediator of these
adaptive and maladaptive outcomes. Within the broader context of hormesis, CRH is not
simply a stress-activating molecule, it is a conditioning signal, shaping both immediate
responses and long-term adaptive plasticity. However, within the framework of hormesis,
where low-level stress enhances long-term resilience, CRH’s role becomes more nuanced.
It is not merely a trigger for downstream activation; CRH also serves as a neuroendocrine
“primer” that sets the stage for both acute adaptation and long-term stress conditioning. In
other words, CRH operates as a molecular threshold detector, helping the brain and body
assess the severity of a challenge and calibrate the physiological response accordingly [107].

8.1.1. Catabolic Phase Activation: Metabolic and Circadian Modulation

CRH, released from the hypothalamic PVN, drives ACTH release from the pituitary
and subsequent cortisol/corticosterone secretion. These hormones mobilize metabolic
fuels, glucose, fatty acids, and amino acids, supporting energy-intensive processes during
stress [115]. The acute elevation of cortisol facilitates gluconeogenesis, lipolysis, and amino
acid catabolism, while transient insulin resistance conserves glucose for vital organs [116].
Fasting and exercise-induced CRH release also promotes autophagy, growth hormone
secretion, and BDNF expression for neuroplastic benefits [61].

CRH regulates brown adipose tissue (BAT) thermogenesis via sympathetic drive
and Uncoupling protein 1 activation, enhancing energy expenditure and cold-induced
resilience [117,118]. This is complemented by thyroid and cortisol synergy, sex differences
in estrogen-mediated BAT recruitment, and therapeutic implications for metabolic dis-
ease [119]. CRH also interacts with the suprachiasmatic nucleus to align cortisol rhythms
with circadian timing, modulating glucocorticoid receptor sensitivity [120]. Circadian dis-
ruption via sleep loss or light pollution impairs this synchrony, increasing disease risk [121].
Paradoxically and in contrast, mild circadian challenge, like intermittent fasting, may
improve resilience through CRH-mediated entrainment [122].

8.1.2. Epigenetic Reprogramming and Intergenerational Stress Signatures

CRH signaling induces epigenetic remodeling, DNA methylation, histone modifica-
tion, and microRNA regulation, which persistently alters stress responsivity [123]. These
modifications can be inherited, shaping behavioral traits and HPA tone across generations.
Crucially, these epigenetic effects are reversible. Exercise, social support, and mindfulness
interventions restore adaptive CRH regulation [124]. Our studies and others showed that
OT and VP also interact with CRH-modulated epigenetic pathways, influencing bonding,
emotional resilience, and social cognition [48,125,126].

8.2. CRH as a Conditioning Signal
8.2.1. Immediate Response Calibration

In the short term, CRH helps orchestrate a precisely scaled response. Rather than
triggering an all-or-nothing alarm, CRH levels rise in proportion to the intensity and
duration of the threat, thereby controlling the magnitude of cortisol release, sympathetic
tone, arousal levels, and immune modulation. This titration reflects a hormetic principle,
mobilizing just enough stress response resources to overcome the threat while avoiding
unnecessary damage from overactivation [115,127].
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8.2.2. Neuroplastic Priming

On a longer timescale, repeated or intermittent exposure to low or moderate levels of
CRH appears to condition neural circuits involved in emotion regulation, memory, and
autonomic control. This has been demonstrated in the prefrontal cortex, amygdala, and
hippocampus, where CRH signaling influences synaptic plasticity, dendritic remodeling,
and epigenetic programming [99,128,129]. For example, mild, intermittent CRH signaling
enhances cognitive flexibility and emotional regulation, fostering the development of a
more resilient brain capable of withstanding future stressors, a core outcome of hormetic
adaptation. In contrast, chronic or excessive CRH exposure (as seen in toxic stress or
trauma) disrupts this balance, leading to maladaptive plasticity, HPA axis dysregulation,
and increased vulnerability to anxiety, depression, and metabolic disease [129].

9. CRH, Vasopressin and Oxytocin Interact in Developmental and
Behavioral Conditioning

CRH also acts as a developmental cue, particularly in early life, where brief stress
exposures can “tune” the HPA axis to become either more resilient or more sensitized,
depending on the timing, intensity, and context of CRH activity. We demonstrated that
early-life exposure to CRH and OT pathway manipulation causes sex-specific alterations
in neuropeptide receptor expression and adult stress reactivity [101], aligning with the
idea of CRH as a developmental calibrator of neuroendocrine tone. This is a form of stress
inoculation, a hormetic phenomenon whereby early exposure to manageable stress can
enhance stress resistance later in life [130]. Moreover, several studies showed that CRH
influences behavioral plasticity by modulating fear memory, risk evaluation, and stress
coping strategies [128]. It helps encode whether a stressor is novel or familiar, and whether
prior responses were successful, thereby conditioning the nervous system’s future behavior.

CRH should not be viewed solely as a reactive hormone for acute stress, but as a
hormetic regulator and conditioning molecule. Its role may span the following: acute stress
orchestration, signal scaling and titration, long-term neuroplastic adaptation, behavioral
programming, and the developmental priming of stress resilience. Therefore, CRH lies at
the core of a finely tuned conditioning network, shaping both immediate survival responses
and the capacity for long-term recovery, learning, and adaptation.

Furthermore, CRH acts as a behavioral conditioner, shaping coping strategies, nov-
elty detection, and arousal modulation. It helps encode contextual threat and adaptive
responses in real time, contributing to an organism’s future behavioral flexibility. This
function is especially relevant in intermittent stress paradigms like exposure therapy, fear
extinction, and resilience training, where controlled CRH signaling facilitates memory
updating and extinction learning [129].

Importantly, CRH also interfaces with cardiovascular adaptation. CRH not only activates
the sympathetic nervous system via central autonomic pathways, but also modulates vascular
tone and heart rate variability. In hormetic contexts, these effects can enhance cardiovascular
efficiency and stress responsiveness. However, persistent CRH elevation, as in PTSD or
chronic anxiety, leads to sympathetic overdrive and cardiovascular pathology [127].

Beyond its intrinsic signaling capacity, CRH’s effects are intricately modulated by its
interactions with VP and OT, two neuropeptides that share overlapping release pathways
and physiological roles. In acute stress states, CRH and VP often act synergistically to
enhance ACTH release and drive catabolic mobilization [92]; this synergism between CRH
and VP facilitates metabolic mobilization and vigilance [89], while OT functions as an
opposing force that downregulates CRH-driven sympathetic arousal and restores affiliative
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behavior post-threat. This CRH-VP coordination increases sympathetic activity, vascular
resistance, and metabolic readiness, aligning with the initial phase of a hormetic response.

In contrast, OT frequently rises in the aftermath of stress, counteracting the effects of
both CRH and VP. OT suppresses HPA axis hyperactivity, promotes parasympathetic tone,
and modulates limbic circuitry to reduce anxiety and promote social recovery behaviors [6,
64,92]. These effects are well supported by our previous study [6], in which we proposed
that OT acts as a neurochemical “recovery signal” following CRH-driven arousal, restoring
homeostasis and modulating cardiovascular and emotional responses through prefrontal-
limbic circuitry. As such, the CRH-OT dynamic can shape both the magnitude of the initial
stress response and the quality of post-stress recovery and integration.

These interrelated dynamics suggest that CRH, VP, and OT act not as isolated
hormones, but as neuroendocrine instructors in a broader hormetic conditioning net-
work. Their coordinated oscillation fine-tunes immediate responsiveness and longer-
term plasticity, enabling physiological systems to better predict, endure, and adapt to
environmental fluctuation.

Therefore, CRH is not merely a stress response initiator, but a conditioning signal
that calibrates neuroendocrine sensitivity, behavioral adaptation, cardiovascular reac-
tivity, and long-term resilience. Through its interactions with VP and OT, it anchors a
hormetic feedback loop that balances catabolic mobilization with anabolic repair and
neuroplastic adaptation.

9.1. CRH as the Gateway to Neuroendocrine Hormesis

CRH initiates a cascade of metabolic, mitochondrial, behavioral, and epigenetic adapta-
tions that exemplify the hormetic principle. While overactivation is pathological, controlled
activation through mild physiological stress enhances resilience, flexibility, and energy effi-
ciency [131]. CRH prepares the system not only for challenge but also for recovery, priming
the body and brain for the buffering effects of VP and OT, which complete the hormetic
cycle by fostering social connection, emotional stability, and long-term homeostasis [6].

9.2. Urocortins in Hormetic Stress Modulation—Bridging Catabolic Initiation and
Adaptive Recovery

Urocortins play crucial roles in modulating adaptive responses to physiological stress.
Functioning via CRH receptors (CRHR1 and CRHR2), UCNs integrate neuroendocrine sig-
naling with metabolic resilience, mitochondrial adaptation, and cardiovascular protection.
Within the hormesis framework, UCNs operate downstream of CRH to fine-tune stress
responses, amplifying cellular defenses and promoting recovery after transient metabolic
or psychosocial challenges.

9.2.1. Urocortin Subtypes and Functional Roles

UCN 1 binds both CRHR1 and CRHR2, and is implicated in mitochondrial biogenesis,
neuroprotection, and metabolic flexibility. It activates PGC-1α, enhancing mitochondrial pro-
liferation and oxidative metabolism [70], and supports glucose uptake and fatty acid oxidation
under conditions of fasting or caloric restriction [132]. UCN1 also attenuates oxidative stress
and apoptosis in the hippocampus, underscoring its neuroprotective capacity [133].

UCN 2 and 3 preferentially bind CRHR2 and mediate anti-inflammatory, cardioprotec-
tive, and metabolic functions. They mitigate myocardial ischemic injury and enhance car-
diac performance under stress, suppress pro-inflammatory cytokines, and regulate insulin
sensitivity and glucose metabolism, guarding against obesity-linked insulin resistance [134].
Additionally, UCN2/3 selectively bind CRHR2, promote adaptive thermogenesis by stimu-
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lating brown adipose tissue (BAT) activity, attenuate myocardial injury, enhance cardiac
output, and improve insulin sensitivity [92,111,135].

9.2.2. Hormetic Mechanisms of Urocortins Action

Low-level Urocortins activation enhances mitochondrial function through PGC-1α
upregulation and promotes ATP production. UCNs also reduce oxidative stress by upreg-
ulating antioxidant enzymes like SOD and glutathione peroxidase [92,132,136], provide
vascular protection via eNOS activation, and improve systemic metabolic resilience through
enhanced lipid and glucose utilization [134]. However, excessive UCNs signaling can dis-
rupt mitochondrial homeostasis, elevate ROS, and impair electron transport chain efficiency.
Chronic overactivation contributes to inflammation, cardiomyocyte hypertrophy, maladap-
tive remodeling, and HPA axis dysregulation, features linked to depression, anxiety, and
metabolic syndrome [70,137].

9.2.3. Urocortins and the Transition to Anabolic Recovery

UCNs, particularly UCN2 and UCN3, complement CRH activity by promoting
metabolic and emotional recovery. They activate CRHR2, fostering anti-inflammatory,
cardioprotective, and neuroregenerative effects [70]. This mirrors the transition from
a catabolic (stressor) to an anabolic (recovery) phase central to the CACH model. Im-
portantly, this recovery phase primes the neuroendocrine environment for the action of
OT and VP, which further refine stress responses through social and affiliative buffering
mechanisms [6,48,57].

9.3. Integration into the Catabolic-Anabolic Cycling Hormesis Model

UCNs function as pivotal mediators of the CACH model. During the catabolic
phase, UCNs alongside CRH activate the HPA axis, promote AMPK signaling [138],
and facilitate energy mobilization through gluconeogenesis, fatty acid oxidation, and
autophagy [61]. These actions build stress resistance and initiate epigenetic reprogramming
toward metabolic flexibility [139].

In the anabolic phase, after CRH subsides, mTOR signaling is upregulated to drive
cellular repair, glycogen storage, and protein synthesis [140]. Vasopressin and OT emerge
during this recovery window to restore homeostasis, supporting emotional resilience,
cardiovascular regulation, and social bonding [48,57,81]. UCNs’ activity in this phase also
enhances insulin sensitivity, promotes neuroplasticity, and reinforces long-term cognitive
and physiological adaptation [131].

9.4. Urocortins as Bidirectional Stress Regulators

UCNs bridge the initial catabolic stress activation with anabolic recovery and re-
silience, demonstrating their key role in the hormetic stress response (Figure 2). Their
ability to activate protective pathways, including AMPK, mitochondrial biogenesis, and
anti-inflammatory signaling, positions them as essential players in the adaptive stress
response [92,136]. However, the same mechanisms can become pathologic under chronic
or excessive stimulation, leading to metabolic and neuropsychiatric dysregulation [70,137].
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Figure 2. The regulation of hormesis is orchestrated by the dynamic interplay of CRH, UCN1, VP, and
OT. CRH initiates the stress response through HPA axis activation, promoting a pro-oxidative state
that primes cellular resilience. In contrast, UCN1 enhances stress adaptation by exerting protective,
anti-oxidative effects and modulating the HPA axis. VP acts as a potent promoter of hormesis,
augmenting stress tolerance, neuroprotection, and HPA axis activity. Meanwhile, OT facilitates
recovery by modulating the stress response, reducing inflammation, and supporting tissue repair.

Framing UCNs within the CACH model provides a useful framework for understand-
ing their dual role in stress biology. Their interactions with OT and VP further extend their
influence into social, emotional, and intergenerational domains of adaptation [6,46]. Future
research may aim to harness these pathways therapeutically, including through lifestyle
interventions like exercise and fasting or targeted pharmacologic modulation, to optimize
health span, metabolic performance, and resilience to psychological stress [136].

10. Preparing the Stage for Oxytocin and Vasopressin

10.1. Recovery Adaptation Modulators

OT and VP play crucial, complementary roles during stress recovery. OT dampens CRH-
induced amygdala activation [49,141], enhances bonding, and promotes parasympathetic
tone [49,81], facilitating emotional healing and social reengagement [142,143]. VP, though
typically pro-stress during acute threat [43,55], supports circadian rhythm and social hierarchy
maintenance under moderate stress [57,100,144]. Together with CRH and UCNs, the VP-OT
system forms a feedback loop guiding transition from arousal to recovery [46,57,78]. OT
counters CRH-driven anxiety by reducing amygdala activity [141,144] and enhancing vagal
tone [49]. This transition supports healing, social approach, and resilience [46,142]. VP ampli-
fies HPA output during acute stress [43,55] but facilitates adaptive responses like energy con-
servation, circadian alignment, and social vigilance in familiar or moderate stress [57,100,143].
CRH and UCNs initiate the stress response [55,138], while OT and in some cases VP orches-
trate recovery [46,57], emphasizing the hypothesis that resilience can depend more on the
repair phase than initial stress activation [78]. Adaptive outcomes depend on stressor intensity,
timing, and the OT/VP-mediated recovery [46,57,78,145]. Resilience is reconceptualized as
the capacity for adaptive recalibration, not just resistance [48,142].
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10.2. Integration of Oxytocin and Vasopressin Function

VP initially mobilizes energy and alertness [36,43]; OT later facilitates recovery and
plasticity [57,135]. The functions of both are shaped by epigenetics [101,144] and mod-
ulate neuroimmune and autonomic functions [6,81,113]. Early-life OT/VP exposure
programs lifelong stress responsivity in a sex-specific manner [101,146]. VP promotes
ACTH release and HPA activation [43,55,102]. Moderate levels enhance vigilance and
metabolism [60], while chronic excess contributes to dysfunction, mood disorders, and gut
issues [36,44,84,147–149]. The role of VP is biphasic—beneficial under mild stress or in the
face of immediate demands, but harmful when prolonged [55,60]. OT blunts prolonged
HPA activation [46,57,67], protects cognition [116], and supports stress recovery [46,48]. It
preserves hippocampal structure [49,116], enhances social buffering [135], and modulates
inflammation and immunity [135,150,151]. OT’s actions span neuroendocrine, immune,
and gastrointestinal domains [44,46,152,153], reinforcing its role in resilience. OT is not a
panacea, but a neuropeptide with evolutionarily conserved and context-specific physiologi-
cal effects, comparable to other hypothalamic hormones such as CRH and VP.

10.3. Dynamic OT-VP Interplay

OT and VP act in sequence; VP dominates during acute arousal [48,74], OT during
recovery [49,135]. Their feedback loop calibrates stress responses; VP primes OT release [135,
154], and OT suppresses excessive VP signaling [57,155]. Sex differences are prominent—males
show stronger VP responses [156], while females benefit more from OT buffering [81,157,158].

10.4. Targeted Clinical Applications of OT–VP Modulation

VP–OT balance has therapeutic implications for PTSD, anxiety, depression, and
gut–brain disorders. OT enhances recovery [48,135,142], while VP antagonists re-
duce hyperarousal [159,160]. OT also promotes metabolic health [161,162], cognitive
longevity [135,163], and exercise adaptation [161,164].

10.5. Hormesis Blueprint for Resilience

Framing OT and VP within a hormetic framework repositions these peptides not as
binary stress mediators but as precision regulators of stress-response plasticity. Their thera-
peutic utility lies in their capacity to modulate neuroendocrine tone, behavior, and systemic
function in a dose-, context-, and state-dependent manner. This paradigm supports the need
for a dynamic alternative to traditional fixed-dosing approaches in psychiatry and behavioral
medicine, emphasizing individual trajectories, timing, and physiological thresholds. As we
have emphasized, OT and VP evolved not merely as stress mediators, but as adaptive neu-
rochemical systems capable of regulating resilience, attachment, and autonomic flexibility
across varying stress loads [6]. Together, OT and VP constitute a biphasic stress-regulatory
system, in which VP primarily facilitates mobilization and OT promotes repair and recov-
ery [46,135]. When well-regulated, this dynamic pairing enables organisms to convert stress
into growth and adaptation, a process that exemplifies hormesis [135,142]. Conversely, the
dysregulation of this balance is associated with psychiatric, metabolic, and neurodegenerative
pathologies [57,116]. A hormetic blueprint that integrates OT and VP thus redefines stress
adaptation as a dynamic, recovery-driven process. The targeted modulation of these peptides,
taking into account timing, dose, individual differences, and physiological thresholds, may
offer therapeutic benefit across a spectrum of conditions including PTSD, anxiety, depres-
sion, gut–brain disorders, metabolic syndrome, cognitive decline, and impaired exercise
recovery [81,135,159–166]. This framework invites further investigation into how precision
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neuroendocrine strategies can optimize resilience and systemic health by leveraging the
bidirectional and state-dependent properties of OT–VP signaling Table 4.

Table 4. Comparative roles of oxytocin and vasopressin in hormetic stress regulation. This table
summarizes the distinct yet complementary functions of OT and VP across key dimensions of the
stress response within the hormetic framework. Each row highlights a specific physiological or
behavioral domain, detailing the contributions of OT and VP to stress initiation, adaptation, and re-
covery. OT predominantly modulates the anabolic recovery phase, promoting emotional, autonomic,
immune, and social recalibration, while VP primarily drives the catabolic activation phase, enhancing
arousal, vigilance, and metabolic mobilization. Their dynamic interplay orchestrates resilience, with
phase-specific and context-dependent modulation shaping adaptive versus maladaptive outcomes.

Aspect Oxytocin (OT) Vasopressin (VP) References

Primary Role in Stress Response Promotes recovery, emotional regulation,
social bonding, resilience

Initiates acute stress response, vigilance,
energy mobilization [6,46,48,49,81,91,142]

Timing of Activation Activated during post-stress recovery
(delayed response)

Activated immediately during stress
(early response) [46,74,135]

Interaction with CRH Inhibits CRH-induced amygdala activation;
suppresses CRH, ACTH Potentiates CRH activity and ACTH release [46,57,141]

HPA Axis Effects Negative feedback on HPA axis; enhances
glucocorticoid receptor sensitivity

Stimulates HPA axis and increases
glucocorticoid output [46,47,57,67,135]

Social Behavior Modulation Enhances prosocial behavior, trust, and
social bonding

Supports dominance, aggression,
territorial behavior [48,81,135,142]

Cognitive Effects Improves cognitive flexibility, prevents
hippocampal atrophy

Enhances memory consolidation, but excessive
levels cause anxiety and PTSD [49,116]

Autonomic Regulation Enhances parasympathetic tone, reduces
sympathetic arousal

Increases sympathetic arousal; may
disrupt recovery [49,81,135]

Gastrointestinal Function Restores vagal motility, reduces inflammation,
supports gut integrity

Regulates motility (via V1a/V1b); excess leads
to GI dysfunction [44,46,152,153]

Immune Modulation Suppresses pro-inflammatory cytokines;
activates T-regs and M2 macrophages Amplifies inflammation under chronic stress [135,150,151]

Neuroendocrine Plasticity Programs stress resilience, especially
during development

Modulates HPA tone, stress coping
(context-dependent) [88,101,143]

Sex Differences Stronger response in females; enhances
cardiovascular and social resilience

Stronger in males; linked to aggression and
prolonged HPA activation [81,114,135,157]

Therapeutic Potential Used in PTSD, depression, GI disorders, aging,
and metabolic recovery

Targeted in PTSD, anxiety, schizophrenia; VP
antagonists under study [44,45,81,135,161,164–166]

11. Mechanistic Foundations

11.1. Hormetic Biphasic Signaling of Vasopressin and Oxytocin

In summary, both VP and OT demonstrate classic biphasic, dose-dependent prop-
erties consistent with the hormetic model, in which low to moderate levels of exposure
confer adaptive benefits, while higher or chronic exposure results in adverse effects. These
peptides are centrally involved in neuroendocrine coordination during stress and recov-
ery phases, and modulate diverse physiological systems, including emotional regulation,
cardiovascular control, mitochondrial function, and immune modulation. At low physio-
logical concentrations, OT and VP enhance stress resilience, promote prosocial behavior,
and regulate energy balance. However, at high doses or with prolonged activation, both
neuropeptides can shift their effects toward promoting allostatic overload, inflammation,
and maladaptive neurobehavioral outcomes [46,167].

OT, in particular, exhibits anxiolytic and anti-inflammatory effects at low doses by
modulating HPA axis reactivity and enhancing parasympathetic tone. In contrast, repeated
or high-dose administration may cross-activate V1a receptors and increase anxiety, promote
aggression, or induce receptor desensitization. Similarly, VP promotes acute cognitive
and cardiovascular responsiveness at low levels but exacerbates glucocorticoid resistance,
sympathetic overdrive, and systemic oxidative stress when overexpressed or persistently
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elevated. These patterns of biphasic response align with the principles of hormesis, where
moderate stress-induced signaling promotes long-term adaptive capacity, but excess burden
tips physiological systems into maladaptation [85].

11.2. Neuroendocrine Integration

The coordination of the catabolic–anabolic shift through the dynamic interplay of CRH,
UCNs, VP, and OT represents a temporally regulated and receptor-specific orchestration
of stress response systems. The HPA axis initiates the catabolic phase, while the HNS
(hypothalamic–neurohypophyseal system) participates in both stress amplification and its
resolution. During acute stress, CRH is secreted rapidly (within minutes) from parvocellular
neurons in the PVN, activating CRHR1 in the anterior pituitary to stimulate ACTH release
and consequent adrenal glucocorticoid secretion [139]. Simultaneously, VP, co-released
from adjacent PVN neurons, potentiates ACTH release via V1b receptors, especially under
sustained or repeated stress. This synergistic CRH–VP action intensifies the early catabolic
response, mobilizing energy stores, increasing cardiovascular output, and modulating
immune and behavioral systems [83].

The temporal orchestration of stress responses by CRH, VP, UCNs, and OT follows
a highly regulated sequence that reflects distinct yet overlapping neuroendocrine roles
during the phases of stress initiation, maintenance, and resolution (Figure 3). As the stressor
abates, UCNs and OT assume key roles in initiating the anabolic recovery phase. UCNs
are expressed later in the temporal sequence and signal predominantly via CRHR2, which
is expressed in the heart, gut, brainstem, and limbic circuits. The activation of CRHR2
facilitates the termination of HPA output, enhances parasympathetic activity, promotes
cardiovascular and immune recovery temporal oscillation between activation (CRH/VP)
and restoration (UCNs/OT), and reflects the core temporal structure of the CACH model
(Figure 4), wherein controlled stress exposure followed by recovery supports adaptive
homeostasis and stress resilience.

Figure 3. The temporal orchestration of stress responses by CRH, VP, UCNs, and OT follows a highly
regulated sequence that reflects distinct yet overlapping neuroendocrine roles during the phases
of stress initiation, maintenance, and resolution. CRH, UCNs, VP, and OT interact dynamically to
coordinate the shift from catabolic stress responses to anabolic recovery.
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Figure 4. Neuroendocrine integration across stress phases. (A) Schematic representation of the biphasic
neuroendocrine response to stress, transitioning from a catabolic phase (yellow) to an anabolic phase
(blue), reflecting dynamic endocrine and metabolic adaptation. (B) Hormone release timeline showing
relative levels of CRH (black), VP (red), UCNs (blue), and OT (green) across stress phases. CRH peaks
early during the catabolic phase, followed by VP, which bridges both phases. UCNs and OT rise
predominantly in the anabolic phase, supporting recovery, regeneration, and recalibration. Hormonal
transitions are temporally aligned with physiological shifts from mobilization to restoration.

Interestingly, in all mammals, the OT and VP genes are positioned in close proximity
in an inverted orientation on the same chromosome. This genomic architecture allows for
mutually exclusive transcription within a single nucleus, a feature that may contribute to
the reciprocal regulation observed at the functional level. Moreover, gene conversion events
between the second exons of the OT and VP genes are frequent, limiting sequence diver-
gence and possibly preserving complementary functions. This suggests strong evolutionary
pressure to maintain this hormetic dyad, despite distinct transcriptional regulation.

11.3. The Temporal Role of Each Peptide in Initiating or Resolving Stress

The temporal orchestration of stress responses by CRH, VP, UCNs, and OT follows
a highly regulated sequence that reflects distinct yet overlapping neuroendocrine roles
during the phases of stress initiation, maintenance, and resolution (Figure 3). CRH is the
earliest and primary hypothalamic peptide released in response to perceived threat, acting
via CRHR1 receptors in the anterior pituitary to initiate ACTH secretion and consequent
glucocorticoid release from the adrenal cortex [168]. This acute response rapidly mobilizes
energy stores, suppresses non-essential functions, and enhances arousal. VP, co-released
with CRH from parvocellular neurons in the PVN, sustains and amplifies ACTH secretion
through V1b receptor activation, particularly under chronic or repeated stressors, thereby
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contributing to HPA axis sensitization [83]. This co-activation phase defines the catabolic
window, characterized by elevated glucocorticoids, sympathetic drive, and metabolic
breakdown. Further insights into the differential dynamics of acute versus chronic HPA
axis activation are provided in [169].

In contrast, UCNs, particularly UCN2 and UCN3, emerge later in the stress sequence,
and predominantly act via CRHR2 receptors to facilitate stress resolution and promote phys-
iological recovery. CRHR2 signaling counteracts the excitatory CRHR1-driven responses by
dampening HPA axis output, restoring cardiovascular tone, and exerting neuroprotective
and anti-inflammatory actions [170,171]. UCN1, which has an affinity for both CRHR1
and CRHR2, appears to function as a regulatory buffer during the transition from stress
engagement to recovery, modulating emotional responses in limbic circuits. Meanwhile,
OT is released from magnocellular neurons of the hypothalamus, and is temporally aligned
with the resolution and anabolic phase of the stress cycle (Figure 4). Acting through OT
receptors, OT enhances vagal tone, reduces amygdala activation, promotes prosocial behav-
ior, and stimulates anabolic repair mechanisms such as glucose uptake, anti-inflammatory
signaling, and parasympathetic dominance [172,173] (Table 5).

Table 5. Temporal dynamics and functional roles of CRH, VP, UCNs, and OT in stress adaptation.
CRH initiates the early catabolic phase within seconds, followed by VP sustaining mid-to-late
catabolic responses [35,168,169]. UCNs promote transition to anabolic recovery, while OT supports
prolonged anabolic repair, social bonding, and anti-inflammatory effects [170–173].

Hormone Onset Time Peak Time Duration Phase Functional Role

CRH Onset within seconds to
2 min after stress Peaks at 10–20 min Returns to baseline by

~60–90 min Early Catabolic Initiates HPA axis, stimulates
ACTH, mobilizes energy

VP Onset: 2–10 min Peaks at 20–40 min May persist up to 2–4 h, with
chronic stress

Mid-to-Late
Catabolic

Prolongs ACTH release,
enhances cardiovascular and

metabolic drive

UCNs (esp.
UCN2/UCN3)

Onset: ~30–60 min
post-stressor Peaks at 1–3 h Sustained up to 6 h Transition to

Anabolic

Dampens HPA activation,
promotes neuroprotection and

tissue repair

OT Onset: ~20–60 min
post-stressor (delayed) Peaks at 1–4 h

Sustained release up to
12–24 h (especially in

recovery-promoting contexts)
Anabolic

Supports parasympathetic tone,
social behavior,

anti-inflammation, and
regenerative recovery

The specificity of these effects is critically shaped by the distribution and G-protein
coupling of their respective receptor subtypes. VP signals through three receptors, V1a,
V1b, and V2, each with distinct tissue localization and signaling properties. V1a receptors
(coupled to Gq proteins) are widely distributed in the vasculature, brain, and liver, medi-
ating vasoconstriction, aggression, and social memory. V1b receptors (also Gq-coupled)
are predominantly located in the anterior pituitary and limbic regions, modulating ACTH
release and behavioral reactivity. V2 receptors, in contrast, are found in the renal collecting
ducts, where they couple to Gs proteins to regulate water reabsorption via cAMP-PKA sig-
naling [174]. These divergent pathways allow VP to engage acute cardiovascular responses
(V1a), neuroendocrine amplification (V1b), and systemic fluid balance (V2), depending on
stressor type and physiological context.

Similarly, OTRs, which are primarily Gq-coupled, initiate PLC-IP3-mediated Ca2+

mobilization, but can also recruit PI3K/Akt, MAPK, and cAMP/PKA pathways in a
context- and cell-type-dependent manner. Importantly, OXTRs exhibit region-specific
expression in the hypothalamus, amygdala, brainstem, and peripheral tissues such as the
heart and GI tract, where they mediate anti-inflammatory, anxiolytic, and parasympathetic
functions [175]. Under high ligand concentrations or prolonged stimulation, OT can cross-
activate V1a receptors, leading to vasopressor and potentially anxiogenic effects, especially
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under stress-primed conditions [176]. The receptor coupling profile thus determines
whether VP/OT signaling promotes hormetic adaptation through the regulated, pulsatile
engagement of survival and recovery pathways, or contributes to pathological allostatic
overload through sustained excitotoxic and inflammatory signaling. Collectively, the
neuropeptidergic system operates with temporal and receptor precision, coordinating the
initiation, amplification, and resolution of stress through CRHR1/2, V1a/b, V2, and OTRs,
with functional outcomes that range from catabolic mobilization to anabolic repair. This
biphasic and phase-specific organization not only underpins normal stress adaptation,
but also provides a mechanistic framework for therapeutic interventions that mimic or
modulate these oscillatory dynamics.

12. Hormesis and Allostasis

VP and OT serve as critical neuromodulators within the neuroendocrine system, me-
diating both the amplification of acute stress responses and the facilitation of recovery
processes, depending on timing, context, receptor engagement, and exposure history. Their
dual actions significantly shape the balance between allostatic load, the cumulative physio-
logical burden of chronic or dysregulated stress, and allostatic resilience, the organism’s
capacity to recover from stress while maintaining or enhancing system integrity [173,177].

VP, primarily acting through V1a and V1b receptors, augments hypothalamic–
pituitary–adrenal (HPA) axis activity and sympathetic arousal during the catabolic phase of
stress. Under acute, time-limited challenges, this facilitates adaptive responses—increased
ACTH and glucocorticoid secretion, vasoconstriction, and glucose mobilization [83]. How-
ever, under recurrent or chronic stress, persistent VP signaling contributes to elevated
allostatic load through glucocorticoid resistance, excessive sympathetic output, impaired
negative feedback, and heightened inflammation [178]. In contrast, intermittent or context-
appropriate VP release, as observed in circadian regulation or controlled social engagement,
can promote stress inoculation and precondition neuroendocrine systems for future per-
turbations [179]. This aligns with evidence that VP modulates adaptive neuroplasticity in
hippocampal and hypothalamic circuits when exposure is moderate and episodic.

OT, in contrast, plays a central role in buffering the consequences of stress and restor-
ing homeostasis. Acting through OT receptors, OT attenuates amygdala activity, reduces
HPA reactivity, and enhances vagal tone, key features of allostatic resilience [172]. Impor-
tantly, OT also facilitates mitochondrial repair, anti-inflammatory cytokine production,
and emotional regulation, especially in social or affiliative contexts. Repeated intermittent
OT release, such as that induced by physical touch, social bonding, or moderate physical
activity, promotes the adaptive recalibration of the stress system, and may prevent the
pathological accumulation of allostatic burden [180,181]. Thus, while VP amplifies stress
responses, OT supports system recovery; both peptides can either exacerbate or mitigate
allostatic load depending on dose, timing, and receptor context, forming a bidirectional
regulatory axis.

Autonomic Effects of Vasopressin and Oxytocin

A core mechanism through which VP and OT influence resilience lies in their ability to
mediate the switch between sympathetic and parasympathetic dominance during the stress
recovery cycle. VP supports sympathetic drive, enhancing vasoconstriction and alertness
via V1a receptor activity in the central and peripheral nervous system [174]. However,
it also contributes to the maintenance of arousal states, which, when unresolved, delay
recovery and reinforce chronic stress physiology. OT, conversely, promotes parasympa-
thetic engagement through actions on the nucleus ambiguous and dorsal vagal complex,
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regulating heart rate variability (HRV), gastrointestinal motility, and cardiovagal tone [182].
Notably, OT’s effects are potentiated in environments that provide psychosocial safety
cues, such as social warmth or emotional closeness (Figure 5), highlighting its role in
context-sensitive recovery initiation [173].

 

Figure 5. Vasopressin and oxytocin exert distinct but coordinated influences on stress adaptation.
VP primarily promotes allostatic load by augmenting HPA axis activity and sympathetic arousal
through V1a and V1b receptors, while OT facilitates stress inoculation by enhancing adaptive neuro-
plasticity and preconditioning neuroendocrine systems. Both peptides converge on parasympathetic
re-engagement mechanisms—reducing amygdala activity and enhancing vagal tone—to ultimately
promote allostatic resilience.

Moreover, both neuropeptides modulate the timing and extent of autonomic tran-
sitions, acting as phase-specific mediators within the CACH framework. During acute
stress, VP dominates the autonomic landscape, prolonging sympathetic tone to ensure
survival. Upon threat cessation, OT gradually rises, promoting parasympathetic rebound,
lowering inflammatory mediators, and facilitating anabolic repair. The dynamic interplay
between VP and OT is not merely reciprocal but modulatory, as OT can suppress excessive
VP-driven arousal, particularly through the OXTR-mediated inhibition of V1a-induced
pathways [176]. Therefore, these neuropeptides do not operate in isolation but as compo-
nents of a precision-timed feedback network that governs the transition from allostatic
activation to resilience-based recalibration.

13. Translational and Clinical Potential

Intermittent intranasal OT and selective VP receptor agonists or antagonists are gain-
ing traction as potential hormetic therapeutics capable of enhancing stress resilience, emo-
tional regulation, and cognitive flexibility in vulnerable or clinical populations. Unlike
chronic dosing, which can induce receptor desensitization or paradoxical effects, intermit-
tent administration mimics natural pulsatile peptide release and aligns with the biphasic
adaptive principle of hormesis [85]. Clinical trials using 24 IU intranasal OT administered
1–3 times per week in patients with PTSD, social anxiety, or ASD have demonstrated
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improvements in fear extinction, social engagement, and parasympathetic reactivation, par-
ticularly when paired with behavioral therapies and a context of safety [173,183]. Similarly,
selective V1a receptor agonists have shown promise in enhancing social cognition and
working memory in schizophrenia and depression, while V1b antagonists like ABT-436
have been explored for stress-related mood disorders [184,185].

However, the overuse or continuous administration of OT or VP analogs poses notable
risks. High or prolonged doses of OT can lead to OTR downregulation, reduced efficacy,
and even anxiogenic or VP-like effects, possibly through V1a receptor cross-activation. This
is likely to be most problematic in individuals with heightened baseline stress or specific
OXTR polymorphisms [167,176]. Similarly, chronic VP stimulation can exacerbate HPA
axis dysregulation, hypertension, and emotional rigidity, increasing rather than reducing
allostatic load. This underscores the importance of therapeutic intermittency, allowing for
receptor resensitization, adaptive feedback, and the proper sequencing of catabolic-anabolic
cycles, akin to physical training or caloric restriction models of hormesis.

To gauge the success of such interventions, several biomarkers have been proposed
to track hormetic adaptation mediated by OT and VP. Salivary or plasma OT and VP
levels, when sampled longitudinally across stress and recovery periods, can reflect pulsatile
neuropeptide dynamics [186]. It is worth noting that methodological differences in peptide
quantification (e.g., immunoassays vs. mass spectrometry) can significantly affect data
interpretation. It is worth noting that methodological differences in peptide quantification
(e.g., immunoassays vs. mass spectrometry) can significantly affect data interpretation. The
specificity and sensitivity of oxytocin and vasopressin bioassays remain critical issues in
the field, particularly in relation to peripheral sampling and behavioral correlations [187].

In addition, heart rate variability (HRV), a well-established index of parasympathetic
activity and vagal tone, is positively associated with OT signaling and successful stress
recovery. Increases in high-frequency HRV following OT-enhancing interventions (e.g., ther-
apy, exercise, or dosing) signal autonomic rebalancing and neurovisceral integration [182].
Other informative metrics include diurnal cortisol slope, OT receptor gene methylation
status, and functional neuroimaging markers, such as improved amygdala–prefrontal
coupling and decreased default mode network overactivity.

Together, these biomarkers allow the real-time and long-term assessment of peptide
efficacy and resilience building. Given these properties, OT and VP are strong candidates as
mediators of stress inoculation strategies, especially in high-risk populations such as care-
givers, first responders, military personnel, and older adults. These groups are particularly
vulnerable to cumulative allostatic load, emotional exhaustion, and neurodegenerative
stress pathways. Recent insights emphasize that central oxytocin deficiency—particularly
arising from hypothalamic–pituitary damage—can result in a spectrum of clinical man-
ifestations, including emotional dysregulation, fatigue, and social withdrawal, further
underscoring the therapeutic relevance of oxytocin in stress-related and neuroendocrine
disorders [188]. Emerging research suggests that targeted OT interventions, in a safe context
and coupled with cognitive training, mindfulness-based stress reduction, or exposure ther-
apy, can enhance resilience, interpersonal connection, and physiological recovery in these
cohorts [189]. For example, intranasal OT has been shown to enhance affect regulation
and increase HRV in caregivers of patients with dementia, suggesting a role in buffering
chronic caregiving stress. Similarly, VP receptor antagonism may offer a novel route to
reduce over-reactivity in stress-sensitive professions, although careful considerations of
context, dose titration and genetic screening (e.g., AVPR1a and AVPR1b SNPs) may be
needed to optimize outcomes [178].
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Ultimately, these peptides are not universal solutions but phase-sensitive neuromod-
ulators best applied within adaptive stress frameworks, whether clinical or preventive.
When embedded within structured recovery cycles, monitored via physiological biomark-
ers, and matched to individual receptor genotypes or epigenetic profiles, intermittent
OT/VP-based therapies may offer a powerful tool to preempt psychiatric disorders and
enhance psychological resilience in the face of chronic adversity.

14. Cytokines as Dynamic Modulators of Hormetic Responses

Cytokines, long regarded primarily as mediators of host defense and inflammation,
have emerged as pivotal regulators of stress adaptation across physiological systems.
Within the framework of hormesis, cytokines are not merely end-products of injury or
infection, but dynamic signaling molecules that initiate, amplify, and resolve adaptive
biological responses [190]. Transient cytokine activation, particularly in response to low-
dose or moderate stressors, plays a central role in priming tissues for resilience, enhancing
cellular repair capacity, and fostering long-term adaptive plasticity.

Recent findings have significantly redefined the traditional pathogenic view of cy-
tokines. Controlled, time-limited inflammatory responses now appear crucial for stress
resilience, synaptic remodeling, mitochondrial health, and metabolic regulation [191]. Cy-
tokines such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and interleukin-1
beta (IL-1β) exhibit context-dependent duality; at moderate levels and appropriate tim-
ing, they initiate protective pathways including the activation of nuclear factor erythroid
2–related factor 2 (Nrf2), sirtuin signaling, and heat shock protein (HSP) expression [192].

Importantly, the phase-specific orchestration of cytokine activity governs the catabolic-
anabolic transition critical for hormetic success. During the early catabolic phase, moderate
pro-inflammatory cytokine production mobilizes energy reserves, initiates cellular defense
programs, and activates autophagic and proteostatic systems. Subsequently, the timely rise
of anti-inflammatory cytokines supports anabolic recovery, tissue repair, neurogenesis, and
immunometabolic reprogramming [193,194].

Emerging research further reveals that hormetic cytokine modulation is intimately
connected to mitochondrial stress signaling (mitokines), senescence-associated secretory
phenotypes (SASP) under controlled conditions, and epigenetic plasticity that primes cells
for future stress encounters [195]. Thus, cytokines serve not merely as transient inflamma-
tory triggers, but as dynamic modulators of cellular memory and organismal resilience.

Failure to properly resolve cytokine-mediated stress responses, through excessive
magnitude, prolonged duration, or inappropriate spatial spread, results in the breakdown
of hormetic processes and the promotion of chronic inflammatory pathologies, such as
metabolic syndrome, neurodegeneration, cardiovascular disease, and cancer [196]. There-
fore, cytokines represent both a necessary initiator and a potential saboteur of hormetic
adaptation, depending on the precision of their regulation.

In sum, cytokines occupy a central node in the hormesis model, bridging immediate
stress responses with long-term adaptations by regulating the transition from catabolic
mobilization to anabolic recovery. Their temporal, spatial, and quantitative control mech-
anisms represent essential targets for therapeutic strategies aiming to enhance resilience,
optimize stress inoculation, and prevent maladaptive aging processes.

14.1. Pro-Inflammatory Cytokine Surge: The “Alarm Phase” of Hormesis

Upon exposure to low-to-moderate intensity stressors, such as heat shock, physical
exertion, ischemic preconditioning, intermittent fasting, or subclinical infection, a rapid but
transient surge of pro-inflammatory cytokines initiates the earliest phase of hormesis, often
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termed the “alarm phase” [190]. Rather than representing maladaptive inflammation, this
initial cytokine burst serves as an evolutionarily conserved danger signal that mobilizes
broad-spectrum cellular defenses. Key cytokines driving this phase include the following:
Tumor necrosis factor-alpha (TNF-α) [197], Interleukin-1 beta [198], and Interleukin-6 [199].
Importantly, the hormetic benefit depends on the magnitude, duration, and resolution of
the cytokine surge. Persistent or excessive inflammatory signaling, in contrast, transitions
into chronic inflammation, oxidative damage, and tissue pathology, a maladaptive outcome
avoided by proper hormetic regulation [200].

Thus, the tightly orchestrated pro-inflammatory cytokine surge during the alarm
phase represents a fundamental, beneficial stress-priming mechanism critical for initiating
cytoprotective, reparative, and adaptive pathways central to the hormetic response.

14.2. Transition Phase: Activation of Cytoprotective and Repair Programs

Following the initial alarm phase, when stress exposure persists but remains within a
hormetic intensity window, a critical transition occurs wherein cytokine signaling shifts
from acute inflammatory mobilization to adaptive, cytoprotective reinforcement. This
phase is essential for facilitating tissue repair, metabolic recalibration, and long-term
resilience, rather than progressing toward pathology [200].

This hormetically tuned cytokine signaling allows stressor to promote resilience rather
than degeneration. It bridges the catabolic mobilization of the alarm phase to the an-
abolic recovery phase, establishing a foundation for adaptive plasticity, metabolic reserve
enhancement, and immunological recalibration [201].

Failure to appropriately transition, due to excessive stressor magnitude, persistent cy-
tokine activation, or impaired resolution mechanisms, leads to maladaptive chronic inflam-
mation, mitochondrial dysfunction, and disease progression rather than hormetic benefit.

14.3. Resolution Phase: Anti-Inflammatory and Anabolic Signaling

A critical feature distinguishing beneficial hormetic responses from pathological out-
comes is the efficient resolution of the initial inflammatory response. Following the early
surge in pro-inflammatory cytokines, a timely shift toward anti-inflammatory and re-
generative signaling is indispensable to restore tissue homeostasis, repair damage, and
promote adaptation.

14.4. Failure of Resolution: When Hormesis Becomes Pathology

Although transient pro-inflammatory activation is essential for initiating hormetic
adaptation, failure to resolve the inflammatory response transforms hormesis from a
protective into a pathological process. When cytokine signaling is excessive, prolonged, or
dysregulated, multiple maladaptive consequences emerge.

14.5. Biological and Clinical Implications of Cytokine Surges

The success of hormetic adaptation hinges not only on initiating appropriate inflam-
matory responses, but critically on their timely resolution.

Strategies to modulate cytokine surges, enhance anti-inflammatory pathways, and
optimize stress dosing are crucial to prevent hormesis failure and reduce disease burden
Figure 6.
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Figure 6. Failure of resolution: transition from hormesis to pathology. This diagram illustrates
how prolonged or dysregulated cytokine signaling—specifically chronic elevation of TNF-α, IL-
6, and IL-1β—leads to the breakdown of hormetic adaptation and drives pathological outcomes.
Failure to resolve early inflammatory activation results in four major maladaptive cascades: (1)
Allostatic load, characterized by systemic stress and promoting hypertension, type 2 diabetes, and
depression; (2) neuroinflammation, leading to hippocampal atrophy, cognitive decline, and increased
neurodegenerative risk; (3) metabolic disorders, including insulin resistance, atherosclerosis, and
cardiovascular disease; and (4) accelerated aging (“Inflammaging”), associated with frailty, cognitive
impairment, and cancer. Successful hormesis requires the precise regulation and timely resolution of
inflammatory responses to prevent these maladaptive trajectories.

14.6. Neuroimmune Interactions: OT, VP, and Cytokine Modulation

The intricate integration between cytokine networks and neuropeptides, particularly
OT and VP, has emerged as a pivotal axis in orchestrating successful hormetic adaptation.
Rather than acting solely within the nervous or immune systems, these peptides function as
neuroimmune regulators, modulating inflammation, stress recovery, and cellular resilience
across the catabolic-to-anabolic continuum.
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14.6.1. Oxytocin: A Neuroimmune Brake on Inflammation

Direct Inhibition of Pro-inflammatory Cytokines. OT exerts potent anti-inflammatory
effects by directly suppressing the secretion of TNF-α, IL-1β, and IL-6 from macrophages,
monocytes, and microglia [202]. OT also enhances parasympathetic (Vagal) Tone. OT may
strengthen the vagal anti-inflammatory reflex by acting on brainstem nuclei (e.g., dorsal
vagal complex), supporting a protective mechanism against excess inflammation.

14.6.2. Neuroprotection via Microglial Modulation

In the CNS, OT reduces microglial activation, inhibits NLRP3 inflammasome forma-
tion, and prevents the release of neurotoxic cytokines such as IL-1β and TNF-α [173]. This
microglial quiescence protects against stress-induced synaptic loss, hippocampal atrophy,
and cognitive dysfunction during and after hormetic stressors (Table 6).

Table 6. Integrated neuroimmune crosstalk between OT and VP in hormetic stress adaptation. This
table illustrates the complementary yet opposing roles of oxytocin and vasopressin in regulating
cytokine responses, autonomic balance, microglial activation, and stress-phase dominance across the
hormetic spectrum. Vasopressin facilitates early stress responses by amplifying pro-inflammatory
cytokines, enhancing sympathetic drive, and sustaining glial activation—mechanisms vital for acute
mobilization. In contrast, oxytocin supports recovery and resilience by dampening inflammation,
promoting vagal tone, and facilitating neuroplasticity. Successful hormesis requires phase-appropriate
neuropeptide switching, whereby early VP-driven activation must transition into OT-mediated
resolution. Imbalance in this axis, such as prolonged VP signaling or impaired OT release, can
disrupt adaptive plasticity and promote chronic pathophysiology including inflammation, affective
instability, and premature aging.

Axis Oxytocin Vasopressin

Cytokine Modulation Suppression TNT-a, IL-b, IL-6 Amplifies early pro-inflammatory signals

Parasympathetic/
Sympathetic Enhances vagal tone, recovery Boosts sympathetic drive, mobilization

Microglial Activity Inhibits activation,
promotes neuroplasticity Sustains glial activation if prolonged

Stress Phase Dominates resolution and
recovery phase Dominates catabolic and alarm phases

15. Integrated Neuroimmune Crosstalk

The balance between OT and VP activity critically tunes cytokine dynamics across the
hormetic response. Effective hormetic adaptation depends on phase-appropriate switching:
VP-driven mobilization during the alarm and early catabolic stages must be followed by
OT-mediated resolution, regeneration, and stress recalibration. Failure to achieve this
balance, due to excessive VP or insufficient OT activity, can derail hormesis into chronic
inflammation, emotional dysregulation, and accelerated aging. All of these are features of
disorders such as severe PTSD, for which an imbalance of VP and OT have recently been
documented [18].

16. Future Directions and Research Priorities

Key questions for advancing the clinical application of CACH include the following:
What are the optimal oscillation frequencies and recovery intervals to induce maximal
benefit without promoting maladaptation? How does biological age, sex, or disease
state affect CACH dynamics and responsiveness? Can digital biomarkers (e.g., heart rate
variability, mitochondrial respiration, neuropeptide levels) be used to monitor real-time
engagement of CACH? Can neuropeptide analogues (e.g., VP/OT modulators) be used
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therapeutically to entertain beneficial cycles in aging or cardiovascular disease? Can
awareness of the hormetic effects of OT and VP be used to index the effectiveness of
therapeutic approaches, including those involving either physiology or behavior?

The CACH model provides a powerful, temporally structured lens through which to
understand the biological adaptation to stress. By coupling stress-induced activation with
recovery-driven repair, this model unifies concepts from mitochondrial biology, neuroen-
docrinology, and systems physiology. Central to its orchestration are VP and OT, whose
cyclical roles in stress and recovery represent a highly conserved mechanism for enhancing
resilience, optimizing performance, and preventing chronic disease. As precision medicine
shifts toward resilience engineering, CACH offers a conceptual blueprint for designing
therapies that harmonize with the body’s natural rhythms of adaptation (Table 7).

Table 7. Future directions for advancing CACH research and translational applications. This table
presents a strategic roadmap for the future of CACH-oriented research, ranked by translational
potential. Longitudinal developmental work is essential for informing early prevention, but is
longer-term in scope.

Priority Future Direction Focus Area Potential Impact Notes

1
Multi-omic profiling to map

individual
stress-response signatures

Epigenomics, transcriptomics,
proteomics

Personalized hormesis models;
identification of hormetic thresholds

and maladaptive tipping points

Critical for precision medicine and
individualized resilience protocols

2
Neuroadaptive technologies
for real-time modulation of

resilience circuits

Real-time fMRI, tDCS/TMS,
closed-loop OT/VP delivery

Enables state-contingent intervention;
rapid feedback-based enhancement of

stress recovery and
cognitive performance

High innovation; bridges
neuroscience and technology

3 Integrated lifestyle-based
hormetic interventions

Combined use of CR, exercise,
social bonding, cognitive stress,
and neuropeptide enhancement

Scalable, low-cost strategies to increase
population-level resilience

and healthspan

High feasibility and translatability
to clinical and public health settings

4
Longitudinal developmental

studies on
neuropeptide plasticity

Developmental biology, early life
stress, OT/VP programming

Insights into critical windows,
reversibility of early adversity, and

preventive strategies

Long timeline; foundational for
understanding life-course effects

17. Conclusions

The integration of VP and OT into the hormetic framework provides a paradigm-
shifting perspective on how ancient neuropeptides mediate the dynamic oscillation be-
tween stress activation and recovery, catabolism and anabolism, vulnerability and re-
silience. These molecules, previously understood as key modulators of social behavior
and homeostasis, are now recognized as core components of a neuroendocrine circuitry
that orchestrates systemic adaptation across multiple physiological domains, including
immune regulation, metabolism, emotional processing, and cognitive flexibility.

Conceptualized through the lens of CACH, VP and OT serve as temporal gatekeepers
of biological rhythm. VP facilitates acute stress reactivity via HPA axis activation, sympa-
thetic tone augmentation, and defensive behaviors, thereby enabling short-term survival
and energy mobilization. In contrast, OT mediates reparative processes by downregulating
excess arousal and anxiety, enhances parasympathetic balance, modulates inflammation,
and promotes social and emotional reintegration. This sequential interplay reflects a fun-
damental principle of hormesis—beneficial adaptation is contingent upon the successful
transition from activation to recovery, and from disruption to recalibration.

Importantly, VP and OT do not act in isolation. They function within a broader
network of regulatory peptides, including CRH and UCNs, which initiate, sustain, or
resolve stress responses depending on the intensity, duration, and contextual framing of
the stressor. CRH and UCNs activate catabolic signaling and neuroendocrine alertness,
particularly via CRHR1 and CRHR2, while OT and VP modulate feedback inhibition
and downstream repair pathways. The integration of these systems reveals a multistage,
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homodynamic model in which neuropeptide interactions encode both the threat appraisal
and adaptive outcome of a stressor.

Critically, the developmental and sex-specific regulation of these neuropeptide sys-
tems must be acknowledged. Early-life adversity, attachment quality, social buffering and
perceived safety calibrate lifelong VP and OT tone, with implications for stress susceptibil-
ity and resilience. Males and females exhibit differential sensitivity to VP- and OT-mediated
effects, suggesting that personalized interventions should account for sex-based neuroen-
docrine phenotypes and their plasticity across the lifespan.

Therefore, we reemphasize the concept that VP and OT represent more than stress
or “anti-stress” hormones. VP and OT serve as evolutionarily conserved mediators of
physiological flexibility, social regulation, and adaptive plasticity. It is of interest that
CRH, the UCNs and cytokines all existed before the evolution of the modern VP-OT
system [14]. We specifically hypothesize here that in mammals, the VP-OT system may
have a hierarchical capacity to coordinate these older systems with the behavioral demands
of contemporary social species.

The orchestrated, context-dependent, and reciprocal dynamics of these interactive
systems offer a unifying framework for understanding and therapeutically harnessing the
process identified hormesis. By advancing this integrative neuroendocrine model, we hope
to suggest new avenues for precision stress medicine and resilience engineering across
mental and physical health domains.
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Abstract: Prader-Willi syndrome (PWS) is a rare genetic disorder. The main characteristics
are muscular hypotonia, failure to thrive and feeding problems in infancy, which switch to
hyperphagia in early childhood and continue into adulthood. Due to hyperphagia, the risk
of developing morbid obesity is high without treatment. PWS is considered a hypothalamic
disease, and within the hypothalamus the arcuate nucleus (AC) is of central importance
for controlling metabolism, hunger, and satiety. The AC has been studied in several
animal models as well as in humans, including PWS. The function of AC is regulated by
several neuropeptides and proteins produced within the central nervous system such as
oxytocin, orexin, tachykinins as well as the hypothalamic hormones, regulating the adeno-
hypophyseal hormones, also acting as neurotransmitters. Additionally, there are many
peripheral hormones among which insulin, leptin, adiponectin, ghrelin, and glucagon-like
peptide (GLP-1) are the most important. High levels of adiponectin and ghrelin have
consistently been reported in PWS, but dysregulation and deviating levels of many other
factors and hormones have also been demonstrated in both individuals with PWS and
in animal models. In this review, we focus on the role of AC and peptides and proteins
produced within the central nervous system in the regulation of hunger and satiety in PWS.

Keywords: PWS; arcuate nucleus; hyperphagia; oxytocin; orexin; kisspeptin; tachykinins;
BDNF; nesfatin-1

1. Introduction

Prader-Willi syndrome (PWS) is a rare, multi-symptomatic, contiguous genetic disor-
der [1]. PWS is caused by absence of paternally expressed imprinted genes at 15q11.2-q13
through paternal deletion of this region (65–75% of individuals), maternal uniparental
disomy 15 (20–30%), or an imprinting defect (1–3%) [1]. The estimated prevalence is
1/10,000-1/21,000 newborns [2].

PWS is considered a hypothalamic disease and many of the symptoms of the syndrome
are related to hypothalamic dysfunction. The syndrome is classically characterized by
muscular hypotonia, poor growth, and short stature, with feeding problems in infancy
replaced by hyperphagia at approximately 4 years of age leading to a high risk of obesity,
unless food intake is supervised and controlled [3]. Body composition is abnormal with
more body fat than muscle mass, and metabolism is decreased. Behavioral problems
including temper outbursts, anxiety, obsessive-compulsive and autism-like features, as well
as cognitive and learning disabilities, are common. Endocrine abnormalities are commonly
observed, with insufficient growth hormone (GH) secretion, and hypogonadism being
most frequently present. The knowledge of PWS and clinical management has improved
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considerably over recent decades. Together with the approval of GH treatment of children
with PWS from the year 2000, it has led to a marked change in the phenotype, with normal
adult height and improved psychomotor functioning and body composition [3].

Several of the genes in the affected region of PWS have been studied, and dysfunction
of each of them can be associated with one or several of the symptoms of PWS [4]. However,
it has not been possible to relate the symptoms of PWS to any single causative gene, and the
symptoms are more likely to result from the entire genetic deletion [4]. RNA sequencing of
the hypothalamus from individuals with PWS showed that upregulated genes overlapped
with the mouse agouti-related peptide (AgRP) neurons, mainly located within the AC and
activated by hunger, while downregulated genes overlapped with the expression profile
of proopiomelanocortin (POMC) neurons, which in the AC are activated by feeding and
satiety [5].

Magnetic resonance (MR) imaging studies have shown that all hypothalamic nuclei
are smaller in adults with PWS compared to both age and gender-matched controls as
well as participants with obesity [6]. Also, in children with PWS, MR imaging has shown
atrophy in the thalamus, pallidum, hippocampus, amygdala, and hypothalamus compared
to obese, age- and sex-matched controls [7]. Further, premeal functional MR imaging
demonstrated higher activity in reward/limbic regions (nucleus accumbens, amygdala)
and lower activity in the hypothalamus and hippocampus in response to food vs. non-food
in individuals with PWS compared to participants with obesity [8]. Post-meal, individuals
with PWS exhibited a greater stimulation of food activation centers in the limbic and
paralimbic regions (hypothalamus, amygdala, hippocampus) and a lower activation in
cortical inhibitory areas (orbitofrontal cortex, medial prefrontal cortex) [9].

Thus, knowledge of the function of the hypothalamus is important for understanding
metabolism and the regulation of hunger and satiety in PWS. This review summarizes the
central regulation with a focus on the arcuate nucleus (AC) and neuropeptides and proteins
produced within the central nervous system (CNS) and especially within the hypothalamus
in PWS.

2. The Role of the Hypothalamus in Appetite and Metabolism

The hypothalamus is central in controlling metabolism, appetite, thirst, temperature,
diurnal rhythm, and hormonal secretion from the pituitary. It is located in the basal part of
the brain between the thalamus and the pituitary and integrates and transmits signals from
other parts of the brain, the autonomic nervous system, and from hormones and peptides
from the periphery. Although the regulation of hunger and satiety is controlled from more
than one hypothalamic nucleus, the AC is often considered the most important. The AC
has a reciprocal connection with the other hypothalamic nuclei involved in the regulation
of hunger and satiety, such as the paraventricular nucleus (PVN), where for example, oxy-
tocin and corticotrophin-releasing hormone (CRH) are produced; the hypothalamic lateral
nucleus, which contains many orexin neurons and is considered especially important for
hunger; and the ventromedial nucleus, which is considered especially important for satiety.

The hypothalamus, and in particular the AC, have close connections to the mesolimbic
system, where dopamine and serotonin are two of the main neurotransmitters. Studies
have shown that individuals with PWS also may have deviations in these pathways and
neurotransmitters [4,10].

2.1. The Role of the Arcuate Nucleus in Appetite and Metabolism

The AC is located in the mediobasal part of the hypothalamus close to the third
ventricle and the median eminence. This nucleus contains two specific neuron populations:
the neuropeptide Y (NPY) and AgRP neurons and the POMC cocaine and amphetamine-
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regulated transcript (CART) neurons. The NPY/AgRP neurons stimulate appetite and the
POMC/CART-neurons are stimulated by feeding/satiety and inhibit appetite.

The two neuron populations also interact with each other; for example, there is
γ-aminobutyric acid (GABA)-ergic inhibition of the POMC/CART neurons from the
NPY/AgRP neurons of the POMC. The NPY/AgRP and POMC/CART neurons both
express receptors for many important hormones and neurotransmitters that regulate their
activity. For example, leptin, produced mainly in the white adipose tissue, decreases
the activity in the NPY/AgRP neurons and increases the activity in the POMC/CART
neurons. Similar effects are induced by insulin. Thus, both leptin and insulin stimulate
satiety. However, leptin and insulin resistance are common in obesity, where the effects
of leptin and insulin within the AC, and especially in the POMC/CART neurons, become
less pronounced and sometimes these effects may even be absent [11,12]. However, in
this context, it should be noted that individuals with PWS have less insulin resistance and
lower insulin levels compared to obese individuals without PWS [13]. One mechanism
behind this might be the higher adiponectin levels that have been reported in PWS [14].

Other hormones important for the activity of these neurons in the AC are ghrelin, GH,
peptide YY (PYY), orexin, GLP-1, oxytocin, kisspeptin, brain-derived neutrophic factor
(BDNF), asprosin, as well as the hypothalamic-pituitary-adrenal (HPA)-axis.

Some of the most important gastrointestinal and adipose tissue hormones regulating
neurons in the AC are shown in Figure 1.

Figure 1. Some of the most important gastrointestinal and adipose tissue hormones regulating
neurons in the arcuate nucleus (+ indicates an increased activity in neurons, − indicates a de-
creased activity in the neurons). Abbreviations: AgRP: agouti-related peptide, CART: cocaine and
amphetamine-regulated transcript, GLP-1: glucagon-like peptide 1, NPY: neuropeptide Y, POMC:
proopiomelanocortin.

2.2. POMC/CART Neurons

POMC undergoes cleavage into α-MSH that binds to melanocortin (MC) receptors,
preferably MC4 receptors, thereby activating satiety. The POMC/CART neurons are
regulated primarily by leptin, insulin, and glucose levels but also by GLP-1, which all
suppress food intake. Stimulation of POMC/CART neurons in mice reduces food intake
and body weight [15]. POMC knockout mice develop hyperphagia, insulin resistance, and
obesity. In addition, CART knockout mice exhibit the same characteristics [12].

2.3. NPY/AgRP Neurons

The NPY/AgRP neurons are stimulated by ghrelin and inhibited by leptin, insulin,
and glucose acting through the stimulation of NPY receptors and inhibition of MCRs (for
reviews see [11,12]). In addition, CRH may both directly, and indirectly through other
peptides and neurotransmitters, influence the NPY/AgRP neurons and has been suggested
to have a role in stress-related eating behavior [16,17]. Both NPY and AgRP knockout
mice have unchanged weight and food intake. In contrast, transgenic mice overexpressing
AgRP develop obesity. So do NPY receptor knockouts, although food intake seems to be
unaltered [18–21].
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2.4. Other Neurons in the Arcuate Nucleus

The NPY/AGRP and the POMC/CART neurons are not the only neurons in the AC.
There are, for example, neurons producing GABA and dopamine, where dopamine is
released both as a neurotransmitter and as a neurocrine regulator of prolactin. Additionally,
several neuropeptides and proteins such as GHRH, kisspeptin, tachykinins, somatostatin,
and GnRH are also synthesized within the arcuate nucleus [11].

3. The Arcuate Nucleus in PWS

Dysfunction of the AC is involved in several states and disorders related to overeating,
weight and growth diversities, metabolism, and obesity. Therefore, the AC is highly
interesting in PWS; and as mentioned above, individuals with PWS generally have a
smaller AC [6].

The 15q11-13 region contains both protein-coding DNA genes and differentially im-
printed genes. Mutations or deletions of genes in this region (for example MAGEL2,
NECDIN, and SNORD116) are in mouse models associated with hypotonia, developmental
delay, hypogonadism, hyperphagia, and impaired social skills [22].

The MAGEL2 gene is expressed in the POMC neurons in the AC of the hypothalamus;
knockout of the MAGEL2 gene disrupts POMC neuronal circuits and functions in rodents
and they become obese. A change in the sensitivity and stability of leptin receptors has
been suggested to be one of the mechanisms behind this effect [23,24]. In a study of leptin
sensitivity in MAGEL2 gene-knockouts, there was a gradual decrease in leptin sensitivity,
such that POMC neurons responded normally to leptin in newborn rats up to 4 weeks of
age, whereas the response was reduced at the age of 6 weeks [25].

Contrary to what is expected, the Necdin knockout mice do not usually exhibit obesity.
Studies have instead shown that these mice often have lower body weight and a reduced
amount of adipose tissue [26].

Neither do SNORD116 knockout mice typically exhibit obesity. These mice are of-
ten born smaller and remain smaller than their wild-type counterparts throughout their
lives. However, when SNORD116 is deleted in adult mice, they do display hyperphagia
(increased food intake). Interestingly, only some of these adult knockout mice become
obese, and the reason behind this is to our knowledge not known [27].

In PWS, the expression of the transcription factor nescient helix-loop-helix 2 (NHLH2)
is reduced and NHLH2-knockout mice are obese. Indeed, these mice have reduced mRNA
levels of both POMC and CART and increased levels of NPY and AGRP [28]. NHLH2 is
also associated with kisspeptin and the NHLH2 knockouts exhibit hypogonadism [29].

In a transgenic mouse model of PWS, which displayed failure to thrive during the
neonatal period, the expression of AgRP mRNA was decreased while the mRNA expres-
sion of POMC was upregulated in PWS-mice neonates. Since AgRP stimulates appetite
and the POMC-derived peptide, α-MSH, stimulates satiety, these changes together will
decrease feeding and may thus contribute to the failure to thrive in PWS neonatal mice [30].
These changes are consistent with the findings in Magel 2 knockouts described above and
also with the different periods in PWS, in which feeding difficulties in infants change to
overeating after a couple of years.

In a study of hypothalamic tissue from individuals with PWS, it was demon-
strated that upregulated genes overlapped with rodent RNA-sequencing data from the
AgRP/NPYneurons, whereas downregulated genes overlapped with rodent RNA corre-
sponding to the POMC/CART neurons [5]. However, in another study on post-mortem
hypothalamic tissues, Goldstone et al. reported unchanged expression of AgRP as well as
NPY in PWS [31].
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In children with PWS, serum levels of α-MSH were significantly lower compared
to obese and lean controls. No difference in AgRP levels was seen [32]. In contrast to
what would be expected, the number of NPY neurons are reduced in PWS, maybe because
of increased levels of leptin and insulin [4]. NPY in plasma is mainly derived from the
sympathetic nervous system, the adrenal gland, and other tissues in the periphery, and
does not reflect NPY levels within the brain. Usually, there is no change in plasma levels of
NPY in individuals with PWS, although data on NPY are conflicting [13]. Ghrelin levels are
increased in individuals with PWS compared to both lean controls and obese subjects [4,33],
and as discussed above, ghrelin increases the release of NPY and AgRP from the AC.
Snord116 knockout mice have increased ghrelin levels as well [34].

Leptin levels in PWS relate to the amount of adipose tissue in the same way as in
obese non-PWS individuals [35], whereas the prevalence of impaired glucose intolerance,
hyperinsulinemia, and type 2 diabetes seems to be lower compared to that in obese non-
PWS controls [20]. Adiponectin, a peptide that also is produced within the adipose tissue,
is mainly associated with positive metabolic effects such as decreased insulin resistance.

Adiponectin receptors are expressed both in the POMC/CART and the NPY/AgRP
neurons and increased levels are mainly associated with satiety. Indeed, PWS individuals have
been demonstrated to have higher adiponectin levels compared to obese non-PWS controls.

It is important to recognize that there are different genetic mechanisms that can be
responsible for PWS, and it is not surprising that there are conflicting findings, since the
genotype in the study cohorts were probably not the same type. Even then, other modula-
tory genes exist so that not everyone would exhibit the same symptoms in every aspect.

4. How Peptides and Proteins Produced Within the Brain Affect the
Arcuate Nucleus—And Their Potential Roles in PWS

4.1. Oxytocin

Oxytocin is produced within two hypothalamic nuclei, the PVN and the supraoptical
nucleus. Oxytocin is released as a hormone from the neurohypophysis and is mainly
associated with its hormonal effects during parturition and breastfeeding. However, it
is also released within the brain and involved in, for example, behavior and appetite
regulation. Oxytocin has anxiolytic-like effects and it may both increase and decrease
food intake depending on physiological context, other hormones, and if in a fed or fasting
state [36,37]. There are oxytocin receptors on both the POMC/CART neurons and the
NPY/AgRP neurons. Analyses of tissue from the PVN of adults with PWS showed a
reduction of both the volume, the cell number, and the immunoreactivity of oxytocin
neurons, and a reduction of oxytocin has been suggested to be one of the mechanisms
behind the hunger in PWS [38,39]. In contrast, analyses of oxytocin in cerebrospinal
fluid showed higher concentrations in adolescents and adults with PWS compared to the
controls [40]. In line with this, plasma levels of oxytocin in 23 children with PWS were
compared with those of 18 healthy unrelated siblings matched for age and with a similar
gender ratio and BMI. The children with PWS were found to have levels of plasma oxytocin
more than twice as high compared to those of unrelated siblings [41]. However, analyses
of serum oxytocin in adults with PWS showed similar concentrations as in controls but,
in relation to their obesity, the concentrations were low [35]. Interestingly, oxytocin is
released in response to vagal stimulation [42] and clinical trials of vagal stimulation in PWS
individuals have been conducted with positive results [43]. A pronounced dysregulation of
the signaling pathways for oxytocin has been shown in the Magel2-knockout mouse model
of PWS. Early postnatal treatment with oxytocin restored behavioral changes that have
been observed in these mice [44]. In addition, the initial feeding difficulties in the newborn
mice were prevented [45]. Consistent with these observations, studies with oxytocin
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treatment in individuals with PWS have shown improvements in anxiety, compulsiveness,
and hyperphagia. However, the degree of oxytocin’s effects depends on situation and
context and seems to be more pronounced if administered early in life [46].

4.2. Brain-Derived Neurotrophic Factor

The neurotrophin brain-derived neurotrophic factor (BDNF), synthesized in several
brain areas, is besides regulating growth involved in the regulation of energy homeostasis,
and may directly affect the NPY/AgRP neurons and inhibit their activity, thus acting as
a satiety signal. In addition, BDNF injected intracerebroventricularly as well as directly
into the PVN decreased food intake and weight gain in rats [47]. In line with this, a
study of a MAGEL2-null mouse model of PWS assessed the translational potential of
hypothalamic adeno-associated virus (AAV)-BDNF gene therapy and the authors found
that BDNF gene therapy improved glucose metabolism, insulin sensitivity, circulating
adipokine levels, and body composition [48]. Furthermore, in hypothalamic tissue from
deceased individuals with PWS, the number of neurons in the hypothalamus expressing
BDNF and NTRK2, the gene coding for one of its receptors, were found to be lower [5].
Reduced basal circulating BDNF levels and a diminished postprandial peak in comparison
to weight-matched controls have also been demonstrated in individuals with PWS [49].

4.3. Orexin

Orexin, which is produced within the hypothalamus, is involved in appetite regulation,
arousal, sleep and wakefulness, metabolism and energy expenditure, pleasure and reward-
seeking behavior, as well as stress response. There are 2 forms, orexin A and orexin B, which
both are important for appetite regulation, but their affinity for the two orexin receptors is
different. Changes in peripheral metabolic signals (i.e., glucose, ghrelin, leptin, and blood
pH) impact the activity of orexin A neurons in the lateral hypothalamus, which increases
eating behaviors through binding to orexin receptors in the hypothalamus, hippocampus,
locus coeruleus, and limbic centers. Both the POMC/CART neurons and the NPY/AgRP
neurons are provided with orexin receptors. The MAGEL2-null mouse has reduced orexin
levels as well as orexin neurons [50]. In a study of 23 children with PWS, circulating
orexin A levels were found to be higher compared to age-matched controls, suggesting
that dysregulation of orexin A signaling might contribute to behavioral problems and
hyperphagia in PWS [51]. However, another study of 14 individual with PWS aged 8 to
37 years showed moderately decreased orexin levels in cerebrospinal fluid [52]. There was
no correlation between orexin and BMI. The discrepancy between the findings in the two
studies might be due to measurements in different fluids and different ages of the patients
suggesting involvement of other hormones, such as leptin and ghrelin [53].

4.4. Kisspeptin

Kisspeptin is produced within the hypothalamus, including the AC. It is mainly
associated with the onset of puberty and the release of GnRH and is thought to play an
important role in reproductive function [54]. However, it has also been demonstrated
to modulate the release of GH as well as the activity within the AC, where it stimulates
POMC/CART neurons, and it may also inhibit the NPY/AGRP neurons. These effects
in the AC both decrease appetite. NHLH2, which is reduced in PWS, takes part in the
regulation of the effects of kisspeptin levels. Due to the frequently present hypogonadism in
PWS, kisspeptin levels would be expected to be low. Unexpectedly, kisspeptin levels have
been demonstrated to be higher in individuals with PWS but are normalized in response to
GH treatment [52], which might indicate that the raised kisspeptin levels mainly are due to
the GH deficiency.
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4.5. Tachykinins

Tachykinins are a large group of neuropeptides including neurokinin A and B, and
substance P. Tachykinins are produced both in the periphery and in the brain and are,
for example, involved in pain, vascular tone, and behavior. Neurokinin synthesis is also
colocalized with the synthesis of kisspeptin in the so-called KNDy (kisspeptin, neurokinin,
dynorphin) neurons within the AC. These neurons are of central importance for the regula-
tion of GnRH. However, neurokinins and substance P also modulate the POMC/CART
neurons and tachykinin receptors have been demonstrated in these neurons.

In PWS individuals, plasma levels of substance P as well as beta-endorphin (which is
cleaved from POMC) have been found to be increased. These changes have been suggested
to contribute to hunger in PWS [55].

4.6. Nesfatin-1

Nesfatin-1 is a peptide originating from the precursor molecule nucleobindin-2 and
produced in various brain areas including the hypothalamus and the AC. It is also synthe-
sized, for example, within the adipose tissue, the gastrointestinal canal, and the pancreas
and it crosses the blood–brain barrier. Serum levels increase in response to feeding and have
been demonstrated to inhibit food intake and in addition directly inhibit NPY/AgRP neu-
rons within the AC. Nesfatin-1 has also been demonstrated to increase both oxytocin and
CRH (for a review, see [56]). In a recent study of non-obese children with PWS treated with
GH, nesfatin-1 levels were higher when compared to age-matched healthy controls [57].
Thus, a change in nesfatin-1 levels might also contribute to the metabolic effects of GH
treatment in PWS.

4.7. CRH

CRH is mostly produced within the hypothalamic nucleus PVN and is the main
regulator of the HPA-axis. CRH is also produced in the amygdala, and similarly to oxytocin
CRH, both from the PVN and the amygdala, is released within the brain, acting as a
neurotransmitter. CRH is mainly associated with satiety but during certain circumstances it
may also increase the activity of NPY/AgRP neurons, thereby increasing hunger. However,
the activity within the HPA-axis seems not to be increased in PWS. Instead, a delayed stress
response in children with PWS has been demonstrated [58]. However, this does not exclude
deviations within the brain CRH release and pathways. In a study with MRI, an increased
activation of the amygdala in response to food odors was seen in adult individuals with
PWS [59].

4.8. TRH

TRH is also mainly produced within the PVN and it is the main regulatory hormone
in the thyroid axis. Similarly to CRH, it also acts as a neurotransmitter. During starvation
and/or long-term illness, pathways from the NPY/AgRP neurons in the AC decrease the
release of TRH. There is also a TRH pathway from the PVN to the AC and TRH receptors
in the NPY/AgRP neurons, which have been suggested to be excitatory, and thus it would
be expected that they should increase hunger [60]. Hypothyreosis is common in PWS and
the most common cause is central hypothyroidism, probably caused by a deficiency or
dysregulation of TRH [3].

4.9. GHRH

GHRH is produced within the AC and is necessary for the stimulation of growth
hormone (GH) release from the pituitary. This release of GH may then modulate the
POMC/CART and NPY/AGRP neurons, which both express GH receptors. GH is also
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released by ghrelin. Individuals with PWS have deficient GH secretion, and leptin levels
decrease and body composition improves in response to GH treatment. Worth mentioning
is that adiponectin levels do not change in response to GH treatment [35]. GH treatment of
individuals with PWS might, through negative feedback, induce the already low GHRH
release to become even lower. However, although GHRH is produced within the AC, there
are, to our knowledge, no GHRH receptors on the POMC/CART or NPY/AgRP neurons.

5. Discussion

The regulation of hunger and satiety is very complex, and several genes and tran-
scription factors, as well as central and peripheral secreted hormones, neuropeptides,
and proteins are involved. In PWS, the dysfunction of the hypothalamus, hyperphagia,
abnormal body composition, and obesity make it even more complicated. Within the hy-
pothalamus, the AC is of central importance for metabolism, hunger, and satiety. The focus
of our review was the effects of brain-derived peptides and proteins on the AC, and in sum-
mary, we found that several of these substances have the potential to disturb the function
of the NPY/AgRP and POMC/CART circuits in PWS, resulting in unbalanced systems.

In the present review, we have discussed oxytocin, BDNF, orexin, kisspeptin,
tachykinins, nesfatin-1, as well as the hypothalamic hormones and neurotransmitters
CRH and TRH, and all of them seem to be dysregulated in individuals with PWS (Table 1).
In addition, the release of GHRH is decreased, thus mediating a lower release of GH,
which in turn may affect the regulation of the POMC/CART and NPY/AgRP neurons.
Indeed, there are improvements in leptin, insulin, and kisspeptin levels in response to
GH treatment. The AC is, of course, not the only nucleus within the hypothalamus that
regulates appetite and satiety. The PVN, where, for example, oxytocin, CRH, and TRH
are produced, also participates in this integrated regulation, as does the ventromedial
hypothalamic nucleus (VMH), sometimes considered as the hypothalamic satiety center
and the lateral hypothalamic nucleus (LH), sometimes considered as the hypothalamic
hunger center. All these nuclei communicate bidirectionally with each other.

Table 1. Changes in peptides and proteins produced within the hypothalamus in animal models or
individuals with PWS.

Peptide/Protein Difference Type of Study References

Oxytocin Usually low Autopsy material, human blood,
and CSF as well as animals [35,38–41,44]

Orexin High Human blood and anjmals [50,51]

Kisspeptin High Human blood [52]

BDNF Low Autopsy material, animals, and
human blood [5,48,49]

Tachykinins Substance P high Human blood [55]

Nesfatin-1 High Human blood [57]

CRH Changed activity Human blood, MR [58,59]

TRH Low Human blood [3]

GHRH Low Human blood [3]
Abbreviations: BDNF, brain-derived neurotrophic factor; CRH, corticotrophin releasing factor; GHRH, growth
hormone releasing hormone; TRH, thyrotropin releasing hormone.

There are other factors besides the peptides and proteins discussed in the present paper,
including the classical neurotransmitters and also lipids. Endocannabinoids are produced
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in many peripheral organs and tissues as well as the brain and the hypothalamus. There are
cannabinoid receptors in the AC and in general they are considered as appetite stimulators.

Indeed, the activity of cannabinoids has been demonstrated to be increased in PWS.
The MAGEL2 knockout mice discussed earlier in this manuscript have been found to
have increased activity within their endocannabinoid systems as well. In clinical studies
where a cannabinoid receptor 1-antagonist was given to PWS individuals, weight was
reduced [61]. However, clinical trials with cannabinoid receptor antagonists have been
terminated because of unwanted side effects.

Besides these centrally released factors, there are several hormones produced in the
adipose tissue, the pancreas, and the gastrointestinal tract, which also participate in the
regulation of the AC in addition to the previously mentioned hormones: leptin, insulin,
GLP-1, and ghrelin. Asprosin was discovered in 2016 and is a protein produced in the
adipose tissue. Asprosin participates in the regulation of blood glucose levels through
stimulating liver glucose production and appetite [62]. In the AC, asprosin may inhibit
the POMC/CART neurons, which is thought to be one of the main mechanisms behind its
appetite stimulating effect. In a recent study by Faienza et al. [63], obese individuals with
PWS had higher asprosin levels when compared to PWS with normal weight. Asprosin
levels were also higher in adults compared to adolescents. Interestingly, asprosin levels
were significantly higher in patients with deletion versus patients with uniparental disomy.
However, no correlation between serum levels of asprosin and appetite in individuals with
PWS could be demonstrated. Other peripheral hormones with receptors in the brain may
also contribute to changed appetite and eating behavior. Both cholecystokinin (CCK) and
PYY levels are lower in individuals with PWS, and these hormones are associated with
satiety and increase in response to feeding. In contrast, fasting and postprandial GLP-1
levels have been reported to be similar between individuals with PWS and obese and lean
controls [64].

As already mentioned, ghrelin levels are increased in PWS individuals. Animal
studies indicate that ghrelin is produced not only in the gastrointestinal tract and islets
of Langerhans but also within the hypothalamus [65,66]. Prior to secretion, ghrelin is
acetylated (AG), and in this form, it activates the GH secretagogue receptor 1a (GHSR1a),
and the release of GH. Adrenocorticotropic hormone (ACTH), cortisol, prolactin, and
glucose are also released in response to AG and AG affects feeding, growth, fat stores,
and glycemic regulation. Unacetylated ghrelin is converted to AG by the enzyme ghrelin
O-acyltransferase (GOAT). GLWL-01 is a selective, reversible inhibitor of GOAT, and in a
double-blind, placebo-controlled, phase 2 study, GLWL-01 was found to lower the AG levels
and the ratio of AG/UAG [67]. However, no effects on hyperphagia or on anthropometric
and clinical parameters related to weight excess in patients with PWS were observed,
maybe due to a short duration of treatment and a small study cohort.

UAG inhibits AG-induced hunger, reduces fat deposition, and improves insulin
resistance. In studies with livoletide, an UAG analog, no significant change was found
in hunger and food-related behaviors as measured with the Hyperphagia Questionnaire
for Clinical Trials (HQ-CT) scores, or in fat mass, body weight, or waist circumference
compared with placebo [68].

Likewise, studies on setmelanotide, a melanocortin (MC)-4 receptor agonist admin-
istrated subcutaneously once daily, showed no changes in weight, DEXA measurements
or laboratory findings, while the mean hyperphagia questionnaire scores demonstrated a
small, not statistically significant reduction from baseline. Further studies with setmelan-
otide have not been performed [69].

Ghrelin has, besides its direct effects in the AC, also been demonstrated to increase
appetite by acting through dopamine, serotonin, opioid, and cannabinoid systems. We have
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already discussed the cannabinoid system above but the neurotransmitters have mainly
been left aside in the present paper. Worth mentioning here, however, is that serotonin, and
especially the 5HT2c receptors, are central in hypothalamic appetite regulation including
the AC. Alternate splicing of the serotonin (5-hydroxytryptamine; 5-HT) 2C receptor
(5-HT2CR) pre-RNA is negatively regulated by Snord115 [70,71], and loss of Snord115
expression is associated with decreased levels of POMC in the AC [71].

Recently, clinical trials with diazoxide, a drug commonly used to treat hypoglycemia
and hyperinsulinemia, have been performed. Diazoxide is a potent activator of the adeno-
sine triphosphate-sensitive potassium (KATP) channel and crosses the blood–brain bar-
rier [72]. Activation of the KATP channel in NPY/AgRP neurons in the hypothalamus
reduces the secretion of NPY and AgRP [73]. In addition, the KATP channels in the dorsal
motor nucleus of the vagal nerve, pancreatic β-cells, and adipocytes are activated, reducing
hyperinsulinemia and body fat, directly or indirectly leading to improved insulin and
leptin resistance and satiety [73]. These effects have been confirmed in animal models of
hyperphagic obesity including Magel-2 null mouse [73].

Diazoxide choline slow-release (DCCR) treatment has in a phase 2 study in individuals
with PWS been shown to reduce hyperphagia, aggressive behavior, and body fat, and
increase lean body mass [74]. In a following 13 week phase 3 study comparing DCCR to
placebo, DCCR improved body composition and clinician-reported outcomes, but did not
in the entire cohort significantly improve hyperphagia in the primary analysis. However,
DCCR reduced hyperphagia in those with more severe hyperphagia, and in the subset of
data collected before the onset of the COVID-19 pandemic [75]. In the open-label extension
of the phase 3 study, 125 participants with PWS received DCCR for up to 52 weeks [76]. This
study showed that DCCR improved hyperphagia, with greater improvements in those with
more severe baseline hyperphagia. Improvements were also seen in aggression, anxiety,
and compulsivity, and there were reductions in leptin, insulin, and insulin resistance, as
well as a significant increase in adiponectin.

Although patients with PWS are similar in certain aspects, individuals’ manifestations
may differ depending on the genotype and other modifier genes. Most well-known is the
increased risk of psychosis and behavioral challenges in the UPD subgroup. However, it
has also been shown that the frequency and severity of hyperphagia and obesity are more
prominent in the deletion group compared to the UPD group [77]. Differentially expressed
genes associated with PWS are MKRN3, MAGEL2, NECDIN, and small nucleolar RNA
genes, and abnormalities such as UPD of maternal alleles result in a lack of paternally
expressed genes. SNORD116, a small nucleolar RNA gene, is known to be the critical
gene for most PWS phenotypes, and deletion of this gene has been demonstrated to
cause an imbalance in the neuromodulatory systems of the hypothalamus, and results
in hyperphagic behavior and sleep disturbances. Studies generating specific information
on the function of the AC in deletion and UPD groups is not yet available but would be
expected in the future.

6. Conclusions

In conclusion, the AC plays an important role in the very complex and multifactorial
regulation of hunger and satiety. Our knowledge is primarily based on animal studies
and measurements of circulating levels of various neuropeptides and hormones, which
are usually not parallel with CNS levels. In individuals with PWS and in animal models
of PWS, hormones such as oxytocin, ghrelin, and adiponectin seem to be secreted and to
circulate in different concentrations compared to those in non-PWS humans or animals.
Other factors such as deficiency of adenohypophyseal hormones, as well as an abnormal
body composition, less insulin resistance, and comorbidities, also affect the outcome. In line
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with this, some clinical trials in PWS with specific pharmacological compounds important
for the regulation of hunger and satiety have been without significant effects. The regulation
appears to be multifactorial, involving a complicated interplay between different factors,
making it difficult to identify a specific neuropeptide or hormone as the most crucial in
PWS. However, promising results have been obtained with treatments using diazoxide
and oxytocin and further investigations of the regulation of hunger and satiety in PWS
are ongoing.
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Abstract: Sensory processing abnormalities have been noted since the first clinical de-
scription of autism in 1940. However, it was not until the release of the fifth edition of
the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) in 2013 that sensory
challenges were considered as symptoms of autism spectrum disorder (ASD). Multisensory
processing is of paramount importance in building a perceptual and cognitive representa-
tion of reality. For this reason, deficits in multisensory integration may be a characteristic
of ASD. The neurohormone oxytocin (Oxt) is involved in the etiology of ASD, and there
are several ongoing clinical trials regarding Oxt administration in ASD patients. Recent
studies indicate that Oxt triggers muscle contraction modulating thermogenesis, while
abnormal thermoregulation results in sensory deficits, as in ASD. Activation of the Oxt
system through exposure to cold stress regulates the expression of oxytocin receptor (Oxtr)
in the brain and circulating Oxt, and if this mechanism is pathologically disrupted, it can
lead to sensory processing abnormalities since Oxt acts as a master gene that regulates
thermogenesis. This review will describe the sensory deficits characteristic of ASD together
with the recent theories regarding how the modulation of Oxt/Oxtr in the brain influences
sensory processing in ASD.

Keywords: oxytocin; oxytocin receptor; thermoregulation; autism spectrum disorder;
sensory processing; skeletal muscle; Diagnostic and Statistical Manual of Mental Disorders
(DSM-5)

1. Introduction

Autism is a complex neurodevelopmental condition and its cause is still unknown.
ASD is characterized by two main symptoms: persistent social communication and inter-
action difficulties and restrictive and repetitive behavior, interests and activities [1]. The
majority of research on autism spectrum disorder (ASD) has focused on social, commu-
nication and learning/cognitive challenges associated with the disease [2]. However, it
is only in the last 10 years that a new diagnostic criterion for ASD has been accepted by
the scientific community and included in the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5): sensory processing [3]. Indeed, abnormalities in sensory processing can
influence behavioral and cognitive experience in ASD patients since alterations in social
cognition are marked by a very different perceptual experience of the world. Atypical
sensory experience is estimated in about 90% of ASD individuals in every sensory modality,
such as taste, touch, audition, smell and vision. The neurobiological alterations that affect
processes as diverse as cognition and sensory experience in ASD and the common thread
between them are still unclear. In order to begin to understand the disease, it is essential to
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clarify whether sensory difference represents secondary consequences after reduced social
interaction or sensory deficits influence both development and neurobiology. ASD affects
human experience from sensation to perception, to motor behavior and cognition. This is
why it is important to understand how these diverse domains can be related. Research on
sensory symptoms may help in simplifying this complexity by focusing on circuit-level
alterations in the brain that may affect cortical processing in ASD and offer translational
and pharmacological potential to cure this disease. Indeed, according to the “sensory-first”
theory, social/cognitive symptoms may be downstream effects of atypical sensory process-
ing in early development, while according to the “top-down” theory, symptoms relating
to sensation and social cognition might co-arise from alteration in attention or prolonged
lack of social interaction [2,3]. Perturbations in the inhibitory neurotransmitter gamma-
aminobutyric acid (GABA) receptor have been associated with autism, and GABAergic
signaling is disrupted in several different mouse models of autism [2,3]. Other neuromod-
ulators such as testosterone and oxytocin (Oxt) modulate GABAergic signaling and are
associated with autistic traits [4–8]. Oxt is a neurohypophysial hormone, as previously
described [9]. Oxt triggers skeletal muscle contraction through thermoregulation, and cold
stress exposure increases oxytocin receptor (Oxtr) expression in the brain and the Soleus
muscle (Sol), while it decreases circulating Oxt in mice, leading to what we have called
“The oxytonic effect” [10]. Oxt’s regulation of thermogenesis is linked to Prader–Willi
syndrome (PWS) and Schaaf–Yang syndrome (SYS) since both these pathologies present
increased circulating Oxt levels, muscle hypotonicity, decreased Oxtr expression in the
brain and frequent episodes of hypothermia and hyperpyrexia with no infection [11,12].
PWS and SYS patients also present a very high incidence of ASD [13] and they often present
a history of low body temperature and/or high body temperature with no apparent reason
provided on their medical history form [12]. PWS arises from the lack of expression of
paternally inherited genes on chromosome 15q11-q13 or maternal uniparental disomy or
an imprinting defect. Mage family member L2 (Magel2) is one of the affected genes located
on 15q11-q13 and mutations in Magel2 have been found in PWS, SYS and ASD individu-
als [11,12]. In a mouse model of autism in which Magel2 has been knocked down, Oxtr is
downregulated or upregulated according to postnatal Oxt treatment [14]. Magel2-KO mice
present neurodevelopmental impairment and autistic-like behavior [12]. In this review,
we explain the sensory deficits described in ASD in light of the novel theories that see
Oxt/Oxtr expression as being dynamically modulated in the brain, and we hope that these
results may be instrumental in designing precisely timed Oxt-based therapeutic strategies
that target specific brain regions and can improve the clinical features, both sensorial and
social, of ASD.

2. Autism and Sensory Deficits

In this section, we will describe some of the sensory deficits documented in ASD and
their manifestations (Table 1). Pediatric patients with ASD suffer hyper- or hyposensitivity
to visual, auditory, tactile and olfactory stimuli. ASD individuals also report paradoxical
heat sensations when cold is perceived as burning hot, indicating disruption of thermosen-
sory integration since central processing of information seems to be altered in ASD rather
than peripheral perceptions [15,16]. The existence of sensory abnormalities in ASD was
only recently included in the DSM-5 as diagnostic criteria for ASD (American Psychiatry
Association 2013) and have for a long time been overlooked [15]. Central mechanisms
during the integration of multisensory stimulus rather than peripheral mechanisms cause
sensory deficits in ASD. In the DSM-5, both hyper- and hypo-reactivity to sensory input
or unusual interest in sensory aspects or the external milieu are mentioned as diagnostic
criteria for ASD. These criteria include somatosensory abnormalities such as indifference

107



Curr. Issues Mol. Biol. 2025, 47, 61

to pain related to temperature, adverse response to texture or excessive touching of objects
(APA 2013). For example, vibro-tactile stimulus perceived as static and poor vibro-tactile
amplitude discrimination have been reported in children with ASD [16]. Hypersensitivity
to thermal pain and innocuous thermal stimuli has been found in ASD in adults [17]. Con-
versely, adolescents with ASD showed normal detection of thermal pain but hyposensitivity
to innocuous thermal stimuli [15]. Moreover, in adolescents and adults with ASD, normal
pain detection was observed during thermal and electrical stimulation [18], where pressure
pain was also lower in children [19]. In a recent study, the somatosensory perception of
patients with ASD was investigated, since altered detection of somatosensory stimuli may
cause unusual sensory perception in ASD using the quantitative sensory testing (QST)
protocol on neuropathic pain. Hyper- or hyposensitivity to sensory inputs is normal in
certain parts of the body and abnormal in other parts, in line with the different innervation
from the many brain areas with peripheral and central neuronal activity. ASD patients
show similar thresholds in detecting innocuous warmth and cool and light pressure on
their palm and forearm, but hypersensitivity to vibrations was seen in ASD on the forearm
and hypersensitivity to thermal pain at both sites. Interestingly, individuals with ASD
exhibit enhanced perception of certain stimulus properties such as vision, where local,
circumscribed properties of a visual stimulus are seen instead of the complete picture. This
peculiarity of ASD is described as follows: “ASD individuals see the tree but not the forest”.
A similar pattern of perception is also present in the auditory domain where the change of
a single note of a melody is perceived to be stronger than global melodic changes [20]. That
sensory deficits in ASD vary according to the age of patients and the area of the body is an
important concept consistent with the plasticity of the Oxtr expression in the brain, as we
will explain in the following sections [13].

Table 1. In autism spectrum disorder, sensory deficits are present in all domains of sensorial experience.

Sensory Deficits in Autism Spectrum Disorder

Auditory

Enhanced auditory perception of details at the
expense of the global situation. For example,

hearing the change of a single note and not the
change of the entire melody.

Hyposensitivity and
hypersensitivity
in all domains.

Vision

Enhanced perception of certain stimulus
properties since circumscribed properties of a

visual stimulus are seen over the complete
picture. For example, seeing the tree and not the

forest.

Tactile

Sensorial experience changes according to the
part of the body, as pressure is perceived

normally on the palm of the hand and forearm,
while hypersensitivity to vibrations is reported
in the forearm only. Adverse response to texture

is reported where vibro-tactile stimulus was
generally perceived as static.

Thermoregulation

Paradoxical heat sensation is reported where
cold is perceived and burning hot and hypo- or
hypersensitivity to thermal innocuous thermal
stimuli is also reported according to the age of

the patients.
Prader–Willi syndrome individuals often present
autism spectrum disorder and hypothermia and

hyperpyrexia with no infection are reported.

3. Oxytocin and Sensory Deficits in Autism Spectrum Disorder

Oxt/Oxtr−/− mice have impaired thermoregulation, resulting in thermosensory
deficits and the inability to maintain a stable temperature [21,22]. Our previous stud-
ies indicate that temperature regulation is impaired in PWS individuals since they show
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significant changes in thermoregulation compared to siblings or controls [19,21–23]. PWS is
caused by the loss of expression of a critical genetic region on chromosome 15q11-q13 and a
very high percent of PWS individuals also present ASD. Our studies also indicate that Oxt
acts as a master gene regulating thermogenesis and influences the manifestation of the PWS
phenotype [9,13]. A small but statistically significant proportion of PWS children have been
reported to experience persistent or episodic hyperpyrexia/hypothermia [11], whereas
fingertip temperature is unaltered [22,24,25]. About 90% of ASD individuals have a sensory
abnormality that manifests with hyper- and hypo-reactivity to smell, taste, audition, vision
and tactile sensitivity. The sensory deficit influences the perception of the external word and
social behavior [26]. Oxt is also released in response to tactile stimuli, and Oxt in the plasma
of autistic children is decreased compared to neurotypical individuals [27]. Abnormalities
in the gene that encodes for Oxtr [28] as well as in Oxt have been found in ASD [29]. This is
why we hypothesize that Oxt regulation of thermogenesis can cause sensory abnormalities
in ASD (Table 2). Moreover, children with ASD present altered thermal thresholds with
reduced sensitivity to warmth, coolness and heat, but not pain threshold. We speculated
that this evidence may be significant since ASD individuals, unlike PWS individuals, do
not have hypothalamic syndrome, which can per se cause temperature fluctuations and
sensory abnormalities. However, a more comprehensive study of ASD is not within the
scope of this article, which regards exclusively the relationship between ASD and sensory
deficits. Oxt’s regulation of thermogenesis may be responsible for sensorial functionality
and body temperature regulation through muscle contraction in healthy individuals, while
a dysfunctional Oxt system can cause varying degrees of sensory abnormalities and muscle
hypotonicity, as seen in PWS and ASD.

Table 2. Oxytocin and sensory deficits in autism spectrum disorder.

• Oxytocin is a master gene regulating thermogenesis.

• Oxytocin-deficient mice and oxytocin receptor-deficient mice have impaired
thermoregulation and inability to maintain a stable temperature.

• Oxytocin is released due to tactile stimuli.

• Autism spectrum disorder children are reported to have a lower oxytocin
concentration.

• Autism spectrum disorder individuals are reported to have sensory deficits such as
paradoxical heat sensations, altered thermal threshold, and hyper- or
hypo-reactivity to smell, taste, audition, vision and tactile sensitivity.

• The altered sensorial perception in ASD individuals can cause the cognitive and
social dysfunction typical of this condition.

4. Oxytocin Receptor Modulation Is Dynamic Across Lifespan and Is
Sexually Dimorphic

Oxt levels are lower in autistic compared with neurotypical children; however, this
difference is not detectable in adults [30]. ASD is characterized by deficits in social inter-
action and communication and restricted interests together with sensory deficits (APA
2013). These traits are all thought to be mediated by Oxt. Indeed, several components
of the Oxt/Oxtr system have been associated with ASD. Variations in these genes can
affect Oxt/Oxtr expression and distribution. Some studies found Oxt levels to be inversely
correlated with ASD severity; however, the expression of Oxtr in the brain has not been
investigated. The fact that Oxt is lower in autistic children highlights an involvement of the
Oxt system in the development or manifestation of ASD [28]. From this perspective, the Oxt
system can shape the brain for social interaction and sensory perception during a critical pe-
riod in infancy during which there is probably a critical window when Oxt administration
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may be effective. However, little is known about the developmental trajectory of Oxt/Oxtr
and the causality of these manifestations in ASD, which is why studies on the genetics of
Oxt/Oxtr are necessary. In this regard, thermoregulation may modulate Oxtr in the brain
and cause sensory deficits in ASD [30]. The experimental manipulation of Oxtr expression
levels and Oxtr gene KO can have a significative effect on behavior and physiology [31].
This can lead to the identification of a critical window of Oxtr expression in the brain
together with associated genes, which is important for understanding ASD and other psy-
chiatric illness. Oxt/Oxtr expression is dynamic throughout a person’s development, with
critical periods. Indeed, Oxtr peaks in early childhood and late adulthood and is highly
correlated with dopaminergic signaling across a lifespan to adapt to shifting environmental
challenges. The peak in Oxtr expression observed during early childhood is probably
stronger in males because it is influenced by gonadal steroids. These sex differences may
contribute to the reported sex differences in neurodevelopmental disorder diagnoses and is
consistent with the sex bias of ASD recurring more often in males than females. Specifically,
the early childhood peak of Oxtr binding that was observed in brain tissue of the ventral
pallidum tissue from neurotypical donors was absent in the same tissue in autistic donors.
Moreover, Oxtr expression and binding are higher in the ventral pallidum and nucleus
basalis of Meynert brain tissue of neurotypical donors than the same tissue of autistic
donors [31]. Oxtr undergoes epigenetic modifications, and these modifications predict
the severity of symptoms in adults with ASD. Indeed, the neural networks involved in
reward processing and social capability in ASD involve the Oxt/Oxtr system, which is
sensitive to epigenetic processes caused by environmental exposure, and these epigenetic
modifications account for the features of autistic traits. Specifically, Oxtr hypermethylation
in the intron 1 area of MT2 was related to a less severe developmental phenotype making
this site a potential biomarker of adults with ASD with less severe verbal communication
deficits [32]. It is worth noting that thermoregulation and thermogenesis can also cause
epigenetic modifications of Oxtr.

5. Current Theories Explaining Sensory Deficits in Autism
Spectrum Disorder

Individuals with ASD “See the trees but not the forest”, which means that ASD
individuals see the details of the perceptual world rather than the global picture [30].
To understand autistic sensory experience, the perceptual processing cannot be simply
characterized as a talent or a deficit reflecting neither hyposensitivity nor hypersensitivity,
but sensory experience in ASD exhibits a bias toward local versus global characteristics
of a sensory scene which can be more or less advantageous according to the task [2].
Moreover, these sensory processing abnormalities also impact other domains of ASD such
as social communications, worsening their severity [3]. This is why individuals with
ASD have enhanced performance in tasks that rely on the analysis of stimulus details but
have difficulties when these details need to be integrated into a complete image. Sensory
difference is a common issue in ASD and much of our cognitive and social representations
are dependent upon sensory inputs. In this regard, there are at least five theories that
explain the ASD. The first theory, also called “Theory of mind” [33], suggests that ASD
individuals have a decreased ability to understand other people’s feelings and this can be
caused by abnormalities in sensory processing. Neuroimaging studies reveal that inferior
frontal regions including the mirror neuron system and the temporoparietal junction are
involved in these tasks. The second theory, named “Weak central coherence” [34], proposes
that the meaning of things is built through the integration of information across lower-level
sensory and higher-level cognitive processing, and this is abnormal in ASD individuals.
The classic illustration of how this theory works is that to understand a complex visual
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scene, the integration of all details is necessary and not focusing on single details, as seen
in the tree and forest example. The third theory is named “Predictive coding hypothesis”
and is based on the notion that individuals with ASD do not have a robust historical
representation of the world, making it difficult for them to predict upcoming events and
limiting interactions with external environments. This explains, for example, the tendency
of ASD individuals to engage in repetitive behavior to limit novel sensory inputs in an
endlessly novel world [35]. The fourth theory is called “Reduced sensory precision and
reliability” and states that changes in the variability of neural response patterns create
variability (or less reliability) in their behaviors and perceptions [36]. Finally, the fifth
and last theory is based on evidence that GABA functioning is altered in ASD, leading to
increased excitation for greater glutamatergic signaling, while inhibition is decreased for
less GABAergic signaling. Indeed, glutamate and GABA signaling are involved in cortical
function, including sensory processing and social function. In this context, increased
excitability may explain hypersensitivity in sensory processing, with sensory input eliciting
an abnormally large cortical response that makes the experience overwhelming [4–7,9,36].
This theory has been confirmed by a recent study on animal models [37]. However, here,
we propose a novel theory according to which the sensory deficits in ASD can be triggered
by the differential modulation of Oxtr in the brain, as we explain in the following sections.

6. Oxytocin and Oxytocin Receptor Expression Modulation in the Brain
May Trigger Sensory Deficits in Autism Spectrum Disorder:
New Theories

In this section, we will describe the most recent studies regarding the modulation of
Oxtr in the brain and how it can impact sensory deficits in ASD. In particular, we will focus
on four recent studies focusing on the Oxt/Oxtr system.

6.1. Oxytocin Is a Master Gene That Regulates Thermogenesis, and Cold Stress Modulates
Oxytocin Receptor in the Brain and Peripheral Oxytocin

The first study [10] shows that Oxt is anabolic in muscle, and Oxt anti-obesogenic
effects are also related to its positive effects on muscle mass. We characterized Oxt and
Oxtr expression in different tissues after a cold stress (CS) challenge in mice by an in vivo
approach. In this study, a cold stress protocol was elaborated and mice were kept at 4 ◦C
for either 6 h or 5 days. Then, mice were sacrificed and properly dissected. Blood was
collected and brains were quickly extracted, snap-frozen and analyzed by histomorphome-
try as previously shown [10]. Mice initially lost body weight, but after 5 days these mice
regained their body weight, indicating that they were in good health. The exposure to
cold stress activates shivering thermogenesis. In this regard, we hypothesize that there is
a feedback loop between the hypothalamus and muscle that regulates the rate of central
Oxt release and Oxtr expression level in the brain together with muscular Oxtr expression.
This feedback loop between the brain and muscle is activated in response to situations
requiring increased musculoskeletal performance such in shivering thermogenesis [11,13].
We showed in mice that Oxtr expression increases in the Soleus (Sol) muscle and in the
brain after the CS challenge, while circulating Oxt decreases [10]. The dynamicity of Oxtr
following a thermogenic challenge can trigger sensory deficits in ASD since Oxt regu-
lates thermogenesis (Table 3). The cold stress model is explained in Table 3 and has been
previously published [10].
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Table 3. Ex vivo study of oxytocin and oxytocin receptor expression in the brain after expo-
sure to 6 h or 5 days of cold stress in wild-type mice and measurement of circulating oxytocin.
“−” indicates a significative decrease compared to untreated control; “+” indicates a significative in-
crease compared to untreated control. Cold stress increases Oxtr in Paraventricular and Supraoptical
Nuclei of hypothalamus and decreases circulating Oxt in a feed-back/feed-forward loop with the
brain [10].

Ex vivo Studies

Oxt 6 h Oxtr 6 h Oxt 5 d Oxtr 5 d

Hippocampus * * * −
Hypothalamus * * * *

Paraventricular Nucleus * + * +

Supraoptical Nucleus * + * +

Circulating Oxytocin Decreases
* no changes detected.

6.2. Oxytocin Receptor Expression Is Dynamic and Is Normalized by Oxytocin During a Specific
Temporal Window

The second study [14] reports that Magel2 is a gene included in the PWS locus [38],
and in addition to many pathological PWS phenotypic traits, the syndrome presents a high
incidence of ASD [39]. Magel2-KO mice recapitulate autistic traits and neurodevelopmental
impairments. In this study, three to five hours after delivery, pups were subcutaneously
injected with saline or Oxt, and this administration was repeated every 2 days. Then, 8 days
after birth or 90 days after birth, mice were sacrificed, the brains were extracted and Oxtr
was quantified as described [14]. An ultrasonic microphone was used to record the pups’
vocalization. The aim of this study was to extend the regional mapping of Oxtr in male
and female Magel2-KO brains with or without Oxt treatment. This is important because
Oxt is strongly regulated in the first week of life in mice, and understanding the specific
site of action of Oxt in the brain and the specific window of time when it is effective will
be essential to design a therapy with Oxt for ASD. Moreover, Oxtr is sexually dimorphic,
which is why Oxtr was differently modulated according to gender after treatment with
Oxt.

Early postnatal Oxt treatment prevents neonatal lethality in these mice and prevents
social and learning deficits in adult Magel2-KO mice [40]. Indeed, region-specific alterations
in Oxtr expression are present in Magel2-KO mice, and postnatal Oxt treatment could
modulate Oxtr in specific brain regions. In Magel2-KO pups characterized by deficient
production of hypothalamic Oxt [38], the neuropeptide may be unable to play its role as a
mediator of early sensory functions, and the postnatal supplementation of Oxt may restore
this function [14]. The action of Oxt in the brain is mediated by Oxt binding to Oxtr [39].
Environmental factors during early infancy can epigenetically modify the Oxtr gene and
influence its expression level in adulthood [40]. Early modulation of Oxtr expression is
important in neurodevelopmental disorders with social and cognitive deficits, as in ASD.
Indeed, several mouse models of neurodevelopmental disorders present deficits in Oxt or
Oxtr expression [41]. Oxtr is strongly regulated in the first three weeks of life in mice [42].
A recent study investigated whether Oxt treatment received in the first weeks of life had
short- or long-term effects on regional Oxtr expression and if it is gender specific, since ASD
had a higher incidence in males than in females [14]. Indeed, the Oxt system is sexually
dimorphic [43]; for example, in humans, following a social stress test, a single dose of
intranasal Oxt increases distress and anger in women but reduces distress in men [44].
Magel2-KO mice show highly variable region-specific patterns of Oxtr expression that
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vary according to Oxt administration, age and gender. Indeed, at post-natal day 8 (P8)
Magel2-KO mice show a significant reduction in Oxtr levels in the brain compared to
controls, indicating a major defect in Oxtr expression in the brain. This defect is present
in males and females, and is not removed by the treatment with Oxt [14]. On the other
hand, in Magel2-KO mice at P90, Oxt treatment normalizes Oxtr expression, specifically in
those regions of the brain where Oxtr is abnormally upregulated compared to the control,
such as the amygdala and hippocampus and piriform cortex, indicating an impaired
developmental pattern of Oxtr expression. This effect was more evident in male mice than
in female mice, which is consistent with the well-recognized sex bias in ASD incidence.
One possible explanation is the existence of a temporal window in which these regions
of brain are particularly sensitive to Oxt, since during neurodevelopment, brain circuits
mature at different times and Oxt modulates sensory inputs and shapes brain circuits and
connectivity. Conversely, when the Oxt system is defective, sensory inputs are defective
or absent, failing to shape mature brain circuits. A similar time window was observed
during a clinical trial with Oxt in PWS infants where Oxt administration prevents the
failure to thrive of these infants only before 6 months of age [45]. The same results after
Oxt administration were not detectable at any other age considered.

6.3. The Oxytocin System Requires Both Oxytocin/Oxytocin Receptor Expression and Synaptic
Excitation/Inhibition Trasmission

The third study [46] shows that in the absence of Magel2, overall ex vivo Oxt neuron
activity is suppressed for altered synaptic input profile resulting from decreased excita-
tory and increased inhibitory currents in mice. This shows that perturbations of the Oxt
system include both neuropeptide expression [13,20] and inhibitory/excitatory synaptic
transmission [46]. However, while the studies described above [13,20] rely on peptide
or mRNA expression level measurement, Oxt is a signaling molecule that functions in a
broader circuit of signaling and is dependent upon other hormones such as estrogens. For
this reason, in a Magel2-KO mouse model, synaptic and cell autonomous properties of
Oxt neurons were investigated. Magel2-KO mice were injected stereotaxically with Oxt
and voltage clamp recording was performed as described [46]. Indeed, the Oxt system
works through both Oxt expressing neurons and their connection and the expression of Oxt
and Oxtr. The combined addition of synaptic blockers for GABAergic and glutamatergic
transmission reduced the synaptic activity of Oxt neurons in control but not in Magel2-KO
mice, and this indicates a loss of excitatory drive in these mice [46]. These results are
consistent with previous studies on the involvement of GABA transmission in sensory
deficits of ASD [2,3]. So despite the restoration of Oxt levels in ASD, Oxt neuron defects at
circuit level persists, meaning that Magel2 deficiency permanently alters these circuits and
the constant presence of Magel2 is essential for Oxt circuit function [37].

6.4. Hypothalamic Gray Matter Volume and Concentration Are Reduced in Autism Spectrum
Disorder and Are Positively Associated with Peripheral Oxytocin

Finally, the fourth study [47] describes how the structural characteristics of the hy-
pothalamus produce different results between ASD and neurotypical controls in human
patients with a reduced gray matter volume or concentration in ASD children or adoles-
cence compared with healthy controls of corresponding age. The study [47] is particularly
relevant since it translates research from a mouse model to human patients. ASD individu-
als met DSM-5 criteria for autism and were diagnosed in accordance with current guidelines.
In this study, Oxt was measured in blood samples obtained exclusively at rest to rule out
any effect of Oxt on muscle contraction in ASD individuals [48]. Structural brain scans were
obtained and images were processed and analyzed using voxel-based morphometry as
described [47]. Notably, healthy carriers of Oxtr variants were associated with an increased
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likelihood of ASD, displaying a significant decrease in gray matter volume in the hypotha-
lamus [49]. In a recent study, the morphological characteristics of the hypothalamus and
their relationship with Oxt in ASD patients were analyzed through a region-of-interest
analysis using voxel-based morphometry [37]. The aim of the study was to determine if
there are differences in hypothalamic volume between autistic and neurotypical adults, if
differences in the Oxt system in ASD were reflected in the hypothalamic structure and if
these differences could be attributed to Oxt. To achieve this, the authors compared the gray
matter volume between autistic and non-autistic control groups; then, they compared the
differences in the relationship between hypothalamic gray matter volume and peripheral
Oxt, and last, they analyzed the association between hypothalamic gray matter volume
and ASD quotient scores as a measure of autistic traits [37]. Hypothalamic gray matter
volume does not change between autistic and non-autistic individuals; however, compar-
ing the group differences in terms of hypothalamic gray matter volume and peripheral
Oxt, a positive association was found in the ASD group and a negative association in the
non-autistic group. Hypothalamic gray matter volume was also associated with the autistic
group [50]. Basal concentration of Oxt is reported to be lower in autistic children [31,48]
but this difference disappears in autistic adults because of developmental changes in the
Oxt system in ASD. The importance of these developmental effects has also been shown for
Oxtr expression patterns [31]. This means that Oxt and Oxtr levels are dynamic and may
normalize with age in ASD, translating into normalization of gray matter volume. This
also means that the structural properties of the hypothalamus are related to Oxt levels in
ASD [47]. This is consistent with the concept of a time window in which the treatment with
Oxt is effective [51]. The most important changes in the hypothalamus and Oxt may all be
modulated by variations in Oxtr expression [50]. Gray matter volume seems to increase
alongside the increase in autistic traits, and this finding is probably caused by abnormalities
in the Oxt system and Oxtr expression levels. These results show that the increase in Oxt
levels can be caused by variations in Oxtr in the brains of ASD individuals, as seen after the
cold stress challenge [13,51]. Overall, the studies described above [13,20,47,48] are consis-
tent with the concept that Oxtr expression in the brain is dynamic and highly regulated by
factors such as thermogenic challenge and muscle contraction [10], the temporal window of
Oxt administration, sexual dimorphism and reproductive stage [14]. The integrity of synap-
tic transmission [46] and the feed-back between the brain and circulating Oxt [13,48] are
also important. These data, together with the evidence that Oxt is a master gene regulating
thermogenesis, made us hypothesize that the dysfunctional Oxt system could trigger sen-
sory deficits in ASD. A role for hypothalamic hormones in sensorial functions has also been
recently seen for gonadotropin-releasing hormone (GnRH) for olfactory function, consistent
with our data on Oxt [52,53]. Indeed, the integrity of the Oxt system and the expression
of Oxtr is essential to maintain the homeostasis of the body. This is evident, for example,
in mental illnesses such as eating disorders (ED) where ED-related Oxtr haplotypes alter
the relationship between proteins important for ED such as TGF-beta and sterol regulatory
element-binding proteins (SREBPs) and Oxtr expression. Such disruptions cause the failure
of compensatory Oxt-dependent mechanisms that would protect against starvation and
stress contributing to ED [52]. Oxtr expression in the brain is directly regulated by the
intake of carbohydrates and lipids [54,55], proving the dynamicity of Oxtr expression in
the brain. The most recent theories explaining ASD are shown in Table 4.
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Table 4. Most recent theories explaining autism spectrum disorder.

Theory of mind
Suggests that ASD individuals have a decreased ability to
understand other people’s feelings and this can be caused
by abnormalities in sensory processing.

Weak central
coherence

Proposes that the meaning of things is built through the
integration of information across lower-level sensory and
higher-level cognitive processing and this is abnormal in
ASD individuals [34].

Predictive coding
hypothesis

Is based on the notion that individuals with ASD do not
have a robust historical representation of the world,
making it difficult for them to predict upcoming events
and limiting interactions with external environments.

Reduced sensory precision
and reliability

States that changes in variability of neural response
pattern create variability (or less reliability) in their
behaviors and perceptions.

Altered GABAergic
signaling

Theory is based on evidence that the imbalance in
excitatory and inhibitory processes is changed in ASD
with increased excitation for greater glutamatergic
signaling, while inhibition is decreased for less
GABAergic signaling.

Dynamicity of
oxytocin receptor

expression in the brain

The variation in oxytocin receptor expression levels may
cause sensory deficits, deficits in social
interaction/communication and restrictive interests in
autism spectrum disorder.

7. Conclusions

Developmental changes can influence the structure of the hypothalamus and the
expression of Oxt/Oxtr, triggering sensory deficits typically seen in autism. The action
of Oxt in the brain is mediated by Oxt binding to its specific receptor Oxtr, which is a
G-protein-coupled receptor expressed in several areas of the brain. An important feature of
Oxtr is the variability of its distribution in the different areas of the brain and it can vary
according to gender, age, pathological conditions and environmental factors [11,20]. The
distribution of Oxtr in the brain varies in mammals, consistent with social behavior and
sexual dimorphism. Moreover, Oxtr can undergo epigenetic modifications since early life
experience has long-term effects on the Oxt system and expression of Oxtr. Early life Oxt
exposure may influence life-long Oxtr expression, a theory known as “hormonal imprint-
ing”, and it is important in neurodevelopmental disorders characterized by social abilities
since many animal models of neurodevelopmental disorders present abnormalities in Oxt
release and Oxtr distributions [41,44,47]. Oxt regulates thermogenesis [10,13]. Indeed,
the Oxt/Oxtr system in a healthy brain is activated after thermogenic challenge, while a
dysfunctional Oxt/Oxtr system in the brain may trigger sensory deficits in ASD [11,13]. In
this regard, there may exist a time window for Oxt administration in ASD during which
Oxt treatment is effective. Future studies are necessary to prove this preliminary evidence.
It is worth noting that environmental factors may cause epigenetic modifications of the
Oxtr expression in the brain, as described for thermogenic challenge, altering Oxtr expres-
sion levels in the brain, which can trigger sensory deficits in ASD. The Oxtr expression
is dynamic and influenced by epigenetic factors, reproductive stage and even nutrition.
This is why a limitation of this study that needs to be acknowledged is the challenge of
translating animal models to human patients. Indeed, progress in the biological detection
and pharmacological treatment of ASD has been limited for three main reasons. First,
there were difficulties in obtaining brain-related biological samples such as brain and cere-
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brospinal fluid from patients with ASD. Second, the studies on ASD were performed on an
animal model that lacked the sophisticated social and cognitive abilities disrupted in ASD.
Third, the primate species used as a model for ASD still have several limitations [1,55,56].
We hope that the novel perspective provided in this article can add new knowledge to the
understanding of ASD.
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Abstract: Oxytocin (OXT) is a neurohypophysial nonapeptide that exerts its effects mainly through
the oxytocin receptor (OXTR). Several studies have pointed out the role of OXT in the modulation
of stem cell (SC) fate and properties. SCs are undifferentiated cells characterized by a remarkable
ability to self-renew and differentiate into various cell types of the body. In this review, we focused on
the role of OXT in SC differentiation. Specifically, we summarize and discuss the scientific research
examining the effects of OXT on mesodermal SC-derived lineages, including cardiac, myogenic,
adipogenic, osteogenic, and chondrogenic differentiation. The available studies related to the effects
of OXT on SC differentiation provide little insights about the molecular mechanism mediated by
the OXT–OXTR pathway. Further research is needed to fully elucidate these pathways to effectively
modulate SC differentiation and develop potential therapeutic applications in regenerative medicine.

Keywords: oxytocin; oxytocin receptor; stem cells; stem cell differentiation; cardiogenesis; myogenesis;
adipogenesis; osteogenesis; chondrogenesis; odontogenesis

1. Introduction

Oxytocin (OXT) was the first peptide hormone to be structurally determined and
chemically synthesized in a biologically active form [1]. OXT is a nonapeptide containing
an internal disulfide bond between its Cys(1) and Cys(6) residues. It is mainly synthesized
in the magnocellular neurons of the hypothalamic paraventricular and supraoptic nuclei [2],
but it is also produced locally in peripheral tissues where it exerts paracrine and autocrine
functions (Figure 1) [3]. In response to specific stimuli, OXT is released into the systemic
circulation from the posterior pituitary gland and exerts its function by binding to the
oxytocin receptor (OXTR) [4]. OXTR belongs to the heptahelical G protein-coupled receptor
family, and it is expressed in many tissues like the myometrium, mammary gland, thymus,
heart, ovary, kidney, and brain [5]. Upon binding to its receptor, OXT triggers signal
transduction, mainly involving the phosphoinositide pathway; this activation increases
the levels of intracellular Ca2+, which plays a key role in several intracellular functions,
such as inducing muscle contractions [6]. As a matter of fact, OXT was first identified for
its function in stimulating uterine smooth muscle contractions [7]. During childbirth, the
mechanical stimulation from the stretching of the cervix and uterus triggers the release
of OXT, which induces uterine contractions, thereby facilitating labor [8]. Beyond its role
during parturition, multiple functions of OXT have been described in human physiology
(Figure 1) [9,10]. For instance, OXT plays a key role in lactation [4]: breastfeeding activates
sensory neurons in the nipple, which send signals via the spinal cord to the hypothalamus.
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This, in turn, leads to the release of OXT, causing milk ejection [4]. In addition, OXT is often
referred to as the “love hormone” due to its association with reproduction, birth and mater-
nal behavior, social bonding, sexual behavior, and emotional well-being [11]. Psychosocial
stimuli, such as emotional and social interactions, can also stimulate OXT release and mod-
ulate social responses [12]. Furthermore, OXT is involved in other central and peripheral
physiological processes [9], including inflammation and immune system regulation [13,14],
energy metabolism [15], stress responses [16], pain modulation [4], male reproductive
system regulation [17], water homeostasis regulation in the kidney [18], cardioprotection
and cardiomyogenesis [19], as well as thermoregulation and body composition regula-
tion [20–23]. Finally, its other less studied functions are related to other organs such as
the pancreas, liver, eye, skin, bone, and skeletal musculature [3,17]. Given the numerous
functions of OXT, it is unsurprising that altered levels of OXT have been associated with
several diseases and mental health disorders [9]. Low levels of OXT were observed in
patients with Autism Spectrum Disorder, a neurodevelopmental condition characterized by
deficits in social interaction and communication [24]. Additionally, low levels of OXT were
associated with depression in both non-pregnant adults [25] and postpartum women [26],
as well as in anxiety disorder [27] and schizophrenia [28]. On the other hand, elevated
levels of OXT have been observed in several pathological conditions, including Obsessive
Compulsive Disorder (OCD) [29,30], maternal aggression [31], and tumor growth [32].
Numerous experimental and clinical studies suggest that pharmacological modulation of
OXT could be a promising therapeutic approach for the treatment of diseases characterized
by altered OXT expression [27,28,33]. Among the various functions of OXT, we focused
specifically on its relationship with stem cell (SC) differentiation.

SCs are undifferentiated cells characterized by their ability to differentiate into special-
ized cell types and by their capability to self-renew [34]. Due to these biological properties,
SCs play a crucial role in many physiological processes, such as embryonic development,
tissue homeostasis, and the repair of damaged tissue [35,36].

Moreover, SCs are used in biological research to study developmental processes and
disease pathogenesis, and to aid drug discovery [37].

Furthermore, due to their remarkable self-renewing and differentiation abilities, SCs
represent an attractive tool for regenerative medicine, a branch of translational research
aimed at restoring damaged cells, tissues, or organs through cell-based therapy or by
inducing endogenous repair and regeneration processes [38,39]. Different sources of SCs
are available for tissue regeneration. Based on their origin, SCs can be classified into
embryonic SCs (ESCs), fetal SCs, adult SCs, and induced pluripotent SCs (iPSCs), each
differing in their differentiation potential [34,40]. Due to ethical concerns in ESC usage [34]
and to the tumorigenicity risk of the employment of promising iPSCs [41], researchers have
increasingly turned their attention to adult SCs, such as mesenchymal SCs (MSCs), which
are multipotent and naturally present in adult tissues and organs.

Several preclinical and clinical studies demonstrated that SC therapy, particularly
using MSCs, can promote tissue repair in injured organs in vivo. This includes applications
in bone repair, cutaneous wound healing, pulpitis, and ischemic cardiac tissue through SC
differentiation and the secretion of anti-inflammatory molecules [38,42,43].

Therefore, understanding and controlling SC properties, such as proliferation and
differentiation, is one of the main goals of researchers developing cell-based therapies to
treat a wide range of diseases. In this context, growing evidence has revealed that OXT is
an interesting molecule that is able to modulate SC differentiation. OXT stimulates cardiac
differentiation in various SCs [19,44] and promotes chondrogenic commitment [45]. In addi-
tion, OXT improves muscle and liver regeneration [46,47] and enhances neurogenesis [48].
It also stimulates osteogenic differentiation by inhibiting adipogenesis in both human
adipose-derived mesenchymal SCs (ADSCs) and human bone marrow mesenchymal SCs
(BMSCs) [49–52].
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Figure 1. Oxytocin release and its main functions in human tissues and organs. Its 3D molecular
structure (National Institute of Health, NIH) is shown as ball-and-stick model using the Jmol variant
of Corey–Pauling–Koltun (CPK) coloring: gray = carbon; white = hydrogen; red = oxygen; yel-
low = sulfur; blue = nitrogen. CNS, central nervous system; OXTR, oxytocin receptor; OXT, oxytocin;
PVN, paraventricular nucleus; SON, supraoptic nucleus. Individual images were obtained from
BioRender (https://www.biorender.com/, accessed on 23 September 2024).

In this review, we thoroughly examine the current literature discussing the modulatory
role of OXT on mesodermal SC differentiation capacity, focusing on cardiac, myogenic,
adipogenic, osteogenic, chondrogenic, and odontogenic lineages.

2. Search Strategy

The search was performed in March 2024 using the publicly available database
PubMed (National Centre for Biotechnology Information, NCBI, Bethesda, MD, USA).
No filters were applied during this process and the search terms, generated using the Med-
ical Subject Headings (MeSH) database, were combined into the search strings reported
in Figure 2. After an initial screening using the exclusion criteria reported in Figure 2,
original articles relevant to the aim of our review were included. The contributions of the
authors are summarized in the text in chronological order, with some exceptions where
appropriate. In addition, we included tables that report experimental details, such as the
OXT doses, administration methods, and specific results obtained from the studies (see
in the next paragraphs). Furthermore, for easier comprehension, Figure 3 summarizes
the cell types in which OXT has been shown to positively or negatively modulate specific
differentiation processes.
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Figure 2. Flow diagram of PubMed search showing number of articles identified (n), according to the
declared criteria, and analyzed.

Figure 3. Stem cell types that were treated with oxytocin (OXT) and their differentiation programs.
Cells with green arrows are cells prone to differentiation towards the indicated lineages when
treated with OXT; cells with red lines are cells that are unable to differentiate into the indicated
lineages when treated with OXT. h, human; m, mouse; p, porcine; r, rat. ADSCs, adipose-derived
mesenchymal stem cells; BCRP+/CD31− CSP cells, breast cancer resistance protein-positive and
CD31-negative cardiac side population cells; BMSCs, bone marrow mesenchymal stem cells; BSCs,
bovine satellite cells; D3 ESCs, D3 embryonic stem cells; DPSCs, dental pulp stem cells; E14Tg2
ESCs, E14Tg2 embryonic stem cell line; EpiCs, induced pluripotent stem cell-derived epicardial cells;
Sca-1+/Sca-1− cells, Sca-1-positive/negative cells; L6-C5 myoblasts, mononucleated L6 myoblasts,
subclone C5; P19 ESCs, P19 embryonic stem cells; P19Cl6 SCs, P19 clone 6 stem cells; PDLSCs,
periodontal ligament-derived stem cells; Royan B1 ESCs, Royan B1 embryonic stem cells; UCB-MSCs,
umbilical cord-derived mesenchymal stem cells. Individual images were obtained from BioRender
(https://www.biorender.com/, accessed on 23 September 2024).
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3. Oxytocin in Stem Cell Cardiac Differentiation

In 2022, the first study investigating the potential role of OXT in the differentiation pro-
cess was published [53]. The elevated OXT levels observed in the fetal and newborn mouse
heart, when cardiomyocytes show intense hyperplasia, led the authors to hypothesize a
crucial role of this hormone in cardiac differentiation. To test this hypothesis, they used
P19 mouse ESCs (P19 ESCs) and observed that OXT stimulated the cells to start beating by
day 8 of the differentiation protocol, earlier than the cells treated with dimethyl sulfoxide
(DMSO), which is known to promote differentiation into cardiomyocytes by day 12. The
cardiomyocyte phenotype was further confirmed by the increase in the expression of atrial
natriuretic peptide (ANP), sarcomeric myosin heavy chain (MHC), and dihydropyridine receptor
alpha 1 (DHPR-α1), as well as by the presence of abundant mitochondria. Notably, OXT-
treated P19 ESCs showed an increase in the expression of OXTR, while an OXT antagonist
abrogated cardiomyocyte formation, suggesting a key role of OXT in cardiac differentia-
tion [53]. This role was further supported by the presence of high levels of OXT and OXTR
proteins in the developing rat hearts at day 21 of gestation and postnatal days 1–4, when
cardiomyocytes exhibit intense hyperplasia [54].

We noticed that following this study [53], many researchers used OXT and its differ-
entiation capacity to validate the stemness properties of specific cells employed in their
studies. Nonetheless, since these cells had already been confirmed as SCs, the results
reported in these scientific articles were included in this review as further evidence of the
ability of OXT to induce cardiac differentiation. For example, in a study investigating the
stemness of Sca-1-positive (Sca-1+) cells isolated from adult mouse hearts, it was reported
that OXT induced Sca-1+ cells to differentiate into beating cardiomyocytes expressing
cardiac gene and protein markers [55]. On the contrary, in another study, it was observed
that Sca-1+ and Sca-1-negative (Sca-1−) cells isolated from adult mouse skeletal muscle and
exposed to OXT did not differentiate into cardiomyocytes [56]. OXT led to a reduction in
the expression of two cardiac markers, NK2 homeobox 5 (Nkx2.5) and GATA-binding protein 4
(GATA4); this promoted the differentiation of Sca-1+ and Sca-1− cells into adipocytes and
epithelial cells, respectively [56].

Another research group also performed different experiments to demonstrate the SC
properties of the breast cancer resistance protein-positive and CD31-negative (BCRP+/
CD31−) cardiac side population (CSP) cells obtained from neonatal rat hearts [57]. Among
them, the authors treated these cells with OXT and found that it induced the differentiation
of BCRP+/CD31− CSP cells into beating cardiomyocytes after 3 weeks of treatment. These
findings were further confirmed by the increased expression of both cardiac markers, such
as Nkx2.5, GATA4, myocyte-enhancer factor 2C (MEF-2C), and ANP, and of contractile proteins,
including myosin light chain 2v (MLC-2v), cardiac troponin T (cTnT), and sarcomeric α-
actinin [57].

In 2013, OXT was used to assess the differentiation potential of human BCRP+/CD31−
CSP cells, which represent the cardiac resident progenitor cells. However, these cells did
not exhibit spontaneous beating even after 21 days of the differentiation protocol, although
they expressed cTnT protein and showed an increase in the levels of α-MHC mRNA [58],
suggesting that they did not achieve full differentiation.

In 2007, the effect of OXT on murine P19 clone 6 (P19Cl6) cells, a subclone of P19
ESCs, was investigated by several authors, yielding contrasting results. In one research
study [59], it was demonstrated that following OXT treatment, P19Cl6 SCs showed a
beating phenotype and expressed elevated levels of the mRNA of the cardiomyocyte-
specific transcription factor GATA4 as well as MLC-2v protein.

On the other hand, the ability of OXT to induce cardiac differentiation in P19Cl6 SCs
was not replicated in a subsequent study [60], although it was confirmed that OXT induces
cardiac differentiation in P19 ESCs. In fact, the modulation of the mRNA and protein
expression of cardiac markers, such as myosin light chain 2a (MLC-2a), α-MHC, β-MHC, and
cardiac troponin I (cTnI), were observed [60]. The cardiac differentiation of OXT-treated
P19 ESCs was further validated in 2009 [61]. To understand the different behaviors of
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P19 and P19Cl6 SCs during cardiac differentiation, OXTR and its relationship with early
cardiac marker genes, particularly GATA4, were analyzed [60]. The data revealed that
although OXT induced an increase in OXTR levels, it failed to stimulate cardiomyogenic
differentiation in mP19Cl6 SCs, probably because it was unable to properly induce the
expression of GATA4, which is essential for this process [60].

Conversely, in another study, it was demonstrated that OXT promoted spontaneous
beating in both mouse P19 ESCs and the subclone P19Cl6 [62]; the results indicated that
nitric oxide (NO) plays a key role in OXT-mediated cardiogenesis, as evidenced by the
abrogation of OXT effects when NO synthase was inhibited [62]. The role of NO in OXT-
mediated cardiogenic differentiation was also confirmed in 2011 in porcine BMSCs [63].
The study emphasized the importance of treating cells with OXT at early culture passages,
when they express high levels of OXTR transcripts, which increased their responsiveness to
OXT stimulation and improved their differentiation potential [64]. The effects of OXT on the
P19Cl6 SC model were also investigated in another research study [65] where the authors
focused on the cardiac differentiation of P19Cl6 SCs cultured as confluent monolayers or in
aggregates (embryoid bodies, EBs). Interestingly, they found that OXT induced P19Cl6 SCs
to differentiate into cardiomyocytes only when they grew in aggregates, whereas it was
ineffective when the cells were maintained in a monolayer culture. This finding suggests
that cell interactions within EBs influence the cell fate of OXT-treated P19Cl6 SCs [65].

The role of OXT in promoting cardiac differentiation was further demonstrated in
murine Royan B1 ESCs. OXT promoted the early maturation of ESC-derived cardiomy-
ocytes, as evidenced by enhanced chronotropic responses and increased expression of
cardiac markers, such as cTnI. However, no changes in the ultrastructural characteristics of
the cardiomyocytes at any stage of development were observed [66].

In 2008, researchers started to study the involvement of C-terminally extended forms
of OXT in cardiogenesis. These forms are derived from the processing of OXT–neurophysin
precursors in the hypothalamus and act as intermediate prohormones [67]. In particular, the
OXT forms OXT-Gly-Lys-Arg (OXT-GKR), OXT-Gly-Lys (OXT-GK), and OXT-Gly (OXT-G)
were used to treat mouse D3 ESCs. OXT-GKR increased the number of beating cells on
days 5 and 12, which exhibited a ventricular cell phenotype [67]. Similar results were
obtained in cells overexpressing OXT-GKR (OXT-GKR+ cells), which showed increased
expression of GATA4 and MLC-2v mRNAs. Subsequently, it was demonstrated that OXT-
GKR was the dominant form of OXT in newborn rat hearts and it had accumulated
concomitantly with OXTR expression in mouse embryos at day 15 [68]. Moreover, OXT-
GKR induced contracting cell colonies and more efficiently promoted the expression of
ventricular cardiomyocyte markers than OXT and it also reduced the expression of skeletal
muscle markers, such as MEF-2C, myogenin (MyoG), and myogenic differentiation 1 (MyoD)
mRNAs, in P19 ESCs. These findings led to the hypothesis that the C-terminally extended
OXT molecules promote cardiomyocyte differentiation and contribute to heart growth
during fetal life [68].

Therefore, in 2014, the same research group treated BCRP+/CD31− CSP cells with
OXT-GKR [69]. OXT-GKR enhanced cell viability, increased both the formation and size of
cell aggregates, induced synchronized contraction of cells, and stimulated the expression
of cardiomyocyte markers. Moreover, OXT-GKR induced endothelial differentiation by
promoting the formation of a network of tubular cells, the expression of von Willebrand
factor (vWF), and the creation of Weibel–Palade bodies, the storage granules in endothelial
cells [69].

In a study published in 2010, a pro-migratory effect of OXT on umbilical cord blood-
derived MSCs (UCB-MSCs) injected into the myocardium of infarcted rats was reported [70].
In 2012, the same research group evaluated the effect of OXT on UCB-MSCs in vitro [71],
demonstrating that, when exposed to OXT, these cells differentiated into cardiomyocytes
and expressed cardiac gene and protein markers. Moreover, UCB-MSCs co-cultured
with neonatal rat cardiomyocytes subjected to a hypoxia/reoxygenation insult (HR-CMs)
showed enhanced expression of cardiac proteins such as connexin 43 (CX43), cTnI, and
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α-sarcomeric actin (α-SA), indicating that direct contact between UCB-MSCs and HR-CMs
may reinforce the effects of OXT on cardiac differentiation [71]. Similar effects were ob-
served in mouse ADSCs, which differentiated into cardiomyocytes when treated with OXT,
either alone or in combination with relaxin. Notably, the OXT/relaxin combination en-
hanced the effects of OXT [72]. The cardiogenic property of OXT was further demonstrated
in a murine ESC line (E14Tg2) [73]. OXT reduced the expression of the SC marker POU
domain, class 5, transcription factor 1 (OCT4), while it increased the levels of the mesoderm
marker mesoderm posterior 1 (Mesp1) and of cardiogenic markers during the differentiation
process. Interestingly, an upregulation of the expression of the fibroblast growth factor 1
(FGF1) gene was observed, particularly in the FGF1B transcript levels. FGF1 is expressed
in the human fetal heart and plays a role in enhancing cardiac regeneration. Blocking
FGF1 actions or its interaction with its receptor, fibroblast growth factor receptor (FGFR),
led to a reduction in the efficiency of beating cell formation and in the mRNA levels of
cardiomyocyte markers. Moreover, Lin and colleagues observed that inhibiting the FGF1-
FGFR downstream effectors AKT serine/threonine kinase (AKT) or protein kinase C (PKC)
(particularly PKC ε) further impaired cardiac differentiation, demonstrating that FGF1
could regulate cardiogenesis through PKC signaling [73].

Recently, in a study published in 2022 [74], it was demonstrated that OXT stimulated
epicardial cell proliferation, induced epithelial-to-mesenchymal transition (EMT), and
increased the transcriptional activity in human induced pluripotent stem cell-derived
epicardial cells (hEpiCs). These findings suggested that OXT induces the activation of
epicardial cells to a progenitor-like state (hEpiPCs); these multipotent cells play a crucial
role in cardiac regeneration after injury, as they can differentiate into various cardiac
lineages [74]. The role of OXT in enhancing epicardial cell function was confirmed in a
zebrafish model, where OXT levels increased following cardiac cryoinjury. OXT contributed,
through the involvement of the transforming growth factor beta (TGF-β) pathway, to
epicardial activation and heart regeneration. Furthermore, the authors demonstrated that
OXT signaling plays a crucial role in the development of the epicardium in zebrafish
embryos [74].

Overall, the studies mentioned above highlight the role of OXT as a key inducer of
cardiogenic differentiation in various SC types (Figure 3 and Table 1).
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4. Oxytocin in Stem Cell Myogenic Differentiation

It is known that OXT exerts anabolic effects on muscle tissue [20,75]. The first study
to assess the role of the neurohypophysial nonapeptide arginine8-vasopressin (AVP) and
its analogue OXT in myogenic differentiation was conducted in 1995 [76]. In this study,
rat mononucleated L6 myoblast cells, subclone C5 (L6-C5), stimulated with OXT acquired
multinucleated myotube phenotypic characteristics; the resulting myotubes were larger
than those formed in the absence of OXT or AVP and had central nuclei. In addition, the
myogenic differentiation capacity of OXT was confirmed at the molecular level by the
increased expression of myosin protein [76].

The contribution of the OXT–OXTR pathway to myogenic differentiation was further
demonstrated in myoblasts derived from human satellite cells [77]. Myoblasts treated with
OXT, AVP, or [Thr(4)Gly(7)]OXT had activated OXTR signaling and showed an increase in
the number of fused myoblasts and in the formation of cultured myotubes; this evidence
supports the hypothesis that OXT acts in a paracrine/autocrine fashion to stimulate human
myoblast fusion [77]. In 2014, the role of OXT in mice skeletal muscles and in their satellite
cells was investigated [46]. The findings revealed a decrease in plasma OXT levels in old
mice, while OXTR levels in skeletal muscles remained similar between young and old
mice. However, a reduction in OXTR expression was observed in old satellite cells. OXT
administration improved the capacity of old mice to form new muscle fibers, restoring it to
levels comparable to those of young mice, suggesting that OXT administration ameliorated
muscle healing in old mice. Moreover, the OXT treatment, by activating the mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway,
increased the proliferation ability of satellite cells in young mice and restored both the
proliferation and myogenic differentiation abilities of satellite cells in old mice, as evidenced
by the increase in the myogenic fusion index [46].

On the contrary, another study demonstrated that OXT did not influence myogenic
fate [78]: murine C2C12 myoblasts were exposed to a chronic treatment with OXT, either
alone or in combination with 17β-estradiol (E2), for 7 days during myocyte differentia-
tion [78]. Neither molecule alone or in combination influenced the myotube fusion index,
as well as the expression of the myogenic regulatory factor (MRF) or MHC genes in differ-
entiated cells [78]. In another study, while the researchers were studying the effect of
5-azacytidine on human BMSCs cultured on polycaprolactone electrospun fibers for muscle
regeneration, they observed that OXT did not affect myogenesis differentiation except
when the cells were cultured in the presence of the scaffold, where a positive effect of OXT
was observed [79].

In another study [80], the effects of OXT and other steroid hormones on the prolif-
eration and differentiation abilities of bovine satellite cells (BSCs) were compared. OXT
was found to increase the fusion index, reduce the number of apoptotic nuclei, enhance
BSC migration ability, and upregulate the expression of both MyoD and MyoG mRNAs.
Similar effects were observed in the steroid hormone-treated cells, which increased OXT
mRNA levels, leading to the hypothesis of a key role of OXT in myogenesis [80]. The results
described above are summarized in Figure 3 and Table 2.
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5. Oxytocin in Stem Cell Adipogenic, Osteogenic, and Odontogenic Differentiation

Osteoblasts and adipocytes originate from the same mesenchymal precursor cells, and
an inverse relationship exists between these two lineages. In osteoporosis, bone loss is
associated with an increase in bone marrow adipose tissue resulting from the production
of adipocytes at the expense of osteoblasts [50]. Thus, identifying signaling pathways
that promote MSC osteogenesis and reduce adipogenesis is crucial for reinforcing bone
regeneration treatments.

The first study to investigate the role of OXT in these two processes [49] demonstrated
that OXT promoted osteoblast differentiation and inhibited adipocyte commitment in both
human ADSCs and BMSCs. The authors also speculated that ERK activation might be
involved in the OXT-driven differentiation process, while ruling out the involvement of the
Ras homolog family member A (RhoA) pathway. Consistent with these findings, ovariec-
tomized (OVX) mice and rats showed a significant decrease in OXT levels, an osteoporotic
phenotype, as well as an increase in bone marrow adiposity and an upregulation in the
expression of fatty acid-binding protein 4 (FABP4) mRNA, a marker of adipogenesis; these
effects were reverted by subcutaneous OXT injections [49]. In another study [81], OVX
rats received two implants at the distal femoral metaphysis; the subcutaneous injection of
OXT administered after surgery resulting in an enhanced relative bone volume around
the implant, an improved percent implant osseointegration, and an increased maximum
push-out force and bone mass. These findings indicated that OXT promoted peri-implant
bone healing and counteracted the negative effects of osteoporosis.

Consistent with the data obtained in mice, elevated levels of osteoporosis accompanied
by increased adipose tissue were observed in rabbits treated with glucocorticoids [82].
OXT treatment reversed the glucocorticoid-induced marrow adiposity and prevented the
osteoporosis induced by glucocorticoids.

The inverse relationship between the two lineages was also recently observed in
human ADSCs [83]. OXT clearly promoted osteogenic differentiation and either had no
effect or sometimes reduced adipogenic differentiation in ADSCs. Moreover, an increase in
the expression of the autophagy marker genes Beclin 1 (BECN1) and Microtubule-Associated
Protein 1 Light Chain 3 alpha (MAP1LC3A) was observed at the onset of the osteogenesis,
suggesting a role of autophagy in OXT-induced osteogenesis.

Alongside the studies evaluating the effects of OXT in both adipogenesis and osteoge-
nesis, several studies have focused on the role of OXT in only one of these two processes.
Regarding adipogenesis, it was observed that Sca-1+ cells, previously investigated for their
cardiogenic differentiation potential, were able to differentiate into adipocytes when treated
with OXT [56].

On the contrary, the data reported in another study showed that OXT did not affect
the adipogenic differentiation of mP19 ESCs [61].

Further insights into OXT’s involvement in adipogenesis were further provided by
a study focused on the evaluation of OXTR mRNA expression during the adipocyte
differentiation process [84]. The authors found that OXTR mRNA levels were higher in
adipocytes derived from mouse adipose tissues compared to vascular stromal cells, and
they increased during 3T3-L1 adipocyte differentiation [84].

In addition, it was shown that OXTR mRNA expression was higher in older mice and
in mice fed with a high-fat diet; moreover, OXT induced lipolysis in 3T3-L1 adipocytes,
suggesting a role of OXTR in the regulation of both adipocyte differentiation and fat
accumulation [84]. Notably, the effects of OXT on fat and metabolism have also been
reported in in vivo models [85,86].

In a study investigating the role of OXT in osteogenesis, it was demonstrated that OXT
promoted osteogenic differentiation in BMSCs derived from both cyclic adult (12 months
old) and acyclic aging (24 months old) female Wistar rats cultured in osteogenic medium.
OXT treatment led to an increase in the expression of both OXT and OXTR, and antici-
pated mineralization, and enhanced the gene expression of bone morphogenetic protein 2
(BMP2), bone sialoprotein (BSP), osteopontin (OPN), and osteocalcin (OCN) in both rat popula-
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tions [87]. Consistent with these findings, OXT also promoted osteogenic differentiation in
human periodontal ligament SCs (PDLSCs) [51]. PDLSCs, which express OXTR, increased
their migration and proliferation ability upon OXT treatment; in addition, OXT enhanced
mineralized nodule formation and calcium deposition and significantly upregulated the
expression of osteogenesis-related markers, such as alkaline phosphatase (ALP), collagen I (Col
I), runt-related transcription factor 2 (RUNX2), OPN, and OCN. Finally, the authors suggested
that OXT exerts its function through the phosphorylation of ERK and AKT proteins [51].

Another study partially challenges the previously reported findings [88]: here, human
dental pulp-derived stromal cells (DPSCs) were shown to express OXTR [89]. Upon
blocking OXTR using specific antagonists or siRNA, the authors observed an increase in
calcium deposition and in the expression of markers of osteogenic (BMP2, OPN, OCN,
and RUNX2) and odontogenic processes (dentin matrix acidic phosphoprotein 1, DMP1, and
dentin sialophosphoprotein, DSPP), depending on whether OXT was used together with the
osteogenic induction medium or in the basal culture medium [88]. Surprisingly, treatment
of the DPSCs with OXT still resulted in an increase in osteogenic differentiation, albeit to a
lesser extent.

Moreover, it was found that OXTR is involved in extracellular matrix (ECM) remod-
eling through modulating the expression of genes related to ECM homeostasis, probably
through the Yes-associated protein (YAP) signaling pathway [88]. The results on adipogen-
esis, osteogenesis, and odontogenesis in cells treated with OXT are summarized in Figure 3
and Table 3.
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6. Oxytocin in Stem Cell Chondrogenic Differentiation

The relationship between OXT and chondrogenesis was investigated in a recent study
aimed at understanding whether OXT plays a role in osteoarthritis (OA) [45].

Considering the previously reported findings that demonstrated OXTR expression in
chondrocytes and its reduction in patients with OA, along with evidence that OXT treatment
restored levels of collagen type II (Col II), which were diminished by OA or specific
treatments [87,90], a comprehensive research study, using human ADSCs and BMSCs, was
conducted to demonstrate the positive effects of OXT treatment on chondrogenesis [45].
These cells are known to express OXTR and to undergo osteogenic differentiation at the
expense of adipogenic differentiation when treated with OXT. When exposed to OXT
in the presence of chondrogenic medium, these cells increased the glycosaminoglycan
content in the extracellular environment, and increased the expression of aggrecan (ACAN),
cartilage oligomeric matrix protein (COMP), SRY-related HMG-box gene 9 (Sox9), and collagen
type X (Col X); in contrast, OXT treatment reduced the expression of the fibrous tissue
marker collagen type I αlpha 1 chain (COL1A1) [45]. Also, in a 3D cell pellet culture model
used to mimic the in vivo cellular condensation process, differentiated human ADSCs
expressed chondrogenic markers. Cells cultured with OXT expressed Sox9 and Col II
proteins, indicating the formation of a dense filamentous matrix network surrounding the
cells [45]. These findings suggested a role of OXT in chondrogenic differentiation. The
results on chondrogenesis in cells treated with OXT are summarized in Figure 3 and Table 3.

7. Conclusions

In this review, we highlighted the role of OXT in SC differentiation. OXT influences
SC commitment toward various mesodermal lineages, such as cardiac, adipogenic, and
osteogenic lineages. The activation of specific differentiation processes mediated by OXT
has not yet been fully elucidated. OXT mainly exerts its effects through OXTR, which in-
duces several cellular responses in a cell type-dependent manner [91]. Among these, OXTR
stimulates the activation of phospholipase C (PLC), which in turn increases intracellular
Ca2+ mobilization [19]. Ca2+ acts as second messenger and is involved in a wide range of
processes relevant for the maintenance of SC properties and differentiation [92].

For instance, Ca2+ regulates adipocyte differentiation and has different effects at early
or late stages of the process [93], and plays a key role in cardiogenic and osteogenic dif-
ferentiation [94,95]. It was postulated that Ca2+ can regulate SC differentiation by acting
on two important processes: epigenetic processes and metabolism [90]. Both processes
are controlled in a highly specific manner across various SC types and are essential for
maintaining SC identity and facilitating differentiation [92]. The studies available in the
literature demonstrating the effects of OXT in SC commitment provide limited insight
about the molecular mechanism mediated by the OXT–OXTR pathway. Thus, deeply
understanding the molecular pathways activated by the OXT–OXTR pathway in the differ-
entiation of specific SCs could be valuable for the modulation of this process in SCs and for
the development of potential therapeutic applications in regenerative medicine.

Unraveling these mechanisms is not only essential for advancing regenerative thera-
pies, but also for understanding how OXT might influence SC differentiation during the
development of organs, such as the heart. This knowledge could open new perspectives for
managing neonatal complications and enable early interventions in cardiovascular diseases.
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Abstract: Prader–Willi Syndrome (PWS) is a rare genetic disorder typically characterized by decreased
social interaction, hyperphagia, poor behavioral control and temper tantrums, together with a high
risk of morbid obesity unless food intake is controlled. The genetic defects that cause PWS include
paternal 15q deletion (estimated in 60% of cases), chromosome 15 maternal uniparental disomy (UPD)
(estimated in 35% of cases) and imprinting defects and translocations. Several studies indicate an
oxytocin deficiency in PWS. Oxytocin is a hypothalamic nonapeptide with receptors located in the
brain and in various other tissues in the body. It acts as a neuropeptide in several brain areas of great
importance for behavioral and metabolic effects, as well as a neurohypophyseal hormone released
into the circulation. Oxytocin in both rats and humans has strong and long-lasting behavioral and
metabolic effects. Thus, an oxytocin deficiency might be involved in several of the behavioral and
metabolic symptoms characterizing PWS. Treatment with oxytocin has, in some studies, shown
improvement in psycho-social behavior and hyperphagia in individuals with PWS. This review focus
on the behavioral and metabolic effects of oxytocin, the symptoms of a potential oxytocin deficiency
in PWS and the effects of oxytocin treatment.

Keywords: PWS; oxytocin; metabolism; weight; behavior; social interaction; hyperphagia

1. Introduction

Prader–Willi syndrome (PWS) is a rare, genetic, neurodevelopmental disorder with
a complex phenotype. It occurs in approximately 1 in 10,000 to 1 in 30,000 births and is
caused by a defect in the paternal expression of imprinted genes in chromosome 15 in the
region q11–13. The most common defect (60%) is paternal deletion, followed by maternal
disomy (35%). The remaining defects are imprinting defects, translocations, or inversions.
The majority of cases occur spontaneously, and the incidence is anticipated to be the same
worldwide, although data are only available for a few countries. PWS is characterized
by muscular hypotonia, motor, and cognitive developmental delays, mild to moderate
intellectual disability, behavioral problems, including anxiety, compulsive and controlling
behavior and temper outbursts. Hormone deficiencies are common, in particular, hypog-
onadism and growth hormone (GH) deficiency, leading to a short stature unless GH is
administered during childhood. Most infants with PWS have feeding problems, which are
switched to hyperphagia at the age of 4 to 6 years. Body composition is abnormal with
more body fat than muscle mass, and the metabolic rate is low. Due to the hyperphagia,
a strict diet and supervised food intake are mandatory to prevent extreme obesity and
related comorbidity [1].

PWS is believed to be a hypothalamic disease, and studies of postmortem brain tissue
from adults with PWS have shown a 42% decrease in number and a 54% decrease in volume
of oxytocin-expressing neurons in the paraventricular nucleus (PVN) of the hypothalamus
suggested to be the cause for the insatiable hunger and decreased satiety in PWS [2,3].
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Very low concentrations of oxytocin in lymphoblastoid cells and in postmortem frontal
cortex tissue were also demonstrated [4]. Thus, low plasma levels of oxytocin would be
expected, but oxytocin is often reported to be increased in children with PWS. In a study of
plasma levels of oxytocin, 23 children with PWS were compared with 18 healthy unrelated
siblings matched for age and with a similar gender ratio and BMI. The children with PWS
were found to have more than twice as high levels of plasma oxytocin as compared to
unrelated siblings [5], and analyses of serum oxytocin in adults with PWS showed similar
concentrations as in controls, but, in relation to their obesity, the concentrations were low [6].
In addition, analyses of oxytocin in cerebrospinal fluid showed higher concentrations in
adolescents and adults with PWS compared to the controls [7].

The 15q11–13 region contains both protein-coding DNA genes and non-coding RNA
genes. Mutations or deletions of genes in this region (Magel2 and Necdin) are in mouse
models associated with hypotonia, developmental delay, hypogonadism, hyperphagia
and impaired social skills. A pronounced dysregulation of the signaling pathways for
oxytocin has been shown in a mouse model of PWS, and, in this model, an early postnatal
administration of oxytocin improved social behavior [8].

In humans with PWS, several trials studying the intranasal administration of oxytocin
have been performed. The study cohorts varied regarding age, oxytocin dose and gender,
and the studies have shown varying degrees of efficacy on hyperphagia, anxiousness,
distress and social behavior. In a recent systematic review and meta-analysis on the efficacy
of intranasal oxytocin in individuals with PWS, four studies with 56 individuals receiving
oxytocin, and 61 individuals receiving placebo, were included [9]. Pooled data from
92 individuals did not show a better effect of oxytocin on hyperphagia compared to
placebo. In the same meta-analysis, pooled data from 94 individuals showed that the effect
of oxytocin on weight was not different from placebo. However, in studies of children
<11 years, oxytocin significantly reduced hyperphagia, especially in boys, whereas no effect
was observed in individuals between 13 and 29 years suggesting a better effect in younger
children [9].

Oxytocin is a neurotransmitter and neurohypophyseal hormone. Besides the classical
effects on uterine contraction and milk ejection during labor and breastfeeding, oxytocin
has many other effects. Oxytocin has behavioral and metabolic effects in both sexes and
has been suggested to influence, for example, anxiety and compulsive and social behavior,
as well as eating behavior. It also interacts with a number of other neuropeptides and
hormones of importance for behavior and metabolism. Thus, a decrease or change in
oxytocin synthesis or distribution could be involved in several of the symptoms in PWS
described above. In the present review, similarities between low levels of oxytocin and
symptoms in PWS and their possible relationships will be discussed.

2. Clinical Features and Nutritional Phases in PWS

PWS is a multisymptomatic syndrome with clinical features varying with age
(Table 1) [10,11]. Typical dysmorphic features include a long narrow face, narrow bifrontal
diameter, almond-shaped palpebral fissures, and a small mouth with a thin upper lip,
small feet for height and age and small narrow hands with a straight ulnar border. The
neonatal period is characterized by profound muscular hypotonia, a poor sucking reflex
and failure to thrive. During infancy, muscular hypotonia improves, and a mild to moder-
ate intellectual dysfunction and delayed psychomotor development become increasingly
apparent along with impaired skeletal growth. Central and obstructive sleep apnea as well
as excessive daytime sleepiness are common. During childhood, hyperphagia develops
and a constantly supervised and restricted diet together with scheduled daily physical
activities are necessary to avoid morbid obesity. Body composition is abnormal in PWS with
more body fat than lean body mass. Most patients with PWS have genital hypoplasia and
hypogonadism, which can be of both primary gonadal and hypothalamic origin. Delayed
and incomplete pubertal development is common, and a decreased or absent growth spurt
results in reduced final adult height. Typically starting in childhood are temper tantrums,
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a stubborn and controlling behavior, compulsive–obsessive features and a very strong
preference for routines. Psychiatric and behavioral problems become more prominent with
increasing age and are, together with the patient’s hyperphagia and cognitive disabilities,
the main limitations to independent living for adults with PWS.

Table 1. Most frequent characteristics of PWS.

Behavioral challenges Feeding difficulties and failure to thrive in infancy

Hyperphagia

Poor social skills

Temper outbursts

Anxiety

Compulsive behaviors

Cognition/intellectual capacity Mild to moderate intellectual and cognitive dysfunction

Physical features Profound hypotonia in infancy

Short stature

Genital hypoplasia

Obesity

Endocrine changes Growth hormone deficiency

Hypogonadism

PWS is characterized by severe hypotonia and failure to thrive in infancy, which is
replaced by progressive hyperphagia and a high risk of development of morbid obesity.
For many years, only those two nutritional phases were believed to be present in PWS.
However, in 2011, Miller et al. described seven different nutritional phases, five main
phases and two sub-phases [12]. This description of the nutritional phases in PWS has
greatly improved our understanding of its natural history. Briefly, phase 0 occurs in utero,
with decreased fetal movements and growth restriction. In phase 1, the infant is hypotonic
and not obese. In sub-phase 1a, the infant has difficulty eating with or without failure
to thrive (birth to 15 months). In sub-phase 1b, the infant grows steadily, and weight
is increasing at a normal rate (the median age of onset: 9 months). In phase 2, weight
increases. In sub-phase 2a, the weight increases without a significant change in appetite or
caloric intake (the median age of onset: 2 years), while, in sub-phase 2b, the weight gain is
associated with an increased interest in food (the median age of onset: 4.5 years). Phase 3 is
characterized by hyperphagia, with the typical food-seeking behavior and a lack of satiety
(the median age of onset: 8 years). Some adults progress to phase 4 where the appetite is
no longer insatiable. PWS is a complex model to study and understand the development
of obesity and appetite regulation due to the different nutritional phases that individuals
with PWS undergo, from anorexia and failure to thrive in phase 1a to hyperphagia and the
lack of satiety in phase 3.

3. Oxytocin

Oxytocin is a nonapeptide produced within two hypothalamic nuclei, the supraoptical
nucleus (SON) and the PVN. There is a broad spectrum of nerves connecting the neurons
within the PVN with neurons in several brain areas including other parts of the hypothala-
mus such as the ventromedial nucleus and the arcuate nucleus and the brainstem where
also oxytocin receptors are located. Oxytocin receptors are also found in many other areas
within the body for example the endocrine pancreas, the adipose tissue, liver, muscles as
well as the gastrointestinal tract [13–17].

In addition to being released during parturition and breastfeeding oxytocin is released
in response to a number of other stimuli, induces a multitude of effects and influences
several other hormones and neurotransmitters. Besides being released as a hormone from
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the neurohypophysis, oxytocin is as mentioned above, released into the brain and then not
only from the axon into the synaptic cleft but also from the dendrites spreading oxytocin in
the extracellular fluid making it possible to reach larger areas. It has even been shown that
oxytocin may be produced within the dendrites [18].

Oxytocin is measurable in human plasma but of importance to remember is that
concentrations in peripheral blood do not always reflect the concentrations within the CNS
or the cerebrospinal fluid.

In this review we will focus on the effects of oxytocin on metabolism and behavior.
Such effects were demonstrated during the 1960s–1980s, when oxytocin was reported to
induce maternal and sexual behavior, to influence feeding and foraging, gluconeogenesis
and glucogenolysis, as well as the release of insulin and several gastrointestinal hormones
(for a review see for example [19,20].

4. Oxytocin and Metabolism

Oxytocin may, during certain circumstances, induce insulin-like effects where it stimu-
lates glucose uptake, as well as lipogenesis, through effects on oxytocin receptors in the
adipose tissue [13,21,22]. On the other hand, oxytocin has also been demonstrated to be
released in response to hypoglycemia and to increase blood glucose [21,23] by stimulating
both glycogenolysis and gluconeogenesis [24,25], and it may also stimulate lipolysis [26].
Interestingly, the effect on lipolysis has been suggested to be induced by a subpopula-
tion of oxytocinergic neurons located in the adipose tissue interacting with noradrenaline
release [26].

Oxytocin has also been demonstrated to release insulin through effects within the
endocrine pancreas [27] and the dorsal motor nucleus (DMX) [28]. However, an opposite
effect on insulin release has been demonstrated when oxytocin is injected into the dorsal
vagal complex (DVC) where oxytocin decreases insulin [29]. In rats, the increase in glucose
and glucagon during suckling was attenuated in response to an oxytocin antagonist [28]. It
is reasonable that oxytocin may have dual effects on metabolism: one during breastfeeding
and another during nonpregnant/nonbreastfeeding states, and it has been suggested that
oxytocin may take part in the mobilization and transfer of energy in the production of
milk during lactation [30]. Oxytocin increases the proliferation and differentiation of
osteoblasts [31,32], and, in muscles, oxytocin seems to have both anabolic and protective
effects [33]. An anabolic effect of oxytocin on bone and muscles during breastfeeding
might serve to protect the breastfeeding mother against a too large breakdown of bone
and muscles during this period with high prolactin and decreased estrogen levels. In a
short-term perspective, both the stimulating and inhibiting effects of oxytocin on the release
of GH and insulin-like growth factor-1 (IGF-1) have been demonstrated, but, in a long-term
perspective, oxytocin seems to increase the plasma levels of IGF-1 [34,35].

Similarly, opposite effects of oxytocin have been reported on food intake and weight
gain. In female rats, these effects are dependent on estrogen levels, dose and the route of
administration [36,37].

In ovariectomized (OVX) rats, a decrease in weight in response to oxytocin has been
demonstrated [38,39]. In humans, lower levels of oxytocin were found in postmenopausal
women compared to premenopausal women and in obese women compared to women
of normal weight [40]. Several recent studies have focused on oxytocin as a weight re-
ducing hormone, changing metabolism, decreasing food intake and increasing energy
expenditure [41]. However, from a physiological point of view this would not be advanta-
geous during pregnancy and breastfeeding, but, as discussed above, oxytocin might have
different effects depending on the situation and hormonal background.

Oxytocin receptors and oxytocinergic neurons projecting to other areas within the
hypothalamus and the brainstem have been demonstrated, and, within these areas, oxy-
tocin can influence metabolism through effects on other hormones and neurotransmitters,
as well as the activity within the autonomic nervous system. Within the hypothalamus,
oxytocinergic neurons reach other nuclei of importance for metabolism such as the ventro-
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medial hypothalamic nucleus and the arcuate nuclei, and, in the brainstem, both vagal and
sympathetic areas are reached by the oxytocinergic neurons where oxytocin receptors are
also located. Within the hypothalamus, oxytocin has also been demonstrated to be released
from somatodendrites spreading oxytocin within this area [14,16,42]. Oxytocin receptors
are widespread in the periphery and present in, for example, the liver and the gastroin-
testinal tract, the endocrine part of the pancreas and muscles, as well as adipocytes [14–17].
The increase in metabolism and decrease in food intake have been suggested to be induced
by an increase in activity within the sympathetic nervous system [41]. Indeed, in a mouse
model deficient in oxytocin receptors, a low sympathetic tone and increased weight without
an increase in food intake were seen [43]. An increase in activity within the sympathetic
nervous system related to oxytocin might be true during certain circumstances, although, in
contrast, oxytocin is also referred to as an anti-stress hormone since it decreases blood pres-
sure and the activity within the hypothalamic–pituitary–adrenal (HPA)-axis. Additionally,
during breastfeeding, oxytocin increases vagal nerve activity. Moreover, in rats, oxytocin
decreases the activity within the locus coeruleus and increases the responsiveness of alpha
2-adrenoreceptors [44–46]. When oxytocin is administered postnatally to rats, a lifelong
change with lower blood pressure and increased responsiveness of alpha 2-adrenoreceptors
have been reported, while changes in weight seem to depend on sex and strain [47–49].

In hypothalamus, both the melanocyte stimulating hormone (MSH) and leptin have
been demonstrated to affect oxytocin release from the PVN [50,51]. There seems also to
be correlations and interactions between GLP-1 and oxytocin [52,53]. When oxytocin was
administered to rats, an increase in the hunger hormone ghrelin [54] and lower levels
of thyroid hormones have been reported [55]. In contrast, individuals with PWS have
higher ghrelin levels and, more frequently, a central hypothyreosis compared to non-PWS
individuals. Concerning the effects of oxytocin on body weight, conflicting results have
been described in an overview of studies of oxytocin in humans [41]. Interestingly, in
a study on obese non-PWS individuals treated with oxytocin intranasally four times a
day for 8 weeks, weight decreased significantly, with the most pronounced weight loss
in the most obese individuals. In individuals with a normal BMI, no weight loss was
seen [56]. Furthermore, in diabetic mice, oxytocin administration decreased weight and
food intake and improved glucose and fat metabolism. Meanwhile, his was not observed
in non-diabetic controls [57].

Thus, as discussed above, oxytocin might have different metabolic effects depending
on the physiological and experimental context. Effects may differ, for example, depending
on time, gender, age, other hormones or stress, as well as if the individual is in a fed or
fasting state.

In PWS, metabolism is decreased, and body composition is different, with more body
fat than lean body mass, while glucose metabolism is usually normal [10]. It is likely that
oxytocin, through various central and peripheral effects, plays a role for at least some of
the symptoms seen in PWS, although there are several other hormones that are stronger
regulators of metabolism.

5. Oxytocin and Behavior

The first behavioral effects of oxytocin that were described were the effects on maternal
behavior and bonding between mother and offspring/child [58,59]. Oxytocin is released
not only in response to the milk ejection reflex but also in response to the early skin-to-skin
contact between mother and child, which are important for the bonding. A similar release
of oxytocin in response to skin-to-skin contact has been demonstrated also in fathers [60,61].

As discussed above, in relation to the effects of oxytocin on metabolism and weight,
likewise, oxytocin seems to have dual effects also in some aspects of behavior. In rats, oxy-
tocin can induce both anxiolytic-like and sedative effects depending on dose and the route
of administration but also depending on the stage of the estrous cycle [37,62], and oxytocin
administered postnatally to pigs and rats induces lifelong behavioral changes [47,49,63].
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In rats and mice, oxytocin induces grooming, sexual and social behavior, and it
decreases aggression. Animal studies suggest that oxytocin increases social interaction by
decreasing activity within the amygdala. In an animal model of depression, oxytocin has
been found to induce similar effects as antidepressant medication [64].

There are many studies indicating that oxytocin plays a role for several behaviors
in humans since oxytocin levels have been demonstrated to be associated with social
behavior, anxiety, sexual activity, depression, trust and decision making (for reviews, see,
for example [19,65]).

Oxytocin levels are lower in female patients with depression [66], and, in some but
not all studies, oxytocin has been reported to improve depression [67–69].

In 2005, Kosfeld et al. showed that oxytocin administered intranasally could increase
trust in humans, and, approximately ten years later, Lambert al. used an MRI to demon-
strate that oxytocin affects decision making [70,71].

In another experimental setting, children exposed to a situation of social stress were
tested. As a result, the children who could see or hear their mother’s voice had higher
levels of oxytocin and lower levels of cortisol compared to the children who had no contact
with their mother [72].

Oxytocin has also been suggested to play a role in the symptoms related to autism
spectrum disorders [73], and, interestingly, oxytocin was found to reduce increased ac-
tivity in the amygdala in response to angry faces in participants with autism-spectrum
disorders [74].

In a meta-analysis [75], lower oxytocin levels were found in children but not in
adolescents with autism, and, in some studies, the administration of oxytocin was reported
to improve social behavior in these individuals. In a mouse model of autism, oxytocin
administered neonatally restored social behavior [76].

The above-mentioned effects might be induced by oxytocin itself, but it could also
involve other hormones and neurotransmitters. Oxytocin neurons reach several brain areas
of importance for behavior such as the frontal cortex, the amygdala, the hippocampus and
the bed nucleus of the stria terminalis where oxytocin receptors are expressed [14,16].

For example, oxytocin increases the activity within 5HT1a/5HT2a and 5HT2c-
receptors [77–79], as well as the responsiveness of alpha 2-adrenoreceptors, and decreases
the activity within the HPA axis. In rats, oxytocin can affect the number of glucocorticoid
receptors within for example the hippocampus [80].

In addition, oxytocin may influence dopaminergic receptors and dopaminergic trans-
mission [81], and the effect on anxiety by oxytocin has been suggested to involve GABA-A-
receptors [82].

It could be speculated that a deficiency or change in oxytocin levels or signaling
might explain some of the behavioral challenges seen in PWS. Low levels of oxytocin are
associated with anxiety, less social interaction, and less calmness, all behaviors common
in PWS. In addition, individuals with PWS have changes in their GABA-A-receptors, a
lower activity within the HPA axis and the serotoninergic transmission where especially
the 5HT2C-receptors have been thought to play a role in PWS [83]. Similar changes have
also been linked to oxytocin levels or oxytocin administration as discussed above.

In accordance with the effect of oxytocin administered early in life that were discussed
above, oxytocin administered within 5 min after birth in a mouse model of PWS induced
long-term changes since it normalized both learning and memory as well as social cognition
in the mice [84]. Altogether, the behavioral alterations in PWS and the effects of oxytocin
observed on those have been a great inspiration for clinical trials of oxytocin in PWS, as
described below.

6. Clinical Trials in PWS

6.1. Clinical Trials on the Use of Oxytocin in PWS

The first clinical trial of oxytocin in PWS was performed by Tauber et al. in 2011.
Twenty-four individuals, with a median age of 28.5 years, were included. Every individual
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received a single dose (24 IU) of either oxytocin or a placebo. A questionnaire was devel-
oped to assess ten social and emotional behaviors, with four questions to assess eating
behavior. A first assessment of the individual’s behavior was performed two days before
drug administration, a second at 12 h after administration for evaluation of early effects
and a third at two days after drug administration for an evaluation of late effects. There
was no difference between the two groups before drug administration, but a significant
increase in trust and tendencies to be less sad and conduct disruptive behavior was seen
two days after oxytocin administration. No statistical difference was observed in the eating
behavior scores between the groups, but there was improvement in social skills in the
oxytocin-treated group [85].

In 2014, Einfeld et al. reported on a study of 30 individuals with PWS included in
an 18-week double-blind, randomized, placebo-controlled trial with an intranasal use
of oxytocin to examine its effect on physical, behavioral, and cognitive function. For
the assessments, the Developmental Behavior Checklist (DBC), the Yale–Brown Obsessive
Compulsive Scale (Y-BOCS), the Dykens Hyperphagia Questionnaire, the Reading the Mind
in the Eyes Test (RMET) and the Epworth Sleepiness Scale (ESS) were used. Two different
doses of oxytocin were administered for 8 weeks according to the age of the individuals.
Individuals aged 16 years and above (n = 11) received 24 IU twice daily, and individuals
between 13 and 15 years received 18 IU twice daily. This period was followed by a
two-week washout period. For the following eight weeks, the dose was increased to 40 IU
twice daily for individuals older than 16 years (n = 18) and 32 IU twice daily for individuals
between 13 and 15 years. The study did not show improvement in behavioral problems or
in hyperphagia in response to the oxytocin treatment. Unexpectedly, an increase in temper
outbursts was noted with higher doses of oxytocin [86].

In 2016, in a randomized, double-blind, placebo-controlled, cross-over study con-
ducted on 25 children with PWS was performed by Kuppens et al. The aim was to examine
the effect of oxytocin on eating and social behavior. For the assessments, the Dykens
Hyperphagia Questionnaire and the Oxytocin Study Questionnaire were used. Depend-
ing on the age, the participants received either oxytocin 24–48 IU or a placebo divided
in two daily doses for four weeks. They then crossed over to the opposite treatment for
another four weeks. The analyses of children <11 years compared to children >11 years
did not show any differences between treatment with oxytocin or placebo. However, in
children <11 years, oxytocin compared to a placebo had beneficial effects on hyperphagia
and social behavior, and the children showed less anger and sadness [87].

In 2017, Miller et al. conducted a double-blind, placebo-controlled, cross-over trial
in 24 children, 5 to 12 years old, with PWS. The participants received 16 IU of intranasal
oxytocin or a placebo for five days, followed by a four-week washout period, and then
they switched to the opposite treatment for another five days. The Aberrant Behavior
Checklist, Social Responsiveness Scale (SRS-P), Repetitive Behavior Scale—Revised (RBS-
R), Hyperphagia Questionnaire, and the Clinical Global Impression (CGI) scale were used
to evaluate hyperphagia and other behaviors. The authors concluded that a five-day
treatment with a low dose of oxytocin in children was safe, and, compared to the placebo
treatment, improvements were noted in anxiety and self-injurious behaviors [88].

In 2017, Tauber et al. reported results from a single dose of intranasal oxytocin
administered to infants less than six months of age. Sucking and swallowing were examined
before and after the oxytocin administration by using the Neonatal Oral Motor Assessment
Scale (NOMAS), video fluoroscopy of swallowing, and the Clinical Global Impression
(CGI) scale. Oxytocin was well tolerated, with no side effects noted during the seven days
of treatment, and oxytocin improved oral feeding and social skills [89].

In 2021, Damen et al. performed a randomized, double-blind, placebo-controlled,
cross-over study on the effects of oxytocin versus the placebo treatment for three months in
children with PWS to investigate changes in social behaviors and hyperphagia, with differ-
ences between males and females and between PWS molecular genetic classes. The social
and eating behaviors were evaluated with the Oxytocin Study Questionnaire, the Dykens
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Hyperphagia Questionnaire and the RBS-R. Forty-six children with PWS, 3 to 11 years old,
were randomized to intranasal oxytocin 16–40 IU or a placebo daily divided in two doses
for three months. No significant effects on hyperphagia or social behavior were seen.
However, subanalyses showed a more pronounced effect of oxytocin on hyperphagia in
individuals with 15q11-q13 deletions and in boys [90].

In another study the same year, Hollander et al. studied the effect of intranasal oxytocin
on hyperphagia and repetitive behaviors in 23 children with PWS, 5 to 18 years of age.
The hyperphagia and repetitive behaviors were evaluated with the Dykens Hyperphagia
Questionnaire form and the RBS-R. The trial was randomized, double-blind, placebo-
controlled and lasted eight weeks. The participants were assigned to 16 IU oxytocin or
a placebo per day. Modest improvements in hyperphagia and repetitive behaviors were
observed in the placebo group, while no changes were seen in the oxytocin group [91].

6.2. Clinical Trials on the Use of Carbetocin in PWS

Studies with carbetocin, an oxytocin analog with greater selectivity for oxytocin
receptors and a longer half-life, have been performed and are ongoing. Carbetocin is a well-
known substance, approved since 1997, to prevent uterine atony following caesarean deliv-
ery. In a 14-day phase 2 trial that was randomized, double-blind and placebo-controlled,
37 individuals with PWS, 10 to 18 years old, were assigned to carbetocin (n = 17) or a
placebo (n = 29). The participants received 9.6 mg of intranasal carbetocin three times
per day or a placebo. The study showed a decrease in hyperphagia and other behavioral
symptoms in response to carbetocin, and it was safe and well tolerated [92]).

In a recent phase 3 trial, a total of 130 participants with PWS aged 7 to 18 years
were enrolled. The participants were randomized to 9.6 mg/dose carbetocin (n = 44),
3.2 mg/dose carbetocin (n = 43) or a placebo (n = 43) three times daily during 8 weeks.
During a subsequent 56-week long-term follow-up period, the placebo participants were
randomly assigned to 9.6 mg (n = 64) or 3.2 mg carbetocin (n = 64), while carbetocin
participants continued at their previous dose. Due to the COVID-19 pandemic, enrolment
was discontinued prematurely, but the study showed that carbetocin was well tolerated
and that the 3.2 mg dose was associated with clinically meaningful improvements in
hyperphagia as well as anxiousness and distress behaviors [93].

In summary, beneficial effects of oxytocin treatment in PWS were seen in seven out
of nine studies (Table 2). The positive effects consisted of improvements in hyperphagia
and distress behaviors. However, the results of the studies cannot be compared straight
away as the study designs varied, the study cohorts consisted of different age groups
with different gender compositions, different doses and numbers of administrations of
oxytocin were used, the duration of the studies varied and, in some studies, a limited
number of participants were included. In addition, the long-term effects and risk of adverse
effects in humans are not known. From animal experiments, we know that oxytocin can
induce long-lasting, perhaps lifelong, behavioral and metabolic effects. The knowledge
of long-term consequences are of major importance, in particular, in PWS patients due to
intellectual disability, behavioral challenges and often problems describing their health and
health care needs.

Table 2. Summary of clinical trials of oxytocin and carbetocin in PWS.

Dose/Duration and Study Design Number and Gender Age Effect Authors

24 IU single dose N = 24 (16 females) 18–43 years Trust increase Tauber et al.,
2011 [85]

18–32 IU twice daily and 24–40IU twice daily
for 8 weeks
Randomized, double-blind, placebo-controlled
and open-label extension

N = 29 (9 females)
13–15 years
and
16–29 years

No effect
(increase in temper
outbursts with
high dose)

Einfeld et al.,
2014 [86]
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Table 2. Cont.

Dose/Duration and Study Design Number and Gender Age Effect Authors

24–48 IU for 4 weeks
Randomized, double-blind, crossover N = 25 (11 females) 6–14 years

Less hyperphagia,
social behavior
improved

Kuppens et al.,
2016 [87]

16 IU for 5 days
Randomized, double-blind, crossover N = 24 (12 females) 5–12 years Less anxiety

and self-injury
Miller et al.,
2017 [88]

7 IU for 7 days
Case cohort study N = 18 (8 females) <6 months

Improved oral
feeding and
social skills

Tauber et al.,
2017 [89]

16–40 IU for 12 weeks
Randomized, double-blind, crossover N = 26 (13 females) 3–11 years

Less hyperphagia
in 15q-11–13
and boys

Damen et al.,
2021 [90]

16 IU for 8 weeks
Randomized, double-blind, placeboc-ontrolled N = 23 (5 females) 5–18 years No effect Hollander et al.,

2021 [91]

Carbetocin 9.6 mg three times daily for 2 weeks
Randomized, double-blind, placebo-controlled N = 37 (23 females) 10–18 years Less hyperphagia Dykens et al.,

2021 [92]

Carbetocin 9.6 mg or 3.2 mg three times daily
for 8 and 56 weeks
Randomized, double-blind, placebo-controlled
and open-label extension

N = 130 (66 females) 7–18 years
Low dose: less
hyperphagia
and anxiety

Roof et al.,
2023 [93]

7. Conclusions

Oxytocin has a lot of effects on metabolism and behavior, including hyperphagia, but
the magnitude of these effects depends on the situation and context. These symptoms are a
major challenge in PWS, and, as studies have demonstrated low concentrations of oxytocin
in PWS, oxytocin is, therefore, potentially an attractive treatment. In some of the clinical
trials performed with oxytocin on individuals with PWS, anxiety and compulsiveness de-
creased. Hyperphagia could be considered as a compulsive behavior, and it also improved
in some of the studies. Recent studies with the oxytocin analogue carbetocin showed
similar effects with improvements in hyperphagia and behavior. Worth mentioning is
that, in non-PWS individuals with obsessive compulsive disorder (OCD), changes in the
oxytocin receptor have been found, and a methylation of the oxytocin receptor has even
been suggested as a biomarker for the response to the treatment of OCD [94].

To our knowledge, no study has shown an effect of oxytocin on weight in PWS.
However, if oxytocin is administered during a longer period, it might, at least in younger
patients, have the potential to decrease weight or protect against further weight gain since
oxytocin, as discussed above, in several studies decreased hyperphagia. Thus, oxytocin
seems to positively affect behavior in PWS, at least during certain circumstances and
especially if administered early in life.

8. Future Directions

Oxytocin is an interesting peptide that seems to modulate and balance many behav-
ioral and metabolic effects to keep the homeostasis. Since oxytocin is influenced by and
is influencing several other neurotransmitters and hormones, the effects seen in response
to oxytocin may not always be caused by oxytocin itself. Oxytocin interacts directly or
indirectly with GABA-receptors, 5HT-receptors, dopamine receptors, glucocorticoid recep-
tors and the HPA axis, as well as adrenergic receptors and the autonomic nervous system.
To further understand the role of oxytocin in PWS, more studies of these interactions
are needed as well as studies of the effects of oxytocin during different ages and in the
PWS of different genotype. For example, PWS individuals with maternal disomy 15 often
have delayed diagnosis, higher verbal IQ scores with greater attention, factual knowledge
and better social reasoning skills than those with the typical Type I or Type II deletions
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involving the 15q11-q13 region. On the other hand, patients with maternal disomy are
more prone to increased episodes of psychosis and autistic behaviors [10]. Indeed, in a
study by Damen et al. [90], an effect of oxytocin was only seen in the PWS with the 15q11-
q13 deletion and not in the PWS with the maternal disomy, but these results need to be
repeated in larger cohorts. Further studies of different ages are also of importance since
oxytocin seems to have effects in particular in the youngest children. Perhaps it should be
administered as early as during the neonatal period since oxytocin, when administered
early in life, in animal experiments induces long-lasting and even lifelong effects, but more
studies are needed. Also, the beneficial effects of oxytocin in human infants younger than
6 months need to be better established.

Other unanswered questions are what dose of oxytocin to use to be the most effective
and what the long-term consequences of oxytocin treatment are. Oxytocin has a very short
half-life. Different doses and administration intervals have been used in previous studies.
Carbetocin has an increased half-life compared to oxytocin and crosses the blood–brain
barrier more easily. It is unclear if diurnal fluctuations in oxytocin concentrations are an
asset and if high concentrations can introduce a state of resistance. Future studies with
varying doses and numbers of administrations will be of value to answer these questions.
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Abstract: Polycystic Ovary Syndrome (PCOS) is the most common endocrine disorder that affects
women of reproductive age, representing the primary cause of anovulatory infertility. The non-
apeptide oxytocin (OT) plays an important role in cognitive, emotional, and reproductive functions
in human beings. Oxytocin receptors are expressed in several body parts, including the ovaries.
Despite this, the possible role played by oxytocin in symptoms of PCOS is not clear. The present
systematic review aimed at understanding the presence of possible oxytocin level alterations in
PCOS, the connection between alterations of OT levels and the symptoms of PCOS, and the effect of
oxytocin administration in PCOS. After a systematic search in the principal databases, eight studies,
five human and three animal, were included. Four human studies and one animal study highlighted
the role played by oxytocin in fertility issues related to PCOS. Three human and two animal studies
investigated the role of body weight and OT levels. Studies that analyzed oxytocin basal levels in
women agreed that PCOS is associated with a reduction in the serum level of oxytocin. Two human
studies and one animal study agreed about lower levels of oxytocin, confirming a possible implication
of the dysfunction of OT in the pathogenesis of PCOS.

Keywords: oxytocin; PCOS; systematic review; fertility

1. Introduction

Polycystic Ovary Syndrome (PCOS) is the most common endocrine disorder that
affects women of reproductive age [1]. Depending on the diagnostic criteria used, its
worldwide prevalence ranges from 4% up to 20% [2]. PCOS is characterized by polycystic
ovary morphology, androgen excess, and ovulatory dysfunction [3]. Because of its typical
metabolic, reproductive, and psychological features, PCOS is a relevant public health con-
cern [4]. In particular, if taken into consideration, about 75% of PCOS cases are estimated
to be undiagnosed [5]. PCOS is associated with high levels of androgens, including dehy-
droepiandrosterone and androstenedione, of adrenal origin, as well as androstenedione
and testosterone, of ovarian origin [6]. PCOS is also usually characterized by increased
luteinizing hormone (LH) levels, elevated LH/FSH ratios [6–9], and low to normal follicle-
stimulating hormone (FSH) levels [7,10]. However, other studies suggest there are no
significant differences in LH/FSH ratios [11] between PCOS and control groups.

Furthermore, PCOS is the primary cause of anovulatory infertility [12], accounting
for 80% of such cases [13,14]. Pregnant PCOS women, on the other hand, have a higher
risk of developing gestational diabetes mellitus or suffering a first-trimester spontaneous
abortion [15,16]. Interestingly, even though an elevated baseline LH/FSH ratio in PCOS
was found to be related to poor ovulatory response, PCOS cases with elevated LH/FSH
ratio were more likely to achieve a clinical pregnancy and live birth than women with
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normal LH/FSH [9]. Ovarian function and cycles are regulated by the hypothalamic–
pituitary–ovarian (HPO) axis, particularly by GnRH and the Gonadotropins.

Since the discovery of its structure in the early 1950s [17], oxytocin (OT), a nine-
amino acid neuropeptide [18], has captivated the attention of the scientific community
for its role in several animal and human physiological functions. Immunohistochemical
studies showed that OT is synthesized in the magnocellular cells of the paraventricular
(PVN), supraoptic nuclei (SON), and parvocellular of PVN, along with a few neurons in
the accessory nuclei of the human and animal hypothalamus, and is transported to the
neurohypophysis where it is released in the blood circulation [19–22]. Moreover, OT is
dendritically released by the hypothalamic neurons and then passively diffused to various
target brain regions [23].

Tracing studies also showed long-range axonal projections of oxytocinergic neurons
to several brain regions, such as the hippocampal C1 and C2 subregions and ventral
subiculum, shell, and core of nucleus accumbens, island of Calleja, lateral globus pallidus
lateral, lateral septal nucleus, medial amygdaloid nucleus, and prelimbic cortex [24,25].
The magnocellular PVN projections reach the posterior pituitary gland, where the OT is
released in the bloodstream, acting as a hormone [26]. In this way, OT plays a central role
as a neurotransmitter and peripherally as a hormone.

OT plays a crucial role in several behavioral and reproductive functions in human
beings, such as breastfeeding [27], pregnancy, and parturition [28–30], but also in other
processes, like bonding, decision-making [31], prosocial behavior [32,33], and physical
activity [34]. It is also related to the pleasure associated with orgasm, both in males and
females, being released in elevated quantities during this process [35,36].

OT receptors (OXTR) are expressed in several body parts, including the ovaries and
prostate gland [37,38]. Specifically, OXTRs are found to be expressed in the granulosa cells
and the small follicles in several mammal species, including humans [39], and OT also
takes an unclear role in steroidogenesis [40].

Despite the growing interest in the role played by oxytocin in several human functions,
its possible role in one or more psychological symptoms, such as depression, anxiety, and
social cognitive impairments, or physical symptoms, such as metabolic dysfunctions or
infertility, of PCOS [41] is still not clear or little studied. However, depression was found
to be associated with OT levels [42], and animal evidence highlighted the improvement
of depressive symptoms, such as immobility, after OT administration [43,44]. Moreover,
increased OT serum levels were observed in patients with mood disorders [45], and were
associated with depressive symptoms [42]. Intranasal oxytocin treatment improved sleep
apnea and in general the sleep quality in patients affected by sleep disorders [46,47].

Obesity is one of the principal symptoms observed in PCOS women. Studies on mice
with a deficiency of OT (OT−/−) showed that OT deficiency is responsible for increased
body weight and abdominal fat [48,49]. Interestingly, OT−/− and OXTR−/− normophagic
mice develop late-onset obesity. Moreover, low OT levels were observed in diet-induced
obese mice, and high OT levels observed in synaptotagmin-4-deficient mice that are pro-
tected against obesity [50]. Exogenous OT administration is found to decrease weight and
increase muscular tone [51]. OT and its stable analog, carbetocin, have a negative modula-
tory effect on adipogenesis, with the promotion of osteogenesis in in human multipotent
adipose-derived stem cells [52].

In the present systematic review, we aimed to disentangle the role played by oxytocin
in PCOS, taking into account all animal and human studies that have been published. In
particular, we aimed to understand (i) the presence of possible alterations of basal plasmatic
OT level in PCOS, (ii) in which manner a possible alteration of the OT plasmatic level
can be related to the symptoms of PCOS, and (iii) the presence of a possible effect of OT
administration in PCOS.
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2. Materials and Methods

The present systematic review (PROSPERO reg. n. 531987) followed the proce-
dure recommended by the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [53]. We performed a computer-based search in the princi-
pal databases, such as PubMed, Web of Science, and Scopus, combining terms related to
polycystic ovary syndrome and oxytocin (Figure 1).

 
Figure 1. Flow chart of the selection process for PCOS and oxytocin. From: Page et al., 2021 [54]
http://www.prisma-statement.org/ (accessed on 20 May 2024).

Moreover, our research question used the PICO strategy protocol. In particular, our
research question was related to the role played by oxytocin (O—Outcome) in women or
animal models with polycystic ovary syndrome (P—Population), determining the level of
oxytocin in body fluids, such as blood and saliva (I—Intervention), in comparison with
healthy women or animals (C—Comparison, Table 1, Supplementary Materials).

In the present systematic review, databases were selected to explore the published
studies using the following keywords: “polycystic ovary syndrome” [MeSH Terms] OR
(“polycystic” [All Fields] AND “ovary” [All Fields] AND “syndrome” [All Fields]) OR
“polycystic ovary syndrome” [All Fields]) AND (“oxytocin” [MeSH Terms] OR “oxytocin”
[All Fields] OR “oxytocin s [All Fields] OR “oxytocin [All Fields] OR “oxytocin [All Fields]”,
with no time limit, and using the Boolean operators AND and OR. The inclusion and
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exclusion criteria were determined based on the topic, study design, and population
(Table 2).

Table 1. The search strategy used in the present systematic review.

Polycystic Ovary Syndrome

1. Polycystic ovary syndrome [MeSHTerms]
2. Polycystic [All Fields]
3. Ovary [All Fields]
4. Syndrome [All Fields]
5. Polycystic ovary syndrome [All Fields]
OR/1-2; 4-1
AND/3-4; 1-10

Oxytocin

6. Oxytocin [MeSH Terms]
7. Oxytocin [All Fields]
8. Oxytocin s [All Fields]
9. Oxytocin [All Fields]
10. Oxytocins [All Fields]
OR/6-10

Table 2. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

�Experimental studies
�Randomized clinical trials
�Clinical pilot studies
�Case-control
�Population genetics studies
�Animal studies

�Other endocrine diseases
�Male studies
�Reviews (scoping, narrative, and
systematic)
�Meta-analyses

In the second stage, we removed the duplicates and manually screened both the titles
and abstracts to evaluate if they fulfilled the inclusion and/or exclusion criteria. After that,
we retrieved the full texts of the possibly pertinent studies to verify their eligibility. Two
authors independently carried out the literature search, article screening, and methodologic
evaluation. Both authors discussed the results and a consensus was reached. However, a
third opinion was required when a consensus was not reached.

The included studies were subsequently screened to find further articles in the refer-
ence lists related to the topic of interest. Similarly, we screened all the excluded studies to
identify additional relevant bibliographic sources. To estimate the quality of the selected
studies, when possible, in the current systematic review, the NOS (Newcastle–Ottawa
Scale), a quality assessment scale for case-control and cohort studies (https://www.ohri.ca/
programs/clinical_epidemiology/nosgen.pdf (accessed on 1 March 2024), Tables S1 and S2,
Supplementary Material), was used.

Then, information associated with the characteristics of the participants and inclusion
and exclusion criteria were extracted from each included article, according to the previously
mentioned guidelines. The flowchart in Figure 1 depicts the steps of the selection process.

3. Results

The flowchart depicted in Figure 1 shows the selection process of the studies. We
included eight published studies in the systematic review, after reaching a consensus. More-
over, we calculated Cohen’s k with 87.17% (k = 0.742), indicating substantial agreement
(https://idostatistics.com/cohen-kappa-free-calculator/ (accessed on 20 May 2024)) [55].
The characteristics of the studies are shown in Table 3.
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Both human and animal studies were included. However, the selected studies did
not show homogeneity in terms of both study design and population. The five human
studies included 609 women and were published between 2010 and 2023. Among these,
two were randomized or pseudo-randomized clinical trials, two were case-control studies,
and another one was a population genetics study.

Moreover, the principal focus of the included studies was related to the relationship
between fertility and nasal oxytocin administration. Similarly, Ochsenkühn et al. included
patients with PCOS as a cause of infertility together with different infertile groups [60].
Conversely, the clinical trial performed by Masrour et al. [59] included only infertile patients
with PCOS [56]. During the clinical trial, the patients underwent eight units of OT, but
the authors did not observe any significant changes in terms of infertility. Ochsenkühn
et al., who did not observe any improvement in the fertility of the PCOS group after
OT treatment [60], obtained similar results. Despite the administration of OT, these two
above-mentioned studies did not assess the level of blood or salivary oxytocin in the
participants [60,61]. However, since the main topic of both RCTs was to assess the effect
of eight IU of intranasal OT on infertility in PCOS, the studies found the treatment not
relevant to improving fertility in PCOS patients affected by infertility. As underlined by
Ochsenkühn et al., the failure to detect the effect of OT on the pregnancy rate could be
the result of inadequacy in dose and or mode of administration [60]. The level of OT in
PCOS before a treatment can be relevant, but none of the two RCTs collected such samples
in their PCOS groups. However, Jahromi et al. compared the level of oxytocin and other
hormones (Table 3) in infertile women both with or without PCOS [57]. These authors
found that in PCOS, the mean level of OT was inferior to the non-PCOS group, with a
mean value of 124.94 ng/L compared to 207.42 ng/L (p < 0.0001). Moreover, since the
anti-mullerian hormone usually shows high levels in PCOS, it was negatively correlated
with oxytocin, and the same occurred with insulin resistance. However, the authors did not
observe a significant effect of BMI on oxytocin in both groups. According to the authors,
the hormonal imbalances in the hypothalamic–pituitary–ovarian (HPO) axis, namely the
high LH and low FSH in the PCOS group, could be connected to the lower oxytocin levels.
These low levels can in turn be implicated in chronic anovulation. Notably, this study was
the first that proposed a cut-off value of the oxytocin level in women with PCOS.

Similar results were observed in a case-control study [58] assessing the hypothalamic–
pituitary–ovary axis dysfunction in a sample of 56 infertile PCOS women before ovarian
stimulation with 2.5 mg of letrozole and before human chorionic gonadotropin (hCG)
administration. The authors assessed the serum levels of OT, dopamine (DA), phoenixin-14
(PNX-14), and nesfatin-1 (NEF-1) in groups of pregnant and non-pregnant PCOS women.
Moreover, FSH, LH, AMH, TSH, and prolactin were assessed. In the whole sample, they
found a weak association of OT with BMI and a stronger one with FSH (p < 0.0002).
However, in the pregnant group, higher baseline NES-1 and OT levels (+29.2% and +44%)
were observed. Similarly, OT level increases were associated with positive pregnancy rates.
After OS in pregnant women, the OT levels increased compared to non-pregnant women.

Finally, Amin and colleagues [56] assessed the presence of the polymorphisms of the
gene responsible for the expression of the receptor of oxytocin (OXTR) in 212 Italian PCOS
patients. OXTR is widely expressed in the human body, including in the brain and ovary
tissue [64]. In their genetic population study, the authors tested the hypothesis whereby
the OXTR variants are in linkage disequilibrium with PCOS in Italian families. They found
that five variants, out of 22, were significantly (p < 0.05) linked to or were in linkage
disequilibrium with PCOS. However, all of these variants were not previously related to
clinical manifestations of PCOS. Nonetheless, three of them (rs60345038, rs35498753, and
rs237900) were found to intersect with the repressed chromatin state in the ovaries, with a
negative OXTR gene expression.

In the present systematic review, animal studies were included. The three animal
studies included 50 female rats and were published in 2018 and 2022, respectively. These
three studies were classified as RCTs and both administered OT to PCOS rat models.
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However, Sajadi et al. [61] also administered carbachol. Despite the use of OT, the main
objective of the two studies was different. Sajadi and colleagues [61] studied the uterine
contraction and tone in PCOS and non-PCOS rats after administration of OT or carbachol,
while Yamamoto et al. [63] measured the effects of the administration of acute and chronic
OT on metabolic disorders, as well as the changes in endogenous OT, in PCOS model rats.

Sajadi et al. [61] found that PCOS rats showed more irregular uterine contractions
than controls, and that after being exposed to carbachol, their frequency and resting tone
were significantly increased compared to controls. However, after the exposure to OT, there
were no differences in frequency, resting tone, and amplitude of rhythmic contractions
between both groups.

Yamamoto et al. [63] found that PCOS model rats showed lower serum OT levels
than control rats. Nonetheless, the two groups did not differ in hypothalamic OT mRNA
expression levels. The authors found that there were reductions in body weight gain and
food intake only in PCOS model rats after acute intraperitoneal OT administration during
the dark phase, whereas the chronic administration of OT decreased the food intake in both
the PCOS model rats and control rats. Similar results have been observed by Isawa et al. [62].
They found no difference in the OT and OXTR mRNA expression in PCOS rats and PCOS
rats treated with OT. The authors found that OT administration caused reductions in body
weight, food intake, visceral fat weight, and adipocyte size in a DHT-induced rat model of
PCOS. Among the included studies, one human study and two animal studies investigated
the association between OT levels and BMI in humans or BW in animals (Table 4).

Table 4. BMI and body weight associations with OT levels and OT administration, as reported in the
included studies.

Source Assessment of BMI/BW
Effect of OT Administration

on BMI/BW
Association of BMI/BW and OT

Serum Levels

Amin et al., 2023
[56] No -

Risk variants in the OXTR gene pose
an increased risk for obesity

(BMI > 30).

Jahromi et al., 2018 [57] Yes -

The mean oxytocin level was lower
and the mean BMI was higher in
PCOS. More PCOS women had a

BMI > 25 than controls. However, the
relationship between BMI and
oxytocin was not significant.

Piróg et al., 2023 [58] Yes -

BMI levels were assessed both for
pregnant and non-pregnant women.

No between group differences in BMI.
OT levels were weakly associated

with BMI (r = 0.26, p = 0.048).

Masrour et al., 2018 [59] No - -

Ochsenkühn et al., 2010 [60] No - -

Sajadi et al., 2018
[61] No - -

Isawa et al., 2019
[62] Yes

The PCOS–OT group was
significantly lighter than the

PCOS-saline group. BW changes
seen in the PCOS–OT group were
significantly smaller than in the

PCOS–saline group. BW was not
quantified in the text.

-

Yamamoto et al., 2022
[63] Yes

Exogenous administration of OT
during the dark phase reduced

BW gain only in PCOS model rats,
and seven days of OT

administration showed no
significant differences between

PCOS and control rats.

-

Abbreviations: BMI, body mass index; BW, body weight.
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4. Discussion

Despite the relevant role played by the nonapeptide oxytocin in several functions,
such as social cognition, metabolic regulation, and reproduction, only a few recent studies
have investigated its role in PCOS. Given the novelty of the topic, the present systematic
review took into consideration all the studies that investigated the role played by not only
serum oxytocin but also randomized clinical trials with the administration of synthetic
oxytocin. The present review also took into account animal studies, since most of the
current knowledge about PCOS was obtained by studies on rat models. These played a
crucial role in studying and gaining insights into human pathologies during the last two
centuries. Despite some similarities between animals and humans, they also show distinct
characteristics. Acknowledging important disparities regarding OT between animals and
humans, the insights from rat studies are nevertheless important for the comprehension of
the role played by OT in PCOS.

However, despite the lack of studies about the role played in PCOS and its related
symptoms or comorbidities, such as metabolic syndrome, obesity, cardiovascular risk, and
mood disorders [41], several studies have been conducted disentangling the possible role
of serum OT in these pathological conditions. One of the comorbidities is represented
by metabolic syndrome. Among women affected by metabolic syndrome, those with
prediabetes and type two diabetes showed significantly lower serum OT levels than those
affected by metabolic syndrome without diabetes [65]. In obese women, lower levels of
plasmatic OT than in non-obese women were observed [66]. Metabolic alterations were also
studied in PCOS rats [63]. Rats to which OT was administered showed a significant decrease
in weight and food intake [63]. However, this study did not quantify the lipolysis in the
adipose tissue of the rats. Previous findings indicated that OT administration significantly
reduced the area of adipocytes, the serum triglyceride, aspartate aminotransferase level
alanine aminotransferase, and alkaline phosphatase in ovariectomized rats [67]. Moreover,
according to the results reported by Yamamoto and colleagues [63], an OT-mediated
mechanism was involved in obesity and food intake in the PCOS rats. However, in PCOS
the authors found a decrease in serum OT levels and no difference in the hypothalamic
mRNA expression of OT and OXTR after the acute systemic administration of OT. In
peri- and post-menopausal rats, the administration of OT reduced the body weight and
adipocyte size, without affecting the serum levels of hepatic enzymes [68]. The menopausal
period is considered a risk factor for visceral adiposity and metabolic disorders. Several
studies found reduced serum OT levels in pre- and postmenopausal women [69–72].

Several findings showed that oxytocin is useful for treating obesity and prevent-
ing metabolic disorders [73–78]. Among the variants observed in PCOS in the popu-
lation study of Amin et al. [56], rs60345038 was also found to be relevant for type 2
diabetes [79], indicating a possible predisposition for diabetes in PCOS patients. OT values
were found to be significantly lower in obese post-menopausal women compared to obese
pre-menopausal women. Interestingly, significantly lower OT serum levels were observed
between obese and normal-weight postmenopausal women [69]. Significant lower OT
levels were also found in women with surgical menopause as compared to those with
normal menopause [70]. During menopause and in T2D patients, the cardiovascular risk
increases. OT and OXTR were found in the atria and ventricles of rat hearts and in the large
blood vessels, indicating a possible autocrine and paracrine role played by OT, regulating
the vascular tone and the atrial and ventricular load [80,81]. In ovariectomized rats with
deprivation of ovarian hormones, a reduction of the OXTR mRNA levels in PVN subnuclei
was observed causing autonomic dysregulation [82].

Most of the studies underestimated the relevance of the levels of OT in women or
female rats with PCOS by not reporting possible OT basal level differences. Notably, only
three studies found that in PCOS, the levels of OT were lower than in healthy controls.
Indeed, two human studies and one animal study agreed about lower levels of PCOS,
confirming a possible implication of OT in the pathogenesis of the syndrome, which could
negatively affect the effect of OT administrations. Despite the complexity of the symptoms
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of PCOS, anovulatory infertility represents one of the most relevant issues. In PCOS, the
normal follicular development is compromised and the ovaries contain an excess of small
antral follicles. Estrogen is an extracellular signal that can regulate the expression of OXTR.
The estrogen receptor (E2) is localized in the nucleus, cytoplasm, and mitochondria. The
two E2 subtypes (E2 α and E2β) affect both OT and OXTR expression: E2 α induces OXTR
expression, whereas the activated E2β induces OT transcription in rat brains [83,84].

E2 is secreted by the granulosa cells of developing antral follicles, upon which FSH
controls the maturation and the selection of the dominant pre-ovulatory follicle and triggers
the LH required for ovulation [85–87]. The effect of E2 is mediated by estradiol receptors
α (E2 α) and β (E2 β), which showed a different expression in the granulosa cells in
developing follicles.

A few studies in humans and primates have found that E2 β is the principal mediator
of E2 in granulosa cells. Since E2 β is detected in both pre-antral and mature follicles.
Thus, E2 is considered as a marker of follicular quality. In PCOS patients, the selection
of predominant pre-ovulatory follicle is arrested, and the observed low levels of FSH, in
PCOS, do not allow the stimulation of follicle maturation. Follicular fluid in PCOS women
showed low levels of E2 [78,79]. However, this mechanism is still unknown [88].

A significant increase of OT and E2 has been found in the myometrium during
labor in healthy women, indicating a possible paracrine OT stimulation by E2 relevant
to the uterus [89]. According to Pirog and colleagues, OT can be considered a predictor
of pregnancy before ovarian stimulation therapy [58]. However, a recent meta-analysis
assessed the OT concentrations during the stages of the menstrual cycle in normal cycling
women, finding an increase in serum OT during the follicular phase. Interestingly, the
change in oxytocin concentrations from the follicular phase to ovulation was larger than
the change from the follicular phase to the luteal one [90]. In the follicular fluid of infertile
women without PCOS, Tachibana et al. [91] found that the OT level was extremely low,
and not related to the OT serum level. OT and E2 serum levels increased during ovulatory
and luteal phases [91]. However, Franik et al. [92] found that values of E2/T and E2/A
indexes, relevant to homeostasis model assessment of insulin resistance (HOMA-IR), were
significantly lower in the PCOS than non-PCOS subjects, but did not differ significantly
between the obese and normal weight groups.

The focus of the studies that we included was only related to the infertility issues
related to PCOS. In different animal models, oxytocin seems to have a role in fertility
by promoting the release of PGF2α from endometrial cells. Moreover, OT is involved in
the process of luteolysis [93,94]. A similar mechanism is also present in humans, but a
positive role of administration of OT in folliculogenesis and increasing pregnancy rates
in both humans and animals was reported in a few studies [95,96]. Ochsenkühn and
colleagues [60] did not observe any increase in the pregnancy rate in couples affected by
PCOS and infertility after eight IU intranasal OT administrations. The role of OT in uterine
contractions has been assessed in a recent study [61] which compared PCOS and non-PCOS
female rats’ uteri. After administration of the oxytocin, no significant differences were
observed in the amplitude, tone, and frequency in the rhythmic uterine contractions of
PCOS rats. However, the increase in the dose of OT stimulated higher levels of tone, with a
decrease in the contraction frequency in PCOS rats’ uterine tissues. It is well-studied that
in the myometrium, the number of oxytocin receptors increases during pregnancy [97],
allowing the uterus to become more sensitive to oxytocin and thus affecting the pattern
of contractions during pregnancy and labor. Despite this, Leonhardt et al. [98] did not
find uterine morphological differences using magnetic resonance imaging, and less uterine
peristaltic movement was found in PCOS assessed with transvaginal ultrasonography.

Despite the increase in the number of receptors, their genetic expression can be
different in PCOS. Amin et al. [56] reported five novel genetic variants for the receptor of OT
(OXTR) associated with the risk of developing PCOS in multigenerational Italian families.
These variants of the OXTR gene were found to be related to the principal symptoms of
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PCOS, such as anovulation or oligovulation, hyperandrogenism, polycystic ovaries, and
the increased risk for metabolic alterations [79].

Some of the variants found by Amin are considered relevant for vulnerability to differ-
ent disorders. The variant OXTR rs237902 found by Amin et al. [56] has been associated
with schizophrenia vulnerability. Specifically, a significant association between rs237902
and negative symptoms, such as blunted affect, alogia, avolition asociality, and anhedonia,
in schizophrenic patients and an overrepresentation in male aggressive children were
observed [99–101].

The same variant (rs237902) was found to be related to autism spectrum disorder [102].
According to Dinsdale and Crespi [103], the relevance of oxytocin and possible alterations
in the OT and OTXR system in PCOS is still not well understood. According to their review,
PCOS and autism spectrum disorder (ASD) share several behavioral features that could
induce speculation about a possible common role of OT in the two disorders [103]. Similarly,
a recent meta-analysis [104] assessed the studies that reported the odds of PCOS women
having a child with autism spectrum disorder and the risk of ASD in women with PCOS.
The authors included ten studies finding that, according to the available evidence, PCOS
women have increased odds of having a child with ASD. Regarding the evidence on the
prevalence of ASD in PCOS women, results suggest that women with PCOS are more likely
to be diagnosed with ASD. Particularly, Hergüner et al [105], after administration of the
Autism-Spectrum Quotient (AQ) to a sample of PCOS women, found that patients showed
higher total AQ and communication scores than age- and BMI-matched healthy women.

AQ is a 50-item self-report questionnaire that assesses social skills, communication
skills, imagination abilities, attention switching, and attention to detail. AQ shows good
psychometric properties.

5. Conclusions

PCOS is a multifaceted syndrome involving several symptoms affecting the patients’
quality of life at different levels. The present review described the studies that analyzed the
levels, or the effects of administering, OT in PCOS.

The studies reported in the present systematic review took into account only a part of
the possible roles played by OT in PCOS. Most of the studies highlighted the role played
by OT in fertility issues related to PCOS, and only one study found an increased pregnancy
rate concomitant with high OT levels. However, studies that analyzed the basal levels
of OT in PCOS women agreed that is accompanied by a reduction in the serum level of
oxytocin. One could speculate that OT acts in synergy with FSH to promote follicular
development towards ovulation and low levels of OT in PCOS which, together with low
levels of FSH, may contribute to the anovulation that is typical of PCOS. Another possible
interplay occurs between OT levels and the ovulatory LH surge, suggesting a synergy in
ovulation. This also might explain why PCOS cases that have low levels of OT do not have
normal rates of ovulation.

However, less still is known about possible molecular mechanisms that may also be
able to affect the central tone, resulting in cognitive and behavioral alterations in normal
and PCOS women. The possibility of altered OXTRs in PCOS resulting from SNP variants
supports this view.

Based on previous, non-PCOS evidence, a possible OT autocrine/paracrine imbalance
in the granulosa cells may be hypothesized, influenced by anovulation that is observed in
the PCOS phenotype A, in which the polycystic ovary morphology is present.

Further, the partial deprivation of ovarian hormones, as shown by studies in ovariec-
tomized rats, can affect the OTXR mRNA hypothalamic levels, resulting in behavioral
alterations and obesity.

It was noticeable that different dosage regimens of OT administration or OT admin-
istration patterns were not sufficiently studied. Furthermore, despite the novelty and
relevance of the topic, none of these studies analyzed the effect of OT administration on
prosocial behavior or in couples’ relationships and sexual satisfaction in PCOS.
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6. Future Directions

Several outstanding issues need to be clarified by further studies that could disentangle
the role played by OT in follicular development and ovulation/anovulation. Moreover, if
the administration of OT, and in which dose and pattern of administration, can result in
the improvement of ovulation in PCOS women should be investigated. Further studies are
needed to clarify if OT basal serum levels are associated with metabolic disorders in PCOS.
Moreover, none of the studies that were included in the present systematic review assessed
the relationship between OT and social behavior and psychiatric comorbidities, such as
mood and anxiety disorders, in PCOS and non-PCOS women.
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Abbreviations

PCOS Polycystic Ovary Syndrome
OT oxytocin
PVN paraventicular nucleus
SON supraoptic nucleus
LH luteinizing hormone
CA cornu ammonis
PGF2α Prostaglandin F2α
LD linkage disequilibrium
AMH anti-mullerian hormone
BMI Body Mass Index
T total testosterone
FSH follicle-stimulating hormone
TSH thyroid-stimulating hormone
DHEAS dehydroepiandrosterone sulfate
HOMA-IR insulin resistance index
HCG chorionic gonadotropin
IUI intrauterine insemination
CCh carbachol
PNX-14 phoenixin-14
NES-1 nesfatin-1
DA dopamine
PRL prolactin
SNPs single nucleotides polymorphism
P4 progesterone
E2 estradiol
AST aspartate aminotransferase
ALT alanine aminotransferase
LDH lactate dehydrogenase
NPY Neuropeptide Y
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POMC proopiomelanocortin
E2/T estradiol/testosterone ratio
E2/A estradiol/androstenedione ratio
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